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KLINICKA FARMAKOLOGIE KOLISTINU U KRITICKY NEMOCNYCH

Anotace

Kolistin predstavuje jedno ze zaloZnich antibiotik, jehoZ pouziti je dnes izolované
pro infekce zplisobené multirezistentnimi gram-negativnimi patogeny. S ohledem
na vyvoj rezistence a finan¢ni nakladnost ¢i nedostupnost novych antibiotik ale stale
predstavuje cennou alternativu. Charakteristicka je pro néj komplexni a vysoce inter-
a intraindividualné variabilni farmakokinetika a uzké terapeutické okno. Terapeutické
monitorovani 1éc¢iv tak predevsim u kriticky nemocnych pacientii predstavuje jediny
zplsob zajisténi bezpecfné a ucinné lécby kolistinem. Praktické provedeni terapeutic-
kého monitorovani 1é¢iv je ale komplikovano omezenou dostupnosti metody pro sta-
noveni kolistinu a jeho proléciva soucasné, omezenymi Uidaji o stabilité a degradaci
obou substratti in vitro, absenci popula¢niho modelu pro kriticky nemocné pacienty.
PredloZena habilita¢ni prace shrnuje aktualni poznatky ve vySe uvedenych oblastech
a stavi tak zaklad pro terapeutické monitorovani kolistinu v klinické praxi a persona-
lizaci jeho davkovani.
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Annotation

Colistin is one of the reserve antibiotics currently isolated for use in infections caused
by multidrug-resistant gram-negative pathogens. Nevertheless, given the development
of resistance and the financial cost or unavailability of new antibiotics, it remains a val-
uable therapeutic alternative. It is characterised by complex and highly inter- and in-
tra-individually variable pharmacokinetics and a narrow therapeutic window. There-
fore, the only way to ensure safe and effective treatment with colistin in critically ill is
therapeutic drug monitoring. The implementation of therapeutic drug monitoring is,
however, complicated by the limited availability of a method for the simultaneous de-
termination of colistin and its prodrug, limited in vitro stability and degradation data
for both substrates, and the absence of a population model for critically ill patients.
The present habilitation thesis summarizes current knowledge in the above areas and
lays the foundation for therapeutic monitoring of colistin in routine clinical practice
and its personalized dosage.
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Uvop

1 Uvod

Kolistin (polymyxin E) patfi mezi lipopeptidova antibiotika. Pocatek jeho vyvoje spada
do 40. let 20. stoleti. Pro pouziti v terapii gram-negativnich infekci byl poprvé schvalen
vroce 1959, o jedenact let pozdéji ziskalo registraci jeho prolécivo - kolistin me-
thansulfonat (CMS). CMS byl vyvijen za ucelem redukce neZaddoucich ucinki kolistinu.
Z klinické praxe ale kolistin i tak vymizel. Od 80. let 20. stoleti byl s vyjimkou 1écby
Nicméné dnes se kolistin kvili nartistu bakterialni rezistence znovu vraci do klinické
praxe.

Problémem ale zlistava jeho toxicita na jedné strané a snaha vyuzivat maximalni
davky s ohledem na rostouci rezistenci na strané druhé. Pravé maly rozdil mezi tera-
peutickou koncentraci a koncentraci, pti které jsou pozorovany nezadouci ucinky, déla
z kolistinu 1é¢ivo s izkym terapeutickym rozmezim. Terapeutické monitorovani 1éc¢iv
je tak jedinym zplisobem, ktery umozni najit rovnovahu mezi bezpec¢nosti a t¢innosti
terapie, a to i v populaci kriticky nemocnych, pro které je inter- a intraindividualni va-
riabilita farmakokinetiky vice neZ charakteristicka.

Praktické provedeni terapeutického monitorovani kolistinu je limitovano fadou
neznamych. Jednak je to nedostupnost metody pro soubézné stanoveni kolistinu a CMS
v CR, jednak omezené mnozstvi stabilitnich dat kolistinu a CMS v podminkach reflek-
tujicich béZné preanalytické zpracovani vzorku. Tretim limitem je absence populac-
niho farmakokinetického modelu pro kriticky nemocné, s jehoz pomoci by bylo mozné
predikovat vyvoj plazmatickych koncentraci kolistinu pii omezeném poctu odbérd,
pripadné vcéas provést ipravu davky. Adekvatni davkovani kolistinu u kriticky nemoc-
nych ztéZuje i mozna interference kolistinu s pouzitymi instrumentalnimi metodami
(extrakorporalni membranova oxygenace, ECMO, a metody nahradni funkce ledvin,
RRT). Situaci neusnadiiuje ani omezena pienositelnost diive publikovanych dat; stabi-
litni i farmakokinetické idaje jsou totiZ produktové specifické.

Habilita¢ni prace je predkladana jako komentovany soubor péti publikaci doplné-
nych ivodem, ktery shrnuje aktudlni poznatky v kli¢ovych oblastech (farmakologicky
profil kolistinu, zmény farmakokinetiky 1é¢iv u kriticky nemocnych pacientt, terapeu-
tické monitorovani 1éc¢iv v intenzivni mediciné a populacni farmakokinetické modely,
interference 1é¢iv s okruhy extrakorporalni membranové oxygenace), jichZ se tato
prace dotyka. Cilem prace je tak podporit zavedeni spolehlivého terapeutického moni-
torovani kolistinu do rutinni klinické praxe a spoletné s antibiotickym stewardshipem
zajistit racionalnéjsi pouZiti tohoto rezervniho antibiotika.
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TEORETICKE PODKLADY

2 Teoretické podklady
2.1 Farmakologicky profil kolistinu

2.1.1 Chemicka struktura, fyzikalné-chemické vilastnosti

Kolistin (polymyxin E) je klasifikovan jako lipopeptidové (nékdy polypeptidové) anti-
biotikum. Zaklad jeho molekuly tvori dekapeptid; sedm z téchto deseti aminokyselino-
vych zbytkl vytvari cyklickou formaci a ptes tripeptidovy mistek je k ni ptipojena
mastna kyselina.l2 Pét zbytki diaminomaselné Kyseliny predstavuje volné aminy,
které jsou za fyziologického pH ionizované a davaji molekule kolistinu kladny naboj.12
Molekula kolistinu ma amfifilni charakter.3

Kolistin je fermentacnim produktem Paenibacillus polymyxa.2-> Neni jednoznacné
chemicky definovany; jde o smés vice nez tiiceti derivatd, které nejsou v konstantnim
poméru. To se promita do rozdilnych fyzikalné-chemickych, farmakokinetickych a te-
oreticky i farmakodynamickych vlastnosti produktli jednotlivych vyrobcti. Hlavnimi
slozkami, které tvori priblizné 85 % smeési, jsou kolistin A a kolistin B - rozdil mezi nimi
je v délce retézce mastné kyseliny. Molekulova hmotnost v obou pripadech piesahuje
1100 Da.246-8 Dalsi derivaty se odliSuji nejen v délce retézce mastné kyseliny,
ale i v typu aminokyselin. MnoZstvi kolistinu se udava jak v obvyklych SI jednotkach
(mg), tak v mezinarodnich jednotkach (international units, 1U).

Dnes se v Ceské republice i v Evropé v ramci systémového (nikoli topického) po-
dani setkdvame prakticky vyhradné s pouZzitim proléciva kolistinu - kolistin me-
thansulfonatem, neboli kolistimethatem sodnym. Prolécivo vznika chemickou modifi-
kaci kolistinu, kdy jsou k péti volnym aminim ptipojeny prostiednictvim kovalentnich
vazeb sulfomethylové skupiny. Chemicka struktura CMS je znazornéna na Obrazku 1.
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Nékteré primarni aminy vSak nemuseji byt derivatizované, zatimco jiné mohou
mit piipojené dvé sulfomethylové skupiny. CMS je tak komplexni smési methansulfo-
novanych derivati kolistinu, hlavné CMS A a CMS B.6 CMS je antimikrobialné zcela ne-
aktivni, na rozdil od kolistinu ma totiz celkové negativni povrchovy naboj.12 Spontanni
hydrolyzou in vitro i in vivo vznikaji kladnéji nabité parcialné sulfomethylované meta-
bolity, které ale stale nemaji vlastni antimikrobialni Ucinek.1¢ AZ po odsStépeni vSech
sulfomethylovych skupin je ziskan antimikrobialné uc¢inny kolistin.

Rychlost spontanni hydrolyzy CMS na kolistin je ovlivnéna sloZzenim a pH nosného
roztoku, teplotou prostredi, pripadné i materidlem obalu. DalSim faktorem je koncen-
trace CMS - ¢im je koncentrace vyssi, tim stabilnéjsi roztok je. Souvisi to pravdépo-
dobné s amfifilnim charakterem CMS i kolistinu. Pri prekroceni kritické micelarni kon-
centrace mohou molekuly vytvaret micely a koloidalni agregaty a sniZovat tak nachyl-
nost k hydrolyze.62-14 V kontextu koncentrace je tfeba brat v potaz, v jakém roztoku
je stabilita mérena - koncentrace roztoktl pro nebulizaci se mohou pohybovat v desit-
kach mg/ml, koncentrace infuznich roztokd pak v jednotkach, maximalné v desitkach
mg/ml, plazmatické koncentrace CMS jsou v mg/l (priblizné do 50 mg/1). Stabilitni
data nejsou prenositelna. Prenositelnost je limitovana i rozdilnosti produkti jednotli-
vych vyrobcd, ev. i Sarzi.

2.1.2  Mechanismus ucinku kolistinu, bakterialni spektrum, indikace

Mechanismus ucinku kolistinu stale neni zcela objasnén. Jednou z hypotéz je na-
bojem zprostiedkovand interakce pozitivné nabitého kolistinu s negativné nabitymi
fosfaty lipopolysacharidu vnéjsi membrany gram-negativnich bakterii.2>1> V druhém
kroku dochazi ke kompetitivni dislokaci vapenatych a horecnatych ionti z vazby
na fosfaty. Tim je destabilizovdna trojrozmérna struktura lipopolysacharidu a vnéjsi
membrany. V dalSim kroku dochazi k interakci membrany a hydrofobniho tetézce
mastné Kkyseliny jako jedné zintegralnich soucasti molekuly kolistinu a formuji
se struktury podobné pértim.315 Tim roste prostupnost vnéjSi membrany obéma
smeéry; membrana ztraci schopnost limitovat prinik hydrofobnich antibiotik a antibi-
otik s velkou molekulovou hmotnosti. Podobnym detergen¢nim tucinkem ptisobi kolis-
tin i na drovni vnitfni membrany.23.51516 Zména jeji integrity vede k uniku intracelu-
larniho obsahu a lyze burky.

Dalsi hypotézy pracuji s fuzi vnéjsi a vnitini membrany, vymeénou fosfolipidli a os-
motickou nerovnovahou a lyzou bunky!>, anti-endotoxinovym efektem kolistinu317,
nekompetitivni inhibici enzymi bakteridlniho dychaciho fetézcel618, oxidacnim stre-
sem1619 Obecné lze Fici, Ze mechanismus ucinku uzce souvisi s fyzikalné-chemickymi
vlastnostmi kolistinu a efekt kolistinu je baktericidni, velmi rychly a nezavisly na me-
tabolické aktivité bakterie.25
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Kolistin je uzkospektré antibiotikum. In vitro vykazuje ti¢innost vic¢i multirezis-
tentnim gram-negativnim bakteriim, véetné A. baumanii, P. aeruginosa a vétSiné za-
stupcli Enterobacteriaceae. Prirozené rezistentni jsou Proteus spp., Burkholderia pseu-
domallei, Seratia spp., Morganella morganii, Providentia spp. Dale jsou typicky rezis-
tentni gram-pozitivni bakterie, anaeroby a eukaryota.2?3

S ohledem na dosavadni vyvoj rezistenci viici karbapenemiim, fluorochinolontim
a aminoglykosidim se kolistin opét dostava do klinického pouziti. Stale si zachovava
svou ucinnost vii¢i karbapenem-rezistentnim patogentim. Je tak obvykle posledni vol-
bou v terapii tézkych infekci zpisobenych multirezistentnimi gram-negativnimi pato-
geny (predevsim P. aeruginosa, A. baumanii, K. pneumoniae), a to predevSim tam,
kde nejsou na trhu ¢i financné dostupna novéjsi a bezpecnéjsi antibiotika (ceftazi-
dim/avibaktam, meropenem/vaborbaktam, plazomicin).220.21 Za zminku ale jisté stoji
fakt, Ze tato antibiotika nejsou uc¢inna vici infekcim zpilisobenym karbapenem-rezis-
tentnim A. baumanii (CRAB).

Aktualni doporucené postupy zminuji kolistin jako preferované léc¢ivo do kombi-
nace v terapii stiedné tézkych, tézkych a invazivnich infekci zptisobenych CRAB a in-
vazivnich infekci zpiisobenych karbapenem-rezistentnimi P. aeruginosa a Enterobac-
teriaceae.?223

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) sta-
novila minimdlni inhibi¢ni koncentraci (MIC) 4 mg/l pro P. aeruginosa a 2 mg/l
pro A. baumanii za hranice citlivosti.24

2.1.3 Farmakokinetika CMS a kolistinu, PK/PD cile

Kolistin je podavan ve formé CMS, neaktivniho proléciva. Kazda z latek ma zcela
rozdilnou farmakokinetiku - predevsim hlavni exkre¢ni cestu. Schéma bioaktivace
a hlavnich cest exkrece CMS a kolistinu shrnuje Obrazek 2 (prevzato z Rychlickova J,
Kubickova V25),

i.v. podani

1]

non-renalni clearance CMS

‘ renalni clearance
parcialné
non-renalni clearance <---------- sulfomethylované ——— renaini clearance
derivaty
R ‘ renalni clearance
non-renalni clearance <= Kolistin ----------------»

(tubularnireabsorpce)

Obrazek 2: Schéma bioaktivace a hlavnich cest exkrece CMS a kolistinu
Charakter Sipek reflektuje rozsah clearance danou cestou pti normalnich renélnich funkcich. Prevzato
z Rychli¢kova ], Kubi¢kova V.25
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S ohledem na pritomnost naboje musi byt CMS pro dosaZeni systémového efektu
podavan intravendzné. Biologicka dostupnost je tedy 100 % a maximalni plazmatické
koncentrace je dosaZeno prakticky v ¢ase ukonceni infuze. Vazba na plazmatické bil-
koviny je nevyznamna.2¢ Distribu¢ni objem (Vp)odpovida objemu extracelularni teku-
tiny.27 V populaci kriticky nemocnych ale mtze dosahovat Sirokého rozmezi 10-30 li-
tri.28 CMS je hydrolyzovan na kolistin. Spontanni hydrolyza predstavuje jednu z non-
renalnich cest eliminace CMS. Hlavni eliminacni cestou CMS jsou ledviny, glomerularni
filtrace a tubularni sekrece. Plazmaticky polo¢as CMS se pohybuje v rozmezi 1,5-2 ho-
din. Mezi renalni funkci a bioaktivaci CMS na kolistin existuje inverzni vztah. U paci-
entll s augmentovanou rendlni clearance (augmented renal clearance, ARC) je riziko
selhani terapie v disledku eliminace CMS jesté pied jeho konverzi na kolistin. U paci-
entl s renalni dysfunkci je clearance CMS pomalejsi, ¢as pro konverzi na kolistin je tak
del8i.2930 Obecné uvadény rozsah konverze 30-60 % je tfeba brat s opatrnosti, jde
o data od zdravych dobrovolnikl a pfi nejmensim renalni dysfunkce miiZe procento
vyznamné modifikovat.27.31

Antimikrobidlné acinny kolistin vznika aZ hydrolyzou in vivo. S ohledem na pro-
duktové, inter- a intraindividualné variabilni rozsah a rychlost konverze CMS dosahuje
¢as jeho maximalni plazmatické koncentrace (Twmax) Sirokého rozmezi. U zdravych dob-
rovolnikd 3-5 hodin, v populaci kriticky nemocnych 1-8 hodin, resp. az 18,5 ho-
diny.27.31-38 Podobné se v Sirokém rozmezi pohybuji i maximalni plazmatické koncen-
trace (cmax) kolistinu. U kriticky nemocnych pacientt 0,6-13 mg/1.32-3537.39 Rada praci
ale cmax neuvadi viibec nebo uvadi pouze priimérnou hodnotu studované populace.
Zkresleni cmax miize vychazet z pragmatické strategie samplingu pii vysoké variabilité
Tmax; nemusime totiZ zachytit vrcholovou koncentraci. Vyse cmax je pochopitelné ovliv-
néna i podanou davkou CMS a pouZitim nasycovaci davky; rezimy v publikovanych
pracich se vyznamné lisi.

Kolistin se priblizné z 50 % vazZe na plazmatické bilkoviny, u kriticky nemocnych
byla reportovana vazba vyssi (az 74 %).2638 Vp odpovida objemu extracelularni teku-
tiny.27 V populaci kriticky nemocnych byl ale velmi variabilni a dosahoval i aZ témér
240 litra.28 Metabolismus a eliminace kolistinu nejsou zcela popsané. Na rozdil od CMS
je u kolistinu dominantni non-renalni cesta. S ohledem na jeho peptidovou povahu pfri-
pada v uvahu proteolyticka degradace. Konkrétni enzymy ale nebyly doposud po-
psané. Renalni clearance kolistinu je minimalni, predevSim diky vyznamné tubularni
reabsorpci (pravdépodobné cestou transportéru pro organickeé kationty OCTN1, trans-
portéru pro peptidy PEPT2, megalinu).2”

Za zminku jisté stoji i fakt, Ze jednotlivé derivaty kolistinu se budou ve své farma-
kokinetice mirné odliSovat. Popsana byla napriklad rozdilna vazba kolistinu A a kolis-
tinu B na plazmatické bilkoviny pfti jejich raznych plazmatickych koncentracich u kri-
ticky nemocnych.38 Klinicka vyznamnost takovych rozdil je ale nebyla doposud pro-
kazana.
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Z hlediska farmakokineticko-farmakodynamickych parametrti (PK/PD parame-
trii) spada kolistin do kategorie antibiotik s efektem zavislym na expozici. Klicovym
farmakokinetickym parametrem je tak plocha pod krivkou jeho plazmatickych koncen-
traci (area under the plasma drug concentration-time curve, AUC), farmakodynamic-
kym parametrem je pak MIC konkrétni bakterie. Cilova hodnota AUC/MIC je pro terapii
infekci zplisobenych P. aeruginosa nejméné 60 mg-h/l. Tsuji a kol. pak za cil uvadi
24hodinovou AUC v ustaleném stavu (AUCss,24n) 50 mg-h/I resp. priimérnou plazma-
tickou koncentraci kolistinu v ustaleném stavu (cssavc) 2 mg/1 (1 mg/1 volného kolis-
tinu, pri uvaze 50 % vazby na plazmatické proteiny); bez rozdilu pro etiologicka
agens.22 Na druhé strané uvadi, Ze tyto hodnoty v sobé reflektuji rozdily ve vazbé
na plazmatické bilkoviny, resp. vysi volné frakce 1éc¢iva i nepresnosti pri urcovani MIC
arozdily v u¢innosti in vitro a in vivo. Hodnoty jsou platné pro monoterapii. Abdul-Aziz
a kol. pak uvadi cilovy PK/PD parametr 24hodinovou AUC volné frakce kolistinu vzta-
zenou k MIC (fAUCo-24/MIC) s hodnotou 10,9-13,7 mg-h/I pro P. aeruginosa a 3,5-
9 mg-h/1 pro A. baumanii.#® Pti Givaze epidemiologickych cut-off hodnot MIC dle EU-
CAST a 50% vazbé na plazmatické bilkoviny by css.avc odpovidala pribliZzné 4 mg/1 resp.
0,6-1,5 mg/l. Autori tohoto Position Paper k terapeutickému monitorovani (therape-
utic drug monitoring, TDM) antimikrobidlnich 1é¢iv u kriticky nemocnych ale dale spe-
cifikuji fAUCo-24/MIC na priblizné 12 mg-h/1 pro patogeny s MIC < 2 mg/I, cozZ kore-
sponduje s vySe uvedenymi cssave 2 mg/1 celkového kolistinu.#0

Stale je tfeba mit na paméti, Ze PK/PD parametry jsou pouhymi zastupnymi para-
metry. Systematické review zamérené na odhad klinického vysledku 1é¢by ve vztahu
k riiznym parametrim neprokazalo statisticky signifikantni rozdil cssavec mezi skupi-
nou vylécenych kriticky nemocnych pacientti a skupinou, u které terapie selhala.28

2.1.4 Doporucené davkovani, modifikace davkovani u kriticky
nemocnych

V udajich o davkovani kolistinu miiZze panovat rada nejasnosti diky pouziti dvou
jednotek - mnoZstvi kolistinu je udavano jak v miligramech, tak mezinarodnich jednot-
kach (international units, IU). Dal$im zdrojem nejasnosti mohou byt pouzivana syno-
nyma - kolistin, colistin base activity (CBA) jako synonyma pro vlastni u¢inné 1éc¢ivo
a kolistin methansulfonat, kolistimethat sodny, CMS jako synonyma pro prolécivo. Pre-
ferované jednotky a nazvy se lisi geograficky a promitaji se i do doporucenych postupii.
Obecné plati nasledujici vztahy: 1 milion mezinarodnich jednotek CMS (million inter-
national units, MIU) je pribliZzné ekvivalentni 80 mg CMS a 30 mg, ev. 33 mg kolistinu
nebo CBA.2241

Davkovani kolistinu navic zaznamenalo vyznamny vyvoj smérem k vy$$im dav-
kam diky pozornosti vénované minimalizaci zkreslenti in vitro formovanym kolistinem,
zpresnéni metod pro stanoveni plazmatickych koncentraci a pokroku
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mikrobiologickych testt citlivosti a stanoveni MIC.41 Z téchto dlivodi je tieba s opatr-
nosti interpretovat diive publikovana data, pripadné data v diive publikovanych ver-
zich souhrnu idaji o pripravku (summary of product characteristics, SPC). V Gvahu je
tieba brat fakt, Ze do roku 1995 byly 1éc¢ivé pripravky v Evropé registrovany narodné
a kazda zemé tak mohla pouzivat jiné davkovani. Tyto rozdily ¢astecné pretrvavaly
jesté v roce 2013.42 Aktudlni stav harmonizace SPC neni k dispozici. Kazdopadné jesté
vroce 2013 vétSina z analyzovanych SPC uvadéla maximum 6 MIU/den pro pacienty
nad 60 kg a pribliZné pouze tfetina zminovala moZnost vyssich davek (do 9-12
MIU/den).42

V Ceské republice je v roce 2025 pro systémové podani drzitelem rozhodnuti o re-
gistraci doporucena denni davka 9 MIU (720 mg) CMS rozdélena do dvou aZ trech jed-
notlivych davek. U kriticky nemocnych doporucené davkovani zahrnuje pouZiti nasy-
covaci davky 9 MIU (720 mg) CMS. U pacientli s dobrou renalni funkci je pak zminéno
zvySeni nasycovaci i udrZzovaci denni davky na 12 MIU (960 mg). Naopak u pacientii se
sniZenou funkci ledvin je doporucena redukce - pri clearance kreatininu 30-49
ml/min ma byt denni davka sniZena na 5,5-7,5 MIU (440-600 mg), p¥i clearance kre-
atininu 10-29 ml/min na 4,5-5,5 MIU/den (360-440 mg/den) a pri clearance kreati-
ninu <10 ml/min je doporucena denni davka 3,5 MIU CMS (280 mg).43 Publikovana
doporuceni pro kriticky nemocné se vyznamné neodliSuji.223% Délka odstupu mezi na-
sycovaci a prvni udrzovaci davkou je dle doporucenych postupti 12-24 hodin.?2

V otazce optimalniho davkovani kolistinu ale fada rozport pretrvava: prinosnost
nasycovaci davky, bezpec¢nost nasycovaci davky, individualizovana vyse nasycovaci
davky, délka odstupu mezi nasycovaci a prvni udrzovaci davkou, ddvkovani kolistinu
za pritomnosti orgdnovych podpor v intenzivni mediciné.

S nasycovaci davkou se typicky setkdvame u l1éciv s kratkym biologickym poloca-
sem v situacich, kdy potfebujeme rychle dosdhnout maximalniho uc¢inku, ale i u léc¢iv
s dlouhym biologickym poloc¢asem, u kterych dochazi k opozdénému dosaZeni ustale-
ného stavu. Vice méné to plati i pro CMS. U¢elem nasycovaci davky je rychlejsi dosazeni
ucinnych koncentraci kolistinu, rychlejsi eradikace patogenu a prevence rozvoje rezi-
stence. To vSe v kontextu prodlouZeného Twmax. S ohledem na klinické podminky, kdy
je kolistin nasazovan, se pouziti nasycovacich davek jevi jako racionalni. Doporuceni
drzitele rozhodnuti o registraci, doporucené postupy, ani zaZité konvence vysku nasy-
covaci davky kolistinu (ale typicky ani jinych antibiotik) neindividualizuji. Otazkou
ale zlistava, zda pravé individualizace davky zohlediiujici predevsim rendlni funkce
by nevedla klepsi shodé v tom, zda jsou nasycovaci davky opodstatnéné, ¢i nikoli.
Jak uz bylo uvedeno vySe, mezi mirou konverze CMS na kolistin a renalnimi funkcemi
pacienta existuje inverzni vztah. Urceni vySe nasycovaci davky nejen na zakladé veli-
kosti Vp a cilové plazmatické koncentrace, ale i se zohlednénim rychlosti glomerularni
filtrace by mohlo vést ke zvySeni bezpecnosti terapie. Tuto myslenku podporuje i Gon-
tijo a kol., ktery pomoci matematického modelu navrhuje jednak individualizaci vySe
nasycovaci davky, jednak délky intervalu mezi nasycovaci a prvni udrzovaci davkou
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pro rlizné urovné rendlni funkce nasledujicim zplisobem: pfi clearance kreatininu
20 ml/min navrhuje nasycovaci davku 3 MIU a interval mezi nasycovaci a prvni udr-
Zovaci davkou 16 hodin, pro clearance kreatininu 80 ml/min je to 8 MIU a 9 hodin,
pro 150 ml/min pak 12,5 MIU a pouze 6 hodin.*144 Rizikovost nasycovaci davky
ve smyslu nefrotoxicity a rizika rozvoje akutniho renalniho selhani nebyla doposud
jednoznacné prokazana. Tuto myslenku oteviram v diskuzi jedné z komentovanych
praci v druhé ¢asti této habilita¢ni prace.

Specifikem populace kriticky nemocnych jsou rizné formy pristrojové podpory,
predevsim RRT a ECMO, ale i hemoperfuze ¢i CPFA (coupled plasmafiltration adsorp-
tion). CMS i kolistin jsou RRT efektivné odstraniovany, konkrétni rozsah extrakorpo-
ralni clearance zavisi na typu a konkrétnim nastaveni metody; v pripadé CMS je tieba
pricist i ptipadnou zbytkovou diurézu.3445-51 V gvahu je treba brat i potencialni ad-
sorpci kolistinu na hemodialyza¢ni membranu. Takova data publikoval Menna a kol.3?
Tsuji a kol. pro pacienty na kontinualni RRT (continuous renal replacement therapy,
CRRT) doporucuje davku 13 MIU CMS za den, tedy davku o témér o polovinu vyssi
nezje davka pro pacienta s normalni funkci ledvin.22 Podrobnosti nejsou zminéné,
nicméné lze predpokladat, Ze davka zohledniuje jak potencidlni adsorpci, tak absenci
tubularni resorpce kolistinu. U Kriticky nemocnych pacienti ale toto davkovani vedlo
k vys$si nez doporucené cssavae.52

Interferenci kolistinu a ECMO a davkovani zde se vénuji v komentované praci,
ktera je soucasti této habilita¢ni prace.

2.1.5 Nezadouci uc€inky

NejvyznamnéjSim nezadoucim ucinkem kolistinu je nefrotoxicita. Pravé tento neza-
douci tcinek byl divodem pro syntézu CMS a, navzdory zavedeni CMS do praxe, i k vy-
nativami. Mechanismus nefrotoxicity je davan do souvislosti s tubularni resorpci ko-
listinu, kdy dochazi k indukci zmén mitochondrialni morfologie a membranového po-
tencialu a nasledné k apoptéze a akutni tubularni nekroze.*!

Obecné se incidence nefrotoxicity, resp. akutniho renalniho selhani (acute kidney
injury, AKI) v publikované literatuie pohybuje mezi 0-60 %.15°3-°8 Tato data nesou jis-
tou miru kontroverze. Vysledky jsou zavislé na tom, zda jsou data sbirdna retrospek-
tivné, ¢i prospektivné - pri prospektivnim sbéru je incidence nizsi.>® Rozdily jsou tak
ziejmé mezi randomizovanymi klinickymi studiemi a observa¢nimi studiemi reflektu-
jicimi béznou klinickou praxi. Dale zavisi, jakym zptisobem je nefrotoxicita definovana.
Definice AKI dle klasifikace RIFLE (Risk, Injury, Failure, Loss, and End-stage renal di-
sease) zavedeného v roce 2004 je jina nez dle systému KDIGO (Kidney Disease: Impro-
ving Global Outcomes) uZivaného od roku 2012. V kohortovych studiich je s pouZitim
KDIGO incidence niZsi. Do tretice je zde zfejmy vztah data publikace a reportované
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incidence nefrotoxicity.>3>4°6>9 To mize jit ruku v ruce s vyvojem Kritérii pro hodno-
ceni nefrotoxicity, ale i s pouzivanymi davkami (viz vyse), potazmo s vys$Simi dosaho-
vanymi plazmatickymi koncentracemi kolistinu a potencidlem k vySsi intrarenalni
konverzi CMS na kolistin. Opa¢ny vliv mohou predstavovat s casem dokonalejsi purifi-
kac¢ni techniky vyrobct kolistinu.>* Podil pacientti s AKI, ktefi potiebovali RRT, se po-
hyboval niZe, v rozmezi 0-28 %.53>’

Jako rizikovy faktor nefrotoxicity je ¢asto identifikovana velikost davky. V tomto
kontextu je zpochybnovana bezpecnost nasycovacich davek. Z diive publikované re-
trospektivni analyzy vychazi rozdilny median denni davky kolistinu u pacientt s ma-
nifestovanou nefrotoxicitou a bez ni; konkrétné 5,48 vs. 3,85 mg/kg idedlni télesné
hmotnosti (tj. priblizné 13 vs. 9 MIU CMS/den).>” Odtud plyne rizikovost populace
obéznich pacientli; pri zohlednéni celkové, ale i adjustované télesné hmotnosti
se snadno dostaneme pres uvedenou hranici vychazejici z idealni télesné hmotnosti.
Almutairy a kol. dospél k zavéru, Ze kazdy 1 mg/kg/den kolistinu (odpovida pribliZné
30 000 IU/kg/den CMS) zvysuje riziko AKI 1,6x.>> Chien a kol. ov§em vztah mezi vy-
soko-davkovanym kolistinem a AKI nepotvrdil.>® V prospektivni observaéni studii
a s pomoci klasifikace RIFLE byla identifikovana udolni koncentrace (cmin) jako neza-
visly prediktor AK]I, a to ve vysi 3,33 mg/l sedmy den terapie a 2,42 mg/1 na konci lé¢by
kolistinem ($lo o celkovou koncentraci, nikoli volnou frakci).>® Druhd uvedena hranice
byla pozdéji validovana v prospektivni studii.t? Priikaz vztahu mezi davkou CMS, dav-
kou kolistinu a jeho toxicitou je pochopitelné komplikovan inter- a intraindividualné
rozdilnym rozsahem piremény CMS a potaZzmo dosaZenymi plazmatickymi koncentra-
cemi kolistinu.

Dal$imi rizikovymi faktory nefrotoxicity kolistinu jsou celkova kumulativni davka,
preexistujici renalni dysfunkce, vék, hypoalbuminémie, obezita, soubéZzné podani dal-
$ich nefrotoxickych 1é¢iv; vyssi riziko je i v populaci kriticky nemocnych.>3-5558,61,62

Nefrotoxicita spojend s kolistinem se nejcastéji manifestuje v prvnich dnech tera-
pie.>35557.63,64 Kumulativni davka kolistinu tak jako rizikovy faktor pro nefrotoxicitu
zUistava predmétem dalSiho vyzkumu. Nefrotoxicita je obvykle reverzibilni nezadouci
ucinek, ktery ustupuje po vysazeni 1éCiva a jen ziidka vyusti v trvalé poskozeni ledvin.
Z dosavadnich dat nevyplyva rozdil v mortalité pacienti s nefrotoxicitou/AKI
a bez nefrotoxicity /AKI navzdory faktu, Ze nefrotoxicita je znamym prediktorem mor-
tality.>® Stejné tak nebyl identifikovan rozdil v dosazenych plazmatickych koncentra-
cich mezi pacienty s AKI a bez AKI.28 Jinymi slovy, dodrzeni bezpecnostniho limitu
nutné neznamena bezpecnou 1écbu.

Obecné je srovnani publikovanych dat k nefrotoxicité kolistinu obtiZné s ohledem
na jejich vysokou heterogenitu. Klinickad vyznamnost nefrotoxicity kolistinu nicméné
nemusi byt tak vysok3, jak se ptivodné piredpokladalo. Protektivnim faktorem se zda
byt kombinace Kkolistinu s dal$imi antibiotiky, predev§im karbapenemy.>%%> Vyse uve-
dena data zaroven dobre ilustruji uzké terapeutické rozmezi kolistinu, kdy prakticky
dochazi k prekryvu hranice bezpecnosti a u¢innosti.
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Druhym typickym neZadoucim ucinkem kolistinu je neurotoxicita. V porovnani
s nefrotoxicitou jde o minoritni nezadouci uc¢inek. Incidence je uvadéna pouze v jed-
notkach procent. Vyssi incidence je uvadéna v drive publikovanych studiich, ve studi-
ich, kde byl kolistin aplikovan intramuskularné, nebo ve studiich aplikujicich vyssi
davky, pripadné po delsi dobu. Rizikovymi faktory se jevi byt renalni insuficience, my-
astenia gravis a soucasna aplikace 1é¢iv zptisobujicich svalovou relaxaci. To souvisi
s predpokladanymi mechanismy neurotoxicity kolistinu - interakce s neurony diky li-
pofilni povaze kolistinu, interference s uvolnénim acetylcholinu, kompetitivni blokada
a prolongovana depolarizace neuronii vedouci k poklesu intracelularniho kalcia a mi-
tochondrialni dysfunkci. Klinickymi projevy jsou parestezie, nevolnost, zvraceni, myo-
patie, neuropatie, ataxie, zmatenost, psycho6za, halucinace, kieCe, respiracni selhani.
U kriticky nemocnych je odliSeni neurotoxicity kolistinu od polyneuropatie problema-
tické. Podobné jako v pripadé nefrototoxicity jde o nezadouci ucinek objevujici
sevprvnich dnech terapie. Stejné jako nefrotoxicita je neurotoxicita reverzi-
bilni.53.54.66-68

2.2 Zmeny farmakokinetiky IéCiv u kriticky nemocnych

Utinek lé¢iva je typicky zavisly na dosaZeni cilové tkang, cilové struktury, a na lo-
kalni koncentraci, pripadné koncentraci v ¢ase. Nezadouci ucinky 1éc¢iva se pak odviji
od expozice necilovych tkani. Tento koncept shrnuje Obrazek 3. Farmakodynamicka
odpovéd na podané 1éc¢ivo tak jde ruku v ruce s jeho farmakokinetikou.t® Subterapeu-
tické koncentrace jsou rizikové z divodu selhani terapie, piripadné rozvoje nezadou-
cich ac¢inkili nezavislych na davce; v pripadé antibiotik Ize pripocist i riziko rozvoje bak-
terialni rezistence. Dopady supraterapeutickych koncentraci pak nejpravdépodobné;ji
budou nezadouci ucinky zavislé na davce.

FARMAKOKINETIKA cilova cilova . terapeuticky N klinicky
/ tkan struktura [y ucinek outcome
davka T o T i plazmaticka \
—p) A
léciva '._.a_l?i(.)_rgc.g_!_. koncentrace pescososoasasseses Tl ‘\r-"""----------; SRS :
\q: necilova 1, necilova i % neradouci | ! toxicita !
! tkan struktura { | Géinek | | 1é¢iva :
metabolismus a
exkrece léciva FARMAKODYNAMIKA

VAZBA
LECIVA

Obrazek 3: Schéma vztahu farmakodynamické odpovédi a farmakokinetiky 1éciva (PK/PD
vlastnosti 1éciva)
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Kriticky nemocni pacienti jsou v disledku rady patofyziologickych zmén velmi
odlisni od bézné populace jak ve smyslu farmakokinetiky, tak farmakodynamiky. Od-
liSny tak byva i samotny terapeuticky cil. K vlastnim zménam farmakokinetiky a far-
makodynamiky je tfeba pripocist i efekt 1éCiv (napf. podanych tekutin, ¢i vazopreso-
rické podpory, komplexnosti celé farmakoterapie) a instrumentalnich metod nahrazu-
jicich funkci jednotlivych organt (uméla plicni ventilace, RRT, ECMO apod.).40.69-74 Jed-
notlivé mechanismy a indukované zmény farmakokinetickych parametrt shrnuje Ob-
razek 4. Na prvni pohled je ziejmé, Ze nejpodstatnéjsi zmény Kinetiky lze oCekavat
na urovni velikosti Vp a clearance 1éCiv.#06972 Zmény navic nejsou v Case stacio-
narni.’%72 Dosazeni dostate¢né koncentrace 1éciva v cilové tkani pii prevenci toxicity
na urovni tkani necilovych a urceni spravné davky léciva jako jednoho z pozadavki
racionalni farmakoterapie se v tomto kontextu stava vyzvou.t%70 Problematika zmé-
néné farmakokinetiky se propisuje do davkovani rady 1éCiv pouZivanych v intenzivni
mediciné, nezavisle na jejich cesté podani, davce, indikaci. Nejvice je ale zfejma v dav-
kovani antibiotik. Pristup , one size fits all“ zde plati méné nez jinde.

kriticky stav

tézka trauma, velky operacni pooperacni organova
infekce popéleniny vykon drenéZ l_ dysfunkce
I J

extrakorporalni

—| SIRS metody
zvyseny Vp

tekutiny a hydrofilnich  |+—
VaZOpresory l6&iv
{matos ] ——
Zvyseny extravazace - hepatalni akutni renalni
d MAPRDANIN i snizeni i i A
srdecni vydej tekutin insuficience selhan{
3 vazby na
syndrom I bilkoviny
—*| kapilarniho hypo- b
uniku albuminémie snizend sniteni
clearance clearance
P lipofilnich hydrofilnich
Zvyseny 16tiv 1étiv
pritok krve
ledvinami l
Y
l zvysena sniZeni zvyseni zvySeni
augmentovana clearance koncentrace koncentrace koncentrace
renalni clearance hydrofilnich hydrofilnich lipofilnich hydrofilnich
1ééiv antibiotik antibiotik antibiotik

Obrazek 4: Souhrn patofyziologickych zmén u kriticky nemocnych a jejich potencialni vliv
na farmakokinetiku 1é¢iv.
Upraveno dle Blot a kol.7!
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Za zménou Vp typicky stoji vazodilatace, zvySena vaskularni permeabilita a inik
tekutin (a proteinti) do tietiho prostoru (tzv. capillary leak syndrome).40.69.7173,75 Qn-
koticky tlak proteinli v intersticiu extravazalni presun tekutin dale podporuje. Vliv
na Vp ma i kumulace tekutin ve specifickych kompartmentech (napft. ascites, pleuralni
vypotek, plicni edém), nebo primy unik plazmy extravazalné (napf. u popalenin, trau-
mat).”174 Vliv na vysi Vp maji ovSem i extrakorporalni okruhy (v kapitole 2.4 se zminuji
o zménach Vp u ECMO).7071 Absolutni i relativni pokles intravazalni naplné vyzaduje
podani tekutin, které dale prispivaji k nartstu Vp pro hydrofilni 1é¢iva.40.71.7475 Nartist
Vb se odviji od tiZe onemocnéni, zvySeni tak bude v Sirokém rozmezi; oproti zdravym
dobrovolnikiim ale miZe byt u kriticky nemocnych zvysen aZ témér na dvojnaso-
bek.40.7172 Odtud tedy doporuceni pro pouZiti vy$si ivodni (nasycovaci) davky u rady
B-laktamovych antibiotik, aminoglykosidii, vankomycinu, nebo pravé CMS. Stéle totiZ
plati zakladni vztah pro urceni vyse jednotlivé davky v jednokompartmentovém mo-
delu pri 100% biologické dostupnosti a pouZiti aktivniho l1éc¢iva, nikoli proléciva:

davka (mg) = Vp (1) X cilova koncentrace(mg/l)

Vysi nasycovaci davky mohou na druhé strané limitovat davkové zavislé nezadouci
ucinky. Ty mohou byt potencialné vyznamnéjsi, zapocteme-li efekt vazopresorti a cen-
tralizaci obéhu, omezenou tkanovou distribuci a penetraci hydrofilnich 1é¢iv do tkani
a soucasneé vyssi expozici perfundovanych tkani 1éCivu.6971.7274 V tomto kontextu mtize
byt vyznamna i zména prostupnosti hematoencefalické bariéry a downregulace/inhi-
bice P-glykoproteinu jako hlavni effluxni pumpy.6%74 Na druhé strané distribuce lipo-
filnich 1é¢iv témito mechanismy vyznamné zménéna neni.”?

U kriticky nemocnych dochazi rovnéz ke zméné koncentrace plazmatickych bilko-
vin, pfedevsim albuminu a kyselého a-1 glykoproteinu.40.6972-74 Casto viditelny pokles
koncentrace albuminu (vice 40 % pacientti v intenzivni pé¢i ma koncentraci albuminu
< 25 g/l) prispiva k poklesu onkotického tlaku krve a k nartstu Vp, sdm o sobé
ma ale také vliv na farmakokinetiku 1é¢iv.40.70.717475 A to predevsim téch, ktera jsou
na albumin vysoce vazana (>85-90 %; z antibiotik nap¥. oxacilin, flukloxacilin, ceftria-
xon, ertapenem, daptomycin, teikoplanin).#%.70.71 Pfi hypoalbuminémii se zvySuje jejich
volna frakce a tim i dostupnost pro eliminaci.”1.73 Hypoalbuminémie tak ma komplexni
vliv na farmakokinetiku 1é¢iv a jejich davkovani - potreba vys$sSi nasycovaci davky
v kontextu zmény Vp, vy$Si volna a Gi¢inna frakce 1éc¢iva a riziko poklesu plazmatickych
koncentraci v pribéhu davkovaciho intervalu pod stanovenou hranici. Toto riziko
miZe byt divodem pro zkraceni intervalu mezi davkami.”! Klinicky vyznam sniZzené
vazebné kapacity albuminu pro davkovani antibiotik je ale nejasny.’4

Kysely a-1 glykoprotein je na rozdil od albuminu pozitivni reaktant akutni faze.
U kriticky nemocnych pozorujeme jeho zvySeni.”* Diky svému pozitivnimu naboji vaZe
predevSim bazicka léciva (z antibiotik napt. praveé kolistin).7476 Pro terapeuticky uci-
nek tak mize byt teoreticky treba dosazeni vyssi celkové koncentrace 1éciva.
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Zatimco Vp hraje majoritni roli v ivodu terapie a ureni nasycovaci davky, clea-
rance se odrazi predevsim v urceni udrzovacich davek, resp. intervalu mezi nimi. Clea-
rance muze byt u kriticky nemocnych ovlivnéna obéma sméry: v piipadé renalni clea-
rance se mize rozvinout glomerularni hyperfiltrace (augmentovana renalni clearance,
ARC), nebo naopak AKI; v pfipadé jaterni clearance mtZe byt metabolismus lé¢iv zvy-
Sen vlivem enzymovych induktorl ¢i zvySenym pritokem jatry.”! Jaterni clearance
muze byt sniZena v disledku hepatocelularniho poskozeni, hypoperfuze, cholestazy,
systémové zanétlivé odpovédi (spojené s produkci prozanétlivych cytokinii ptisobicich
inhibici enzymt CYP450) ¢i vlivem 1éCiv ptsobicich jako enzymové inhibitory.69.71.74
Clearance miiZe byt ovlivnéna i asociovanymi stavy (napft. vytésnéni 1éCiv z vazby
na plazmatické bilkoviny vlivem hyperbilirubinémie, zvySeni volné frakce 1éCiva pri
sniZené plazmatické koncentraci albuminu).”? Vliv na clearance maji také instrumen-
talni metody (RRT, ECMO).

- Augmentovand rendlni clearance (ARC), nejcastéji definovana jako rychlost
glomeruladrni filtrace vyssi nez 130 ml/min/1,73m?2 (dle nékterych zdroju
az 160 ml/min/1,73m?2 u muzg, resp. 150 ml/min/1,73m? u Zen), se u kriticky
nemocnych pacienti rozviji pravdépodobné jako disledek uvolnéni prozanét-
livych cytokint, systémové vazodilatace, zvySeného srdecniho vydeje a zvyse-
ného pritoku krve ledvinou.40.70-727477 Roli pravdépodobné hraje také tzv. re-
nalni funkéni rezerva.’? Spojovana byva s pacienty s traumatickym poranénim
mozku, meningitidou, polytraumaty, popaleninami, sepsi a s pacienty podstu-
pujicimi velké chirurgické vykony (tedy stavy soucasné vedoucimi ke zvySeni
Vp).70-7277,78 Rizikovym faktorem je i muZské pohlavi, nizsi vék a nizsi zavaz-
nost onemocnéni.#0.70.77.78 Tyto faktory vychazeji z observacnich dat, stejné
jako prevalence, kterd je u kriticky nemocnych udavana mezi 20 a 65 %;
ve vySe uvedenych rizikovych populacich je ovSem vys$si.40.70 V klinické praxi
neni tento fenomén stale ¢asto rozpoznan.”’’ Pouziti rovnic pro odhad glome-
rularni filtrace v diagnostice ARC selhava, proto je, pres své limity, preferova-
nou cestou stanoveni clearance kreatininu z8-24hodinového sbéru
moci.#0.70.77.78 Stanoveni by s mélo probihat opakované v priibéhu hospitali-
zace - ARC se typicky rozviji v prvnich dnech hospitalizace, jeji pretrvani je ale
velmi variabilni.”? PrestoZe je primarné spojovana se zvySenou glomerularni
filtraci, nékteré zdroje zminuji i vztah k tubularnim funkcim.”8

ARC je spojena s poklesem plazmatické koncentrace 1é¢iv vylu¢ovanych
dominantné v nezménéné formé renalné (napr. f-laktamova antibiotika, van-
komycin , ale i antikoagulancia) a nasledné s rizikem selhani terapie.”0-7477
Horsi klinicky outcome pacientli saugmentovanou rendlni clearance
byl ovSem v dostupné literatuie reportovan v minimu piipad(.’® Prakticka
uprava davkovani antibiotik se pak lisi dle PK/PD parametrt; v pripadé casové
a expozicné zavislych antibiotik miiZe byt uzitecné zkraceni davkovaciho in-
tervalu, ¢i prodlouZeni infuze; v pripadé antibiotik s efektem zavislym
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na koncentraci je to zkracen{ intervalu mezi davkami.”! Uprava davek pti ARC
se dnes jiZ postupné dostava i do doporucenych postupii.”?
Akutni rendlni selhdni (AKI), typicky definované pomoci zmény sérového kre-
atininu a/nebo poklesu vydeje moci v ¢ase (napt. pomoci Klasifikace RIFLE,
AKIN ¢i KDIGO), je ¢astou komplikaci kriticky nemocnych pacientli spojenou
s vys$i mortalitou, prodlouZenim pobytu na jednotce intenzivni péce a rizikem
prechodu do chronické renalni insuficience.”1.7980 Jde o heterogenni syndrom
ve vztahu ke své etiologii, patofyziologii Ci klinické prezentaci; miiZe se rozvi-
jet na podkladé zmény systémové ¢i lokalni hemodynamiky, zanétu, ischemie,
vlivem nezadoucich ucink 1é¢iv.7980 Prevalence AKI se u kriticky nemocnych
pacientd pohybuje v rozmezi 30-60 %.69.72.73,79-81

Podobné jako v ptipadé ARC jsou pri AKI zménou farmakokinetiky ohro-
Zena léciva eliminovana predevs$im renalné v nezménéné formé ¢i ve formé
aktivnich metabolit(i.”273.81 Pfi AKI je hlavni obavou jejich kumulace. Principi-
alné by se AKI mélo promitat hlavné do vySe udrzovaci davky, resp. jeji re-
dukce (nebo zmény intervalu mezi davkami v zavislosti na PK/PD parame-
trech). Na druhé strané asociované zmény Vp pti AKI ovlivni i vysi nasycovaci
davky, ktera by predevsim v pripadé hydrofilnich 1é¢iv méla byt pouZita a pri-
padné i zvySena.”1.8182 V¢asné nasazeni antibiotik u kriticky nemocnych a prv-
nich 48 hodin terapie jsou totiz klicové z hlediska celkového vysledku 1é¢by.83
PriliSna redukce davek v kontextu obav z kumulace antibiotik mtiZe mit nao-
pak negativni dopady.83 Dal$im diivodem pro konzervativnéjsi ptistup v re-
dukci davkovani antibiotik miiZe byt non-rendalni clearance 1é¢iv a pripadna
zastupna eliminace, opozdéna kinetika sérového kreatininu oproti glomeru-
larni filtraci, potazmo problematicky odhad aktualni glomerularni filtrace,
ataké mozna casna reparace rendlnich funkci (v zavislosti na etiologii
AKI).71758182 Je tudiZ doporuceno antibiotickou terapii zahajit standardnimi
davkami a ipravu provést az s odstupem, a to predevsim u léciv s Sirokym te-
rapeutickym oknem.81-83 S reparaci rendlnich funkci je na misté davku antibi-
otik opét navysit. Otazkou zlstava davkovani 1é¢iv s vyznamnym podilem tu-
bularni sekrece ¢i resorpce.81

V kontextu tubularnich funkci, diagnostiky AKI pomoci sérového kreati-
ninu, ev. pseudonefrotoxicity, je vyznamna i kompetice 1é¢iv o transportér kre-
atininu (recentné byl tento jev popsan v kontextu soubézné terapie piperaci-
lin/tazobaktamem a vankomycinem).84
Metody ndhradni funkce ledvin (RRT), intermitentni, kontinualni i hybridni me-
tody jako SLED (sustained low-efficiency dialysis) ¢i PIRRT (prolonged inter-
mittent renal replacement therapy), jsou béZnou soucasti péce o kriticky ne-
mocné.”>85 Vyzaduji je jednotky procent pacientli hospitalizovanych na jed-
notkach intenzivni péce, nejcastéji za ucelem korekce tekutinové bilance, ion-
tové dysbalance, urémie ¢i acidobazické rovnovahy.7275808185 Kontinualni
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metody jsou béznéjsi u hemodynamicky nestabilnich pacienti.”>808285
Vsechny metody jsou efektivni v clearance hydrofilnich 1é¢iv s malou moleku-
lovou hmotnosti.82 Léciva s molekulovou hmotnosti <500 Da jsou odstrario-
vana po koncentra¢nim gradientu difuzi, stredné-molekularni 1éciva s mole-
kulovou hmotnosti 500-5000 Da jsou odstrafiovana konvekci (pfi nejmensim
v ptipadé low-flux membran).40.69727581 (¢inné jsou dale odstrafiovana léciva
s nizkou vazbou na plazmatické bilkoviny, nizkym distribu¢nim objemem
a obecné vysokou rendlni clearance.0.:69.71,758182 Konkrétni clearance se ale lis{
dle typu RRT.4071.82 Metody vyuZivajici konvekci (kontinualni veno-veno6zni
hemofiltrace, CVVHF; kontinualni veno-ven6zni hemodiafiltrace, CVVHDF) za-
jiStuji obecné vyssi clearance l1éciva nezZ metody zaloZené na difuzi (intermi-
tentni hemodialyza, IHD; SLED; kontinualni veno-venézni hemodialyza,
CVVHD).%981 Roli hraje i material, plocha a porozita dialyzatoru (velikost a dis-
tribuce velikosti p6rt) - dialyzatory jsou klasifikovany jako tzv. low-flux, me-
dium-flux a high-flux.40.69.7172,758182 V této radé roste propustnost pro vodu
i schopnost odstranovat stiredné-molekuldrni latky, a to i v pripadé pouziti me-
tod zaloZenych na difuzi.”? Clearance 1éciva ovliviiuje i rychlost pritoku krve
a davka dialyzy.40.69,71,727581,82 Dal§im faktorem ovliviiujicim clearance 1éciva
je jeho potencialni adsorpce na material dialyzatoru a v pripadé kontinualnich
metod zaloZenych na konvekci zplisob substituce tekutin (pre-diluce, post-
diluce).7581

Intermitentni metody jsou sice Ucinnéjsi v clearance 1éc¢iv, probihaji
ale pouze po dobu nékolika hodin.”>81 Po ukonceni procedury je na misté po-
uziti dosycovaci davky dialyzovatelnych 1éc¢iv.81 Zaroven zde ale neni zcela
prenositelné davkovani 1é¢iv doporucené pro chronicky intermitentné dialy-
zované pacienty na intermitentné dialyzované kriticky nemocné.7>81

Kontinualni metody navySuji prirozenou clearance (renalni, non-re-
nalni); v prevenci poddavkovani vyzaduji navyseni davky antibiotika oproti
davce pouzité pred zahajenim CRRT.7>81 Diky absenci tubuldrni resorpce
a mozné interferenci lé¢iv s materidly hemofiltru se u nékterych 1éciv dokonce
setkdvame s vy$Sim davkovanim pti CRRT neZ u pacienta s normalnimi renal-
nimi funkcemi.82.86.87 V kazdém pripadé je po ukonceni CRRT treba davku opét
prizptlisobit aktualnim renalnim funkcim pacienta.8?

S ohledem na vyvoj a zdokonalovani metod v ¢ase mohou starsi publiko-
vana data clearance 1é¢iv podhodnocovat.8182 Davkovani antibiotik pti RRT
je sohledem na heterogenitu metod, postupli a pacientli prevdzné empi-
rické.+0
Hepatdlni dysfunkce je Siroky pojem zastreSujici selhavani jedné nebo vice ja-
ternich funkci. V zavislosti na definici postihuje 11-54 % kriticky nemoc-
nych.88 Pri¢inami hepatalni dysfunkce u kriticky nemocnych mohou byt
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infekce, hypoperfuze, autoimunitni ¢i onkologicka onemocnéni, hemolyza, al-
kohol ¢i nezadouci uc¢inky l1éciv.71.88

Kvantifikace hepatalnich funkci a nasledna tprava davek 1éCiv je obtiZna.
Neexistuje jednoduchy zastupny parametr ¢i vypocet, pomoci kterého by bylo
mozné jaterni clearance odhadnout.88 Drzitelé rozhodnuti o registraci v ramci
SPC typicky doporucuji upravu davky léciva dle Child-Pugh skére.”! Tento sys-
tém je ale urcen pro hodnoceni progndzy pacientii s chronickym onemocné-
nim jater, predevsim cirh6zou. Ve vztahu k ddvkovani 1éCiv nenabizi ani za-
kladni kvantifikaci miry selhavani jednotlivych funkci jater, ani miry ovlivnéni
jednotlivych farmakokinetickych parametri 1é¢iv. S ohledem na jeho kompo-
zitni charakter tak budou napomocnéjsi jeho jednotlivé slozky.88

Obecné je jaterni clearance zavisla na pratoku krve jatry, vnitfni meta-
bolické aktivité (vnitfni jaterni clearance), ev. vysi volné frakce 1éciva. Clea-
rance léciv s vysokym extrak¢nim pomeérem bude majoritné zavisla na pri-
toku krve (sniZena pri hypoperfuzi, ale i vlivem umélé plicni ventilace a vazo-
presord, zvySena pii hyperdynamické cirkulaci), clearance 1é¢iv s nizkym ex-
trakénim pomérem pak bude limitovana dostupnosti a aktivitou konkrétnich
enzymui (a sniZena vlivem prozanétlivych cytokini, urémie).6971.737488 Mezi
mirou jaterni dysfunkce a dysfunkce jednotlivych enzymii prvni a druhé faze
biotransformace neexistuje linedrni vztah.”! Zaroven vyse popsané mecha-
nismy napovidaji vyznamnou variabilitu metabolismus 1éCiv v Case.

Uprava davek antibiotik p¥i hepatalni dysfunkci neni obvykle nutna s oh-
ledem na jejich majoritné renalni eliminaci v nezménéné formé; davkovani an-
tibiotik tak reflektuje spisSe obecné zmény farmakokinetiky u kriticky nemoc-
nych.40.7388
Lékové interakce na Grovni jaternich enzymii cytochromu P450, pripadné en-
zymt faze Il biotransformace, mohou rovnéz vyznamné ovlivnit metabolismus
a plazmatické koncentrace 1é¢iv.%° Farmakoterapie v intenzivni péci byva
velmi komplexni, prostor pro vznik 1ékovych interakci riizné urovné klinické
vyznamnosti je $iroky.6° Plivodci nejvyznamnéjsich 1ékovych interakci ale bu-
dou klarithromycin, erythromycin (pouzivany jako prokinetikum) a flukona-
zol jako inhibitory CYP 3A4, které zvySuji plazmatické koncentrace substratti
tohoto izoenzymu; nejvyznamnéjSimi induktory jsou pak rifampicin, fenytoin,
pripadné fenobarbital.®® Tématu nejvyznamnéjsich lékovych interakci v inten-
zivni mediciné jsem se vénovala v prehledovém c¢lanku, jehoZ soucasti je i po-
drobnéjsi rozbor interakci vySe zminénych 1éCiv (celé znéni v Priloze 1).89

Dalsi urovni lékovych interakci miize byt vazba na plazmatické bilko-
viny, pripadné kompetice o vazbu s uremickymi toxiny.6? Lékovym interakcim
na urovni absorpce se vénuji niZe.
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Vedle vlivu patofyziologickych zmén na Vpa clearance miiZe byt u kriticky nemoc-
nych vyznamné pozménéna i absorpce 1é¢iv z gastrointestindlniho traktu, subkutan-
niho prostoru ¢i svalli.”! Ve vSech pripadech hraje roli perfuze a/nebo otok daného
mista; kvantifikace vlivu téchto modalit je komplikovana.69.73.7490.91 V piipadé gastro-
intestinalniho traktu je tfeba uvaZovat i o vlivu poruch motility, zmén pH Zaludku
a streva, rozsahu absorp¢ni plochy a permeability stény.6973.748291 A to v kontextu fy-
zikalné-chemickych a farmakologickych vlastnosti 1éc¢iva, které ma byt absorbovano
(molekulovda hmotnost; disociacni konstanta; rozpustnost; pritomnost first-pass
efektu).”1.74 Neprimy vliv mohou mit chirurgické vykony, mineralové dysbalance, hy-
perglykémie, zvySeny intrakranialni tlak nebo léky - hypoperfuze v diisledku vazopre-
sorické podpory, sniZend motilita v dlisledku podavani opioidnich analgetik a sedativ,
hypoacidita v disledku podani inhibitort protonové pumpy.’48291 Absorpce léc¢iv
muze byt sniZzena i v disledku 1ékovych interakci; interakci 1é¢iv s enteralni vyzivou
jsem identifikovala v prehledovém clanku jako jednu z péti nejvyznamnéjsich interakci
v intenzivni mediciné (celé znéni v Priloze 1).7489 DalSim mistem lékovych interakci na
urovni absorpce, ale i vlivu systémové zanétlivé odpovédi, miiZe byt stievni P-glyko-
protein.’* K interakci mtiZe dochazet i na irovni nasogastrické ¢i nasojejunalni sondy
(adsorpce léciv na plastovy povrch sond).1 Rizikem je nezavisle na cesté podani opoz-
déna absorpce, sniZena biologicka dostupnost 1éciva, sniZena farmakodynamicka od-
povéd'_69,71,73

Kvantifikace absorpce je u kriticky nemocnych pacientti obtizna, predevsim u 1é-
Civ bez pifimo méritelného Kklinického efektu. V. mnoha pripadech nicméné mizeme
zménit cestu podani na intravendzni a potencialné problematické misto tak elimino-
vat. Je ovSem tfeba mit na paméti rozdily v ddvkovani dané rozdilnou biodostupnosti
a rizika nékterych pomocnych latek pritomnych pouze v intravenéznich 1ékovych for-
mach (propylenglykol, polysorbat-80, sulfobutylether-§3-cyklodextrin) - podrobnosti
lze nalézt v ¢lanku, ktery jsem na toto téma publikovala (celé znéni v Priloze 2).91.92

Ke vSem vysSe uvedenym zménam farmakokinetiky v kritickém stavu je tieba pfri-
pocist vék, preexistujici onemocnéni, organové dysfunkce, obezitu, téhotenstvi a vliv
dosavadni terapie, které pristup k davkovani 1é¢iv budou dale modifikovat.40.74

2.3 Terapeutické monitorovani IéCiv v intenzivni mediciné, populacni
farmakokinetické modely

Terapeutické monitorovani 1é¢iv (TDM) je metoda optimalizace a individualizace
davky lécCiva za ticelem maximalizace jeho uc¢inku a minimalizace toxicity. To vSe na za-
kladé jeho koncentrace v biologickém materialu. A také na zakladé znamého vztahu
expozice a odpovédi, ¢i expozice a bezpecnosti. Tato metoda byla do klinické praxe za-
vedena na prelomu 60. a 70. let 20. stoleti.?3 DneSni praxe uz ale spiSe stoji na propojent
TDM s popula¢nimi farmakokinetickymi modely a tzv. model-informed precision
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dosing (MIPD). Jinymi slovy jako klini¢ti farmakologové ¢i farmaceuti vyuzivame po-
pula¢ni farmakokinetické modely a v nich integrované matematické a statistické pre-
dikce k presnéjSimu a flexibilnéjSimu odhadu vyvoje koncentraci 1é¢iva u konkrétniho
pacienta na zakladé minimalné jedné stanovené koncentrace 1é¢iva (a posteriori od-
had), nebo dokonce i k ur¢eni tvodniho ddvkovani na zakladé individualnich dat paci-
enta bez znamé koncentrace 1éc¢iva (a priori predikce).?4-%¢ Dilezitym faktem je kri-
tické zhodnoceni popula¢niho farmakokinetického modelu, na jehoz zakladé je pre-
dikce a Uprava davky provadéna.?6-98 O to dililezitéjsi je to v pripadé jeho pouZiti u po-
pulaci typicky opomijenych v klinickém vyzkumu. Idealni je pouZit model vychazejici
z co nejpodobnéjsi cilové populace.? Soucasti kritického zhodnoceni zvoleného mo-
delu by mélo byt i zhodnoceni, zda byl viibec konstruovan se zamérem pouziti v bézné
klinické praxi (viz kapitola 2.3.2 Populac¢ni farmakokinetické modelovanti).

Z ptvodniho konceptu TDM ale stale pochopitelné zachovavame prvKky interpre-
tace zmérené koncentrace 1éc¢iva, zamér jejiho udrZeni pobliZ individualni cilové hod-
noty, navrh nové davky léciva a plan dal§iho monitoringu.?3.>

Stale také plati, Ze TDM/MIPD je interdisciplinarnim pristupem spoléhajicim
na presné, spravné, reprodukovatelné analytické metody splnujici validacni parame-
try pro laboratorni analytické metody ve zdravotnictvi. Soucasti validace metody
je tedy i ovéreni, Ze preanalytické zpracovani vzorku (napft. odstranéni proteinii) ne-
vede ke ztratam ¢i degradaci analytu. Soucasti validace jsou i stabilitni testy, v¢éetné
ovéreni efektu opakovaného zmrazeni vzorku (freeze-thaw stability). Z praktického
hlediska by metody navic mély byt rychlé, ekonomické, dostupné a poskytujici vysle-
dek v klinicky relevantnim case.0.93

V kontextu personalizace davkovani 1é¢iv se vedle zminénych TDM a MIPD obje-
vuje tzv. target concentration intervention (TCI). TDM vychazi ze zmérené plazmatické
koncentrace v konkrétnim cCase v ustaleném stavu, kterou cili do terapeutického roz-
mezi. Zmérené hodnoty kategorizuje jako subterapeutické, terapeutické a supratera-
peutické; soucasné povazuje hodnoty na dolni a na horni hranici terapeutického roz-
mezi za ekvivalentni a zamita hypotézu, Ze i terapeutické koncentrace mohou byt sub-
optimalni z hlediska klinického vysledku pro pacienta.?¢7 S tim souvisi omezena moz-
nost skutec¢né personalizované davky. TDM samo o sobé také nedava navod na ipravu
davky na zakladé zmérené koncentrace. MIPD a TCI naproti tomu vyuZivaji populacni
farmakokinetické (ev. i farmakodynamické) modely a predikce. Mohou zohledniti jiné
parametry neZ jen plazmatickou koncentraci 1é¢iva.?5.% Jinymi slovy zohlednuji indivi-
dudlni faktory pacienta, onemocnéni i 1é¢iva. Diky tomu predstavuji modernéjsi pii-
stup k personalizaci terapie.?®¢ MIPD lze oproti TCI povaZovat za inkluzivnéjsi pojem.

S ohledem na fakt, Ze se pojem MIPD zacal Siteji pouZzivat az v novém tisicileti a po-
jem TDM je zatim uZsi i Sirs$i odborné verejnosti blizsi, budu v nasledujicim textu pre-
ferovat pojem TDM, ac s védomim jeho faktické nepresnosti.
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2.3.1 Terapeutické monitorovani I€Civ v intenzivni mediciné

TDM je v intenzivni mediciné tradi¢né spojeno predevsim s antibiotiky, a to predevsim
ve smyslu zajiSténi jejich bezpecnosti. U kriticky nemocnych pacientti je v€asné zaha-
jeni antibiotické 1é¢by spravné zvolenym antibiotikem ve spravné davce kli¢ové pro to,
abychom dosahli zamyslené ucinnosti, zabranili rozvoji rezistence a podpofrili bezpec-
nost 1é¢by. Rada antibiotik nicméné spada do skupiny 1é¢iv s relativné tizkym terapeu-
tickym oknem, ale pfedevsim spada do skupiny 1écCiv, jejichZ farmakokinetika i farma-
kodynamika je u kriticky nemocnych pacientd vyznamné pozménéna. Urceni spravné
davky se tak stava skute¢nou vyzvou s vlivem mnoha modalit. DneSni TDM se tak roz-
Sifuje i na antibiotika s Sirokym terapeutickym oknem a cilem se vice orientuje na pre-
venci poddavkovani, selhani 1écby s rizikem nartistu bakterialni rezistence nez na pre-
venci toxicity.40.96

Jiz vySe jsem zminila, Ze TDM vychazi z predpokladu korelace davky léciva
s plazmatickou koncentraci a korelace plazmatické koncentrace l1éciva s jeho efektem.
V pripadé antibiotik jsou prediktory ucinnosti pravé PK/PD parametry. BohuZel jak
farmakokineticks, tak farmakodynamicka slozka PK/PD parametrii je zatiZena znac-
nou variabilitou a zkreslenim.

- Zménam farmakokinetiky u kriticky nemocnych je vénovana kapitola 2.2 této
habilitacni prace. Knim je tifeba pripocCist fakt, Ze je typicky stanovovana
plazmaticka koncentrace antibiotika, zatimco infekce je lokalizovana mimo cen-
tralni kompartment. Dosazena tkanova koncentrace se od té plazmatické mtize
diametralné lisit.40 Dal$im zdrojem variability miize byt vazba na plazmatické
bilkoviny, resp. vySe volné, na bilkoviny nevazané frakce (f).

- Farmakodynamickou slozkou je v tomto ptipadé citlivost konkrétniho pato-
genu k uc¢inku antibiotika, tedy MIC. Nejen, Ze jsou kriticky nemocni pacienti
dominantné ohrozeni infekcemi, jsou ohrozeni infekcemi zptisobenymi méné
citlivymi patogeny.#0.9¢ S tim Uzce souvisi problematika obecné spolehlivosti
parametru MIC. Jedna se pouze o zastupny parametr ucinnosti. MIC vychazi
z in vitro podminek s nefyziologicky stacionarni koncentraci antibiotika a jeji
odecet probiha v jednom Casovém bodé. Jeji stanoveni je zatiZeno omezenou
presnosti a reprodukovatelnosti. Mnohdy také neni hodnota MIC dostupnj,
nebo neni dostupna v Case potieby, a je tudiZ nutné, ale mnohdy i v kontextu
vySe uvedeného preferované, vychazet z epidemiologickych dat EUCAST ¢i Cli-
nical and Laboratory Standards Institute (CLSI).40.9496.98 Paklize MIC determi-
nuje davkovani antibiotik, je tfeba jeji hodnoty interpretovat s opatrnosti.
O to vice, pokud je lokalné stanovena MIC pod epidemiologickou cut-off hodno-
tou a hrozi poddavkovani antibiotika.

Z pohledu PK/PD parametrii jsou antibiotika klasifikovana do trech kategorii:
- antibiotika s koncentra¢né zavislym ucinkem (cmax/MIC, resp. fcmax/MIC),
- antibiotika s expozi¢né zavislym uc¢inkem (AUC/MIC, resp. fAUC/MIC),
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- antibiotika s ¢asové zavislym ucinkem (T>MIC, resp. fT>MIC).

VétSina antibiotik ma dnes cilové hodnoty PK/PD parametrii stanovené.4? Odviji
se od nich obecna davkovaci strategie, v€etné riiznych nomogramu uprav davkovani,
i strategie vedouci k dosaZeni PK/PD parametrii - pouZiti nasycovaci davky a nasledné
prodlouzené ¢i kontinualni infuze za G¢elem prodlouZeni ¢asu nad MIC, zkraceni infuze
u koncentracné zavislych antibiotik apod. Nicméné jde o hodnoty inicidlné stanovené
v in vitro a preklinickych studiich, pripadné ve studiich na zdravych dobrovolnicich;
PK/PD cilli definovanych na zakladé klinickych endpointii je minimum.?42¢ Jde o hod-
noty, které se lisi podle citlivosti patogent, typi infekce, celkového klinického stavu
pacienta a charakteru terapie.?®%8 PK/PD parametry se navic vztahuji k ustaleném
stavu. PK/PD parametry tak predstavuji zna¢né zjednodusujici prvek.

Na podobném principu stoji i vztahy farmakokinetiky a toxicity s vlastnimi,
ne nutné stejnymi, parametry.40.98

TDM je v klinické praxi typicky provadéno na zakladé odbéru dvou vzorki (v odt-
vodnénych pripadech i jen jednoho vzorku), standardné se jedna o idolni koncentraci
(cmin), na jejimZ zakladé jsou pomoci populaé¢niho farmakokinetického modelu vypoc-
teny odpovidajici farmakokinetické parametry. V pripadé nedostupnosti ¢i nespolehli-
vosti populacniho modelu je mozZné jejich odhad vystavét na nékolika odbérech v pri-
béhu jednoho davkovaciho intervalu, nicméné vzdy je Zadouci volit pragmatickou stra-
tegii vzorkovani odliSnou od cisté farmakokinetickych studii. Na druhé strané mize
pravé pragmaticka strategie odbéru vzorki vést k zavadéjicim vysledkim. Napriklad
provadime-li pouze odbér cmin, spoléhd se odhad AUC, cmaxi T>MIC na skutecnost,
Ze ma léc¢ivo farmakokinetiku 1. fddu a pohybujeme se v jednokompartmentovém mo-
delu. Zvlast v populaci kriticky nemocnych je ale tfreba korelaci cmin a ostatnich para-
metr validovat. Udolni koncentrace odrazi piredevsim clearance lé¢iva; vypocet
Vb umoZznuje dominantné cmax.# Situace je komplikovanéjsi v pripadé 1éciv, ktera jsou
podavana ve formé biologicky neaktivnich proléciv (jako v pripadé kolistinu, resp.
CMS), nebo pokud maji aktivni metabolity (aktivni metabolit ma klindamycin, metro-
nidazol, zde ale ani v jednom ptipadé neni TDM v klinické praxi provadéno).

TDM je ekonomicky naro¢nou metodou (strukturalné, procesné). VyvaZzeni na-
kladli benefity je problematické, zvlast v pripadé, kdy jsou prinosy TDM a optimalizace
plazmatické koncentrace 1é¢iva ve smyslu klinickych vysledkli nejasné (mikrobiolo-
gicka eradikace patogenu, vyléceni pacienta, pokles mortality, zmény v incidenci nezZa-
doucich acinkii).40.93949 Kazdopadné je to metoda, ktera neni a ani nema byt imple-
mentovana plosné a v jejimz pripadé stratifikace pacientl a adaptivni zpétna vazba
miZe prispét k zefektivnéni investic. V bézné klinické praxi se dnes u kriticky nemoc-
nych pacientii setkavame s TDM vankomycinu, aminoglykosidd (prokazany klinicky
benefit i prevence nezadoucich ti¢inki); na fadé pracovist v CR jsou k dispozici metody
pro stanoveni vybranych [-laktamovych antibiotik a linezolidu. Metody pro stanoveni
koncentraci kolistinu a jeho TDM jsou v Ceské republice omezené, vroce 2025
je ve standardnim reZimu nenabizi Zadna laboratof. Soucasné jiZ vroce 2015 byla
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absence TDM kolistinu oznacena jako faktor negativné ovliviiujici bezpecnost a ucin-
nost polymyxini.#! Mezinarodni doporucené postupy k optimalnimu pouziti polymy-
xint z roku 2019 TDM podporuji.22 Position Paper k TDM antimikrobialnich 1é¢iv u kri-
ticky nemocnych z roku 2020 zaujima k TDM kolistinu neutralni stanovisko.49 Praktic-
kym aspektlim TDM kolistinu se vénuji v komentovanych pracich v dalsi ¢asti své ha-
bilita¢ni prace.
Za problémy soucasného TDM, a potazmo davkovani antibiotik u kriticky nemoc-
nych, miZeme oznacit:
- nutnost spoléhat se na zastupné, mnohdy klinicky nevalidované, parametry,
Ci parametry nevalidované na extrémnich populacich (napt. kromé Kkriticky ne-
mocnych pacientti pacienti morbidné obézni apod.),
- stanoveni koncentrace 1éciva dominantné v plazmé ¢i séru pii nejasné distri-
buci do cilového mista predevsim v pocatku terapie,
- minimalni vyuziti modernéjsich a méné invazivnich technik odbéri (napft. sta-
noveni lé¢iva metodou suché kapky, vyuziti biosenzorti),
- stanoveni celkové koncentrace 1é¢iva s omezenou moznosti stanoveni volné,
na bilkoviny nevazané frakce,
- nepresnost analytickych metod, kdy analyticka chyba by méla optimalné odpo-
vidat rezidualni chybé modelu,
- absenci analytickych metod pro néktera antibiotika,
- nedostupnost metod v rezimu 24 /7 v béZzné klinické praxi s dodanim vysledku
v Fadu hodin,
- omezené moznosti adaptability farmakokinetickych modeli v Case,
- nejasny redlny benefit TDM v kazdodenni péci o kriticky nemocné, nebo ne-
jasné charakteristiky pacientli, ktefi by z TDM s nejvétsi pravdépodobnosti
mohli profitovat.40.94.96,98

2.3.2  Populaéni farmakokinetické modelovani

Interpretace plazmatické koncentrace 1é¢iva je mozna nékolika postupy. Prvnim z nich
je pouhé posouzeni, zda koncentrace spada do stanoveného rozmezi. Nevyhody tohoto
pristupu (absence zahrnuti kovariat do tivahy, nutnost odebirat vzorek v ustaleném
stavu a v konkrétni ¢asti davkovaciho intervalu, omezena aplikovatelnost na 1éc¢iva
s nelinearni farmakokinetikou a fakt, Ze minimalni a maximalni koncentrace definujici
terapeutické rozmezi je stavéna na roven) jsem komentovala vyse.?829 Pokrocilejsi,
ac pro kriticky nemocné stale omezené aplikovatelnou, metodou jsou davkovaci nomo-
gramy. Nomogramy ale poiad neumoznuji zohledfiovat vice neZ jednu kovariatu a ne-
umoznuji rozliSit zdroj variability farmakokinetiky.’8 Populacni farmakokinetické mo-
dely jako pokrocild metoda interpretace farmakokinetickych dat tuto nevyhodu

37



TEORETICKE PODKLADY

preklenuji a MIPD integrujici tyto modely predstavuje moderni pristup k individuali-
zaci davkovani l1é¢iv.%?

Populacni farmakokinetické modelovanti si klade za cil popsat vyvoj koncentraci
léc¢iva v ¢ase na urovni populace (odhaduje popula¢ni farmakokinetické parametry)
a odhalit, ovérit a kvantifikovat zdroje variability. S dostate¢nou znalosti kovariat
je s jejich pomoci mozné predikovat typicky farmakokineticky profil jednotlivého pa-
cienta a podporit personalizaci 1é¢by, zde predevSim individualizaci davkovani a opti-
malizaci poméru benefiti a rizik.29190 Dnesni popula¢ni farmakokinetické modelovani
majoritné pracuje s principem nelinearniho modelovani smiSenych efekti (NLME,
non-linear mixed-effects models). ,Nelinedrni“ odkazuje na fakt, Ze zavisla proménna
(typicky plazmaticka koncentrace) je nelinearné zavisla na parametrech modelu a ne-
zavislych proménnych (typicky ¢as).101.102 Pojem ,smiSené efekty” (mixed effects) pak
popisuje jak pritomnost fixnich efekti, tedy parametr, které se neméni a jde o zpri-
mérované farmakokinetické parametry populace (typicky clearance léciva, Vbp),
tak pritomnost nahodnych efektii, tedy parametr, které jsou u kazdého subjektu
jiné.100.101 Pravé NLME modelovani umoZiiuje analyzovat i kvantitativné omezena
¢i variabilni data.®*1%2 Jsme tudiZ schopni vyuZit nesouroda data napiiklad z rizné de-
signovanych klinickych studii nebo pomérné kusa a heterogenni data realnych paci-
entl. Zasadni pro spravnou funkcénost modelu, presnost a spravnost odhadi
je ale presnost a Cistota vstupnich dat.?®-1%! Pro kvantifikaci farmakokinetickych para-
metri a variability vétSina NLME modeli pracuje s metodou maximalni vérohodnosti
(maximum likelihood estimation, MLE). Tento princip pak integruji rtizné algoritmy
(napt. first order, FO; first-order conditional estimation, FOCE; stochastic approxima-
tion expectation-maximization, SAEM; Markov Chain Monte Carlo, MCMC(). Jednotlivé
softwarové nastroje popula¢niho farmakokinetického modelovani se liSi v pouZiva-
ném algoritmu, resp. ve spektru integrovanych algoritmi.100.102103 Ka7dy algoritmus
ma své vyhody a nevyhody a je vhodny pro urcity charakter vstupnich dat. Nicméné
proces konstrukce modelu je ve vSech pripadech stejny.

Na zakladé standardizované sbiranych a zpracovavanych farmakokinetickych dat
je provedena inicidlni exploratorni analyza a vystavén strukturdIni model, ktery popi-
suje idealni priibéh koncentraci v jednom ¢i vice kompartmentech v ¢ase formou alge-
braické ¢i diferencialni rovnice.102 Strukturalni model popisuje priimér celé populace.
Nahodnou variabilitu a pripadnou Korelaci jejich parametri vysvétluje model statis-
ticky. Zdrojem nahodné variability je interindividualni variabilita (neboli ,between-
subject variability”), rezidudlni variabilita (neboli ,residual unexplained variability*;
napriklad chyby v davkovani, odbéru vzork, analytické chyby, nedostatky modelu).
Mame-li k dispozici vice dat od jedné osoby, je zdrojem i intraindividualni variabilita
(vCetné ,inter-occassion variability“, ,between-occassion variability*).

Kovaridtni model pak pracuje s individualnimi charakteristikami, které plazma-
tické koncentrace a potazmo davkovani léciva ovliviiuji.?8101.102 Kovariatni model
tak napovida, co je zdrojem variability (minimalné vysvétlitelné interindividualni
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variability), umoznuje stratifikovat pacienty a zlepSit a priori predikéni schopnost mo-
delu. Identifikace kovariat vychazi z fyziologie a profilu 1éc¢iva. Nékteré kovariaty jsou
soucasti strukturalniho modelu, jiné jsou pridané aZ v ramci konstrukce modelu kova-
riatniho. Vysledkem popula¢niho farmakokinetického modelovani je model kombinu-
jici vSechny tri zminéné modely. Ma formu matematické funkce, ktera popisuje teore-
ticky ¢asovy pribéh koncentraci 1é¢iva v ddvkovém rozmezi hodnoceném v klinickych
studiich, variabilitu danou kovariatami a prirozenou nahodnost dat.102

Nedilnou soucasti popula¢niho farmakokinetického modelovani je testovani mo-
delli za uicelem zlepSenti jejich kvality. Testovani je zaméfuje na zadkladni interni zhod-
noceni, jak adekvatné model reprezentuje pozorovana data a zda chyba mezi modelem
a realitou je skutecné ndhodna a bez struktury. Dale se testuje, zda je model davéry-
hodny (testovani spolehlivosti; cilem je minimalni nejistota modelovych parametrii)
a zda jsou vSechny kovariaty v modelu zabudované adekvatni a maji byt ponechany
(testovani stability). Testujeme i prediktivni schopnosti modelu, resp. validujeme pres-
nost modelu v predikci farmakokinetickych parametri. Setkavame se tak s testy jako
goodness-of-fit a analyza rezidui (porovnavaji predikované a pozorované hodnoty, re-
zidua a vazena rezidua s predikovanymi hodnotami a vaZend rezidua s kovariatami),
bootstrap analyzou ¢i cross-validaci (interni validace prevzorkovanim), analyzou po-
moci diagnostického nastroje visual predictive check (VPC), nebo metriky normalized
prediction distribution errors (NPDE), resp. vynesenim NPDE do grafu v zavislosti
na ¢ase a populacnich predikcich.?9101103 Pfi hodnoceni (¢i porovnavani) modelt
je sledovan pokles tzv. objective function value (OFV), nizka hodnota relative standard
errors (RSE), adekvatnost goodness-of-fit, VPC a NPDE graf, pripadné fyziologicka veé-
rohodnost ziskanych parametri a zjisténych kovariat.

Populac¢ni farmakokinetické modely umoZnuji identifikovat a popsat faktory
ovliviiujici farmakokinetiku léc¢iva. Mohou ale umoznit i zhodnoceni interakce 1éc¢iva
a onemocnéni, pripadné 1ékové interakce. S integraci Monte Carlo simulaci a Bayesov-
ské predikce umoznuji simulovat a porovnavat rtizna davkovaci schémata, odhadovat
velikost personalizované prvni davky a urcit délku davkovaciho intervalu (a priori pre-
dikce), ale i odhadnout vyvoj plazmatickych koncentraci 1é¢iva na zakladé znamé
plazmatické koncentrace (a posteriori predikce).40.98-100102 Pomahaji odhadnout dav-
kovani v populacich, které jsou jen tézko zaraditelné do tradi¢nich farmakokinetickych
studii z etickych i Cisté praktickych divodi a publikovanych dat k nim neni mnoho
(napft. déti, téhotné Zeny, kriticky nemocni pacienti, pacienti s téZkou rendlni insufi-
cienci).?9100 Populac¢ni farmakokinetické modely mohou umoznit i testovani riznych
designi klinické studie. Jsou tak obecné vyuzitelné ve vSech fazich zZivotniho cyklu lé-
¢iva - od preklinického vyvoje, klinickych studii az po postmarketingové sledovani
a kazdodenni individualizaci davky v klinické praxi.100

Kazdy model je ale konstruovany za urcitym ucelem, ne vSechny modely
jsou schopné vsech vyse uvedenych odhadi.192 Pfenositelnost mimo ptvodni ucel po-
uZziti je s otaznikem v kontextu faktu, Ze modely jsou pouhym zjednoduSenim, a tvrzeni
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britského statistika George Boxe: ,VSechny modely jsou Spatné, ale nékteré jsou uZi-
tecné.” (,All models are wrong, some are useful.“). Nevyhodou a hlavnim limitem kla-
sickych populac¢nich farmakokinetickych modeld také je, Ze nejsou schopné pracovat
s dynamickym vyvojem pacienta v ¢ase (typickym pro kriticky nemocné), a to ve chvili,
Dal$im limitem je zatiZeni a priori predikce zaloZené na popula¢nich modelech vyso-
kou mirou nespolehlivosti, a to navzdory vS§em snaham o optimalizaci modelu.?®

Populacni farmakokinetické modely musi pro vyuZiti v registracnim procesu
Ci pro pouziti v klinické praxi spliiovat urcité standardy vyvoje a validace.’8% Kon-
krétni pokyny k provadéni a reportovani popula¢ni farmakokinetické analyzy publiko-
vala jak European Medicines Agency, tak Food and Drug Administration.104105 Prj-
marné jsou pokyny cilené pro primysl a registraci 1é¢iv, nicméné usnadiuji adaptaci
publikovanych modelt do MIPD a bézné klinické praxe.?® V odborné literatuie je pu-
blikovana rada populacnich farmakokinetickych modeli pro riizna 1éciva pro rtizné
populace. Je to tedy zdroj dat, ktery miize software pro MIPD zna¢né obohatit. Na druhé
strané vétSina modeld neni plivodné designovana pro klinické pouZiti. A reflektuje
to i soucasna evropska legislativa, kdy je zodpovédnosti vyvojare software pro MIPD
zhodnotit kvalitu modelu pred jeho integraci do nastroje vyuZivaného pro a priori
Ci a posteriori predikce davek v klinické praxi.19¢ Kritické zhodnoceni modelu integro-
vaného do softwarového nastroje pro MIPD pro konkrétni rozhodnuti ma byt prove-
deno i hlavnim koncovym uZzivatelem (klinickym farmakologem). Kritické zhodnoceni
nespociva v rozhodnuti, zda je model spravny, pravdivy, nebo ne, ale zda je vhodny
pro zodpovézeni poloZené otazky.

2.4 Interference IéCiv a okruhU extrakorporalni membranové
oxygenace

ECMO je formou mechanické podpory Zivotnich funkci. V zavislosti na konfiguraci
slouzi jako ndhrada respiracnich funkci a vymeény krevnich plynf, a to predevsim tam,
kde neni umeéla plicni ventilace schopna tuto funkci zajistit (veno-vené6zni, VV-ECMO,
sériové zapojeni k srdci, plicim). MiiZe slouzit i jako ndhrada respirac¢nich a kardialnich
funkci soucasné (veno-arterialni, VA-ECMO, paralelni zapojeni k srdci a plicim).107 Ve-
dle téchto zakladnich existuji i dal$i moZnosti zapojeni. ECMO okruhy maji nékolik za-
kladnich komponent - krevni pumpa, oxygenator, hadice, tepelny vyménik, sméSovac
plynd, ridici jednotka. Z hlediska interference s 1éCivy a zmén farmakokinetiky 1éciv,
jsou pochopitelné nejpodstatnéjsi prvni tri.

Farmakokinetika 1éCiv je u pacientii na ECMO ovlivnéna faktory na strané paci-
enta, okruhu a léciva.107-111 Na strané pacienta jsou to zmény kinetiky typické pro kri-
ticky stav (viz kapitola 2.2). V kratkosti jsou to zmény Vp, zmény koncentrace plazma-
tickych bilkovin, zmény acidobazické rovnovahy, organové dysfunkce. Vyznamna
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je i proménlivost téchto zmén v Case.110.112 Qkruh ECMO pak sdm o sobé predstavuje
dalsi kompartment, pfimo zvySuje Vp a ovliviiuje clearance 1é¢iva.107.108111,112 Ahso-
lutni zvySeni Vp je pochopitelné vyraznéjSi u novorozencli a détskych pacienti
nez u dospélych.111 Na nardstu Vp, a potazmo i zméné clearance, se ale mohou podilet
ifyziologické zmény indukované ECMO (napf. syndrom systémové zanétlivé odpovédi,
hemodiluce, zmény pH, absence pulzatilniho toku pti pouZiti VA-ECMO a nasledna ak-
tivace renin-angiotenzin-aldosteronového systému a pokles glomerularni filtrace, hy-
poperfuze organi) a sekvestrace 1éciva, neboli vychytavani 1éciva pritomného v krvi,
na materialy ECMO okruhu.107,108111,112 Jednotlivé komponenty okruhu jsou vyrobené
z riznych plastl - oxygenator ze silikonu, polypropylenu a dnes nejcastéji polymethyl-
pentenu, hadice jsou typicky z polyvinylchloridu, liSi se ale pritomnosti a charakterem
povrchové upravy. Jednotlivé materialy tak v riizné mite prispivaji k sekvestraci 1é-
(iv.107,108110,111 D3le se predpoklada, Ze vliv ma i roztok, kterym byl okruh primovan,
a stari okruhu ve smyslu potencialniho vysyceni vazebnych mist pro 1é¢ivo.108 Z fyzi-
kalné-chemickych a farmakologickych vlastnosti 1éCiva se jako nejvyznamnéjsi z hle-
diska adsorpce na materialy okruhu a sekvestrace jevi rozpustnost, vazba na plazma-
tické bilkoviny, stupeii ionizace a molekulova hmotnost.108
- Rozpustnost je typicky vyjadiovana pomoci rozdélovaciho koeficientu okta-
nol/voda (logP). Lipofilnéjsi 1éciva (latky s vysoce pozitivnim logP) maji vyssi
sklon k sekvestraci nez 1éc¢iva hydrofilnéjs{.108109,111,113
- VysSi sklon k sekvestraci maji také 1éciva s vyS$si vazbou na plazmatické bilko-
viny, a to i pti podobné lipofilité.108109,111
- Stupen ionizace je zavisly na pH prostfedi a disociatni konstanta 1éciva
(pKa).108111 Podstatou sekvestrace miiZe byt interakce nabitého 1éciva
a opacné nabité latky, ktera je napriklad soucasti povrchové upravy hadic.
Sekvestrace v tom pripadé probihda na ¢isté fyzikalnim principu.11!

V kontextu sekvestrace 1é¢iva na materidl ECMO okruhu se nabizi nékolik dal$ich
otazek, na které publikovana literatura poskytuje jen omezené odpovédi - zpétné uvol-
novani léciva do krve pri poklesu jeho plazmatické koncentrace nebo kapacita vazeb-
nych mist v ndvaznosti na moZnosti jejich vysyceni (moZnost dosaZeni stropové hod-
noty, nebo neomezena kapacita), moznost zobecnéni dfive publikovanych dat.107.108111

Pro hodnoceni sekvestrace léciva jsou feSenim ex vivo metody, kdy v okruhu cir-
kuluje krev bez napojeni na pacienta; kontrolni vzorek stejného sloZeni je umistén
ve stejnych podminkach mimo okruh. Jedinym rozdilem je pak kontakt s materialy
ECMO okruhu, nebo jeho jednotlivymi komponentami separatné. Porovnanim vyvoje
koncentraci v ¢ase ve vzorcich z ECMO okruhu a kontrolnich lze kvantifikovat vliv
ECMO a odliSit jej od degradace 1éciva v Case.

Prehled metodik ex vivo studii pro rlizna 1éc¢iva nabizi Tabulka 1. Tento piehled
byl vytvaren za ucelem pripravy metodiky pokusu ex vivo pro ovéreni adsorpce kolis-
tinu a CMS na materidly ECMO okruhu (viz Ptiloha 3). Nejedna se o systematické

41



TEORETICKE PODKLADY

review vSech ex vivo studii, studie byly vyhledavany pomoci klicovych slov a jejich
kombinaci, ndsledné snowball metodou; soucasné nebyla aplikovana selek¢ni kritéria
ve smyslu testovanych léciv, omezenim byla dostupnost plného znéni publikace v an-
glic¢tiné. V prehledu tedy chybi prace nasledujicich autorskych kolektivii: Leven a kol.,
Cies a kol., Park a kol.114-116

Z prehledu je zfejma variabilita sledovanych a korigovanych faktort (typicky kon-
trolovano pH a teplota, které maji pravdépodobné nejvétsi vliv na zmény adsorpce 1é-
¢iva), ¢asto chybi specifikace plochy oxygenatoru a materialu rezervoaru, ktery miize
k sekvestraci léciva také prispivat. Pro kontrolni vzorky jsou majoritné pouZzivany
obaly z riiznych plasti, a ne z chemicky inertniho skla, které opét mohou byt zdrojem
zkresleni. Z hlediska interpretace je podstatny fakt, Ze se vétSina téchto studii zaméro-
vala na testovani jednotlivych 1éc¢iv ¢i jednotek 1éCiv soucasné a Ze 1écivo je do okruhu
typicky aplikovano jednorazovym bolusem, po kterém je sledovan vyvoj koncentraci
v Case. Opakované podani ¢i podani kontinualni infuzi bylo v tomto souboru pouzito
pouze v jednotkach pripadi.l17-119 Prima translace vysledkl z ex vivo experimenti
do klinické praxe je limitovana i kratkym trvanim experimentu v porovnani s délkou
pouziti ECMO okruhii v praxi, délkou okruhu, primingem, potencialné odliSnym sloze-
nim materiali okruhu v ex vivo experimentu a v praxi, a také v kontextu technologic-
kého vyvoje (jedna se o prace publikované ve vice neZ 30letém horizontu).110.111
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Vyznamna sekvestrace byla v ex vivo studiich opakované pozorovana v pripadé
nékterych sedativ a anestetik (midazolam, dexmedetomidin, propofol), opioidi (fenta-
nyl), antiarytmik (amiodaron), antibiotik (ceftriaxon), antimykotik (vorikonazol,
caspofungin).117,119,120,123-125,127,135,138,140,142,152 Navzdory oCekavanim zaloZenym na li-
pofilité a vazebnosti na plazmatické bilkoviny nebyla vyznamna sekvestrace ex vivo
pozorovana u takrolimu, mykofenolové kyseliny, anidulafunginu; u fenytoinu byl za-
znamenan pouze priblizné 30% pokles.135143.150 Naopak hydrofilni testované latky
(napt. morfin, hydromorfon, B-laktamova antibiotika, vankomycin, gentamicin, dap-
tomycin, linezolid, levetiracetam, lakosamid) vykazovaly vysokou miru navrat-
nosti.118,122-125,127,130,133,135,143,144,147,150,152,153 Pro jlustraci doplfiuji tabulku s Gdaji o li-
pofilité, velikosti Vp a vazebnosti na plazmatické bilkoviny latek testovanych ve zmi-
nénych publikacich (Tabulka 2).

Tabulka 2: Hodnoty fyzikalné-chemickych a farmakokinetickych vlastnosti vybranych 1é¢iv vy-
znamnych pro sekvestraci na ECMQ154-157

molekulova Vo vazba na plazmatické
hmotnost log P bilkoviny

(Da) (1/kg) (%)
fentanyl 336,5 4 4,05 80-85
hydromorfon 321,8 0,99-1,45 1,06 7,1
morfin 285,3 3-5 0,87 20-35
propofol 178,3 8-19 3,79 >95
midazolam 325,8 0,7-1,2 2,73 96-98
dexmedetomidin 200,3 118* 2,80 94
amiodaron 645,3 60 7,20 96
ampicilin 349,4 0,17-0,31 1,35 20
cefazolin 4545 11* -0,58 74-86
cefepim 480,6 18* -0,37 20
cefiderokol 752,2 18* -2,23 40-60
cefotaxim 455,5 0,15-0,55 -0,50 40
ceftazidim 546,6 15-20* -1,60 5-23
ceftolozan/ 666,7 13,5* -6,17 16-21
tazobaktam 320,3 0,18-0,33 -1,80 20-30
ceftriaxon 554,6 0,12-0,18 -1,70 85-95
cefuroxim 424,4 0,13-1,8 -0,16 50
ertapenem 475,5 0,12 0,30 95
imipenem 299,4 0,23-0,31 -0,19 20
meropenem 385,5 0,35 -0,60 2
vankomycin 1449,3 0,47-1,1 -3,10 10-50
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gentamicin 477,6 0,3 -3,10 0-30
daptomycin 1620,7 0,1 -0,47 90-92
linezolid 337,3 0,6 0,90 31
anidulafungin 1140,2 30-50* 2,90 >99
caspofungin 1093,3 9,7* 0,00 97
vorikonazol 349,3 4,6 1,00 58
fenytoin 252,3 0,52-1,19 2,47 90
levetiracetam 170,2 0,5-0,7 -0,60 <10
lakosamid 250,3 0,6 0,73 <15
mykofenolat 319,3 3,6-4 2,50 97
takrolimus 804 1300* 3,30 >98

* hodnota v litrech, nikoli v l/kg

Ac jsou vysledky ex vivo studii nékdy variabilni a zatiZené fadou limitaci, trendy
jsou zfejmé. Na jejich podkladé byly vysloveny vySe uvedené vlastnosti 1éCiv predispo-
nujici k sekvestraci. Soucasné ex vivo studie tvori majoritu informaci, které dnes k in-
terferenci lé¢iv mame. Ha a kol. pak navrhl nastroj pro predikci zmén farmakokinetiky
1é¢iv u ECMO vcetné pravdépodobnosti navrhu upravy davkovani.1s8
- U léciv s malym Vp (Vb <1 1/kg) odhaduje stfedni aZ velké zvyseni Vp a uvadji,
Ze tak bude pravdépodobné tireba zvysit nasycovaci davku. U 1é¢iv s velkym Vp
(Vb >1 1/kg) ocekava pouze minimalni vliv ECMO na Vp.

- Na zakladé hodnoty logP a vazebnosti na plazmatické bilkoviny rozdéluje 1é-
¢iva do péti kategorii z hlediska rizika sekvestrace. Cut-off hodnotami je logP
1 a 2 a vazba na plazmatické bilkoviny 30 % a 70 %. Pro kazdou kategorii od-
haduje riziko sekvestrace a udava riiznou silu doporuceni pro upravu udrzo-

vaci davky.

Je treba ale podotknout, Ze tento systém byl vytvoren na zakladé drive publikovanych
dat a mlZe byt zkreslen vyse zminénym vyvojem materialli v ¢ase. Systém také nebyl
dle dostupné literatury validovan. Tabulka 3 nicméné nabizi vizualizaci, jak by podle

tohoto systému byla vyse uvedena léciva klasifikovana.
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Tabulka 3: Rozdéleni 1é¢iv dle rizika sekvestrace na zakladé klasifikacniho systému publikova-
ného Ha a kol.158

vazba na proteiny
<30 % 30-70 % >70 %

logP

morfin, cefepim, ceftazidim,
ceftolozan/tazobaktam,
<1 imipenem, meropenem,
vankomycin, gentamicin,
levetiracetam, lakosamid

cefazolin, ceftriaxon,
ertapenem, daptomycin,
caspofungin

cefiderokol , cefotaxim,
cefuroxim, linezolid

1-2 hydromorfon, ampicilin vorikonazol

>2

Pozndmka: Stupné sedi oznacuji riziko sekvestrace léCiva na okruh ECMO. NejniZsi riziko oznacuje bilé po-
zadi u 1éCiv s vazbou na proteiny <30% a logP <1; nejvyssi riziko pak oznacuje tmavé Sedé pozadi u léciv

s vazbou na proteiny >70 % a logP >2.

V klinické praxi Ize efekt rady 1é¢iv pfimo pozorovat pomoci klinickych endpointt
a odpovédi viditelné v redlném case - hloubka sedace, efekt vazopresorti, diuretik,
mira antikoagulace.18 Rada z vy$e uvedenych 1é¢iv je navic podavana kontinualné.
Tim jsou marginalizovany nékteré vysledky ex vivo experimentii. Dal$im faktorem je,
Ze se jednotliva pracovisté lisi ve svych postupech a charakteru pacientti na ECMO (in-
dikacich pro ECMO); doporuceni pro terapii a jeji klinické endpointy se navic vyvijeji
v Case.108109 To ve predstavuje vyznamné zkresleni komplikujici srovnani klinickych
dat (napf. spotireby sedativ) pro hodnoceni vyznamu sekvestrace.

Problematickou skupinou nicméné zlistavaji predevsim antibiotika, protoze zde
nemame jiné piimo pozorovatelné parametry nez plazmatickou koncentraci (a to na-
vic ne u vSech léc¢iv); antibiotika jsou navic €asto citlivda ke zménam indukovanym
ECMO okruhy i stavem samotného pacienta.107-109 Limitim TDM antibiotik jsem se vé-
novala v predchozi kapitole. Pfi davkovani antibiotik u pacienti na ECMO mnohdy ne-
zbyva neZ se spolehnout na fyzikalné-chemické a farmakokinetické vlastnosti a o¢eka-
vanou miru sekvestrace a data pro davkovani u kriticky nemocnych pacientt
bez ECMO, pripadné omezend drive publikovana data od kriticky nemocnych pacienti
na ECMO.198 Dilarwi a kol. publikoval v roce 2024 dotaznikové Setieni mapujici lokalni
zvyklosti pouzivani antimikrobidlnich 1éCiv s tim, Ze pouze minimum respondenti
uvedlo, Ze maji k dispozici modifikované davkovani pro pacienty na ECMO.19? Prehled
moZného davkovani antibiotik (ale i dalSich 1é¢iv) na zakladé drive publikovanych dat
nabizi Cheng a kol., Duceppe a kol., Hahn a kol.,, Kim a kol.107.108110,112 pyed aplikaci
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téchto dat je treba porovnat minimalné populaci, od které data pochazi a na kterou
je terapie cilena. Pouziti ECMO u novorozencii a déti je zatiZeno mnohem vyznamnéj-
$im vlivem na distribu¢ni objem 1é¢iv a odliSnostmi ve farmakokinetice obecné. Extra-
polace dat mezi populaci dospélych a novorozencti a déti je znacné omezend.107.108,111
Limitujici je i obecna kvalita téchto dat - nizky pocet ucastniki, jejich heterogenita,
design studie a jeho variabilita neumoZiujici srovnani, absence tidajti kontrolni sku-
piny a neuvedeni klinického vysledku 1é¢by.110.112 Kyalita a heterogenita dat jsou prav-
dépodobné hlavni diivody, pro¢ doposud nebyly publikovany doporucené postupy
pro upravu davkovani antibiotik na ECMO. Obecné 1ze konstatovat, Ze u vétSiny antibi-
otik (a antivirotik) ECMO ve vysledku vyrazné neméni jejich farmakokinetiku a lze po-
uzit standardni davky pro kriticky nemocné pacienty (predevsim nasycovaci davky
nebo davky pii horni hranici davkového rozmezi, udrzovaci davky dle clearance, ev.
v prodlouzenych infuzich, mame-li pro takové podani opodstatnéni); vyznamnéjsi
upravy lze ocekavat v pripadé vorikonazolu, rifampicinu, tedy 1éCiv s obecné inter-
a intraindividualné variabilni farmakokinetikou s pravdépodobnéjS$i moZnosti pre-
chodu do nelinearni kinetiky.107.110,111
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3 Komentované prace

Prezentovana habilitacni prace se zabyva aspekty TDM kolistinu v béZné klinické praxi
a adekvatnim davkovanim kolistinu v populaci kriticky nemocnych, predevsim téch
s ECMO.

V nasledujicich péti publikacich je shrnut na$ postup od prvnich kazuistik
az po provedeni prospektivni farmakokinetické klinické studie. Tato studie ovérovala
interferenci kolistinu s ECMO okruhy a kladla si za cil ovérit hypotézu vyslovenou
na pocatku, tedy zda vlivem adsorpce na materidl ECMO okruhu nedochazi k vyznam-
nému poklesu plazmatickych koncentraci kolistinu ¢i zméné jeho farmakokinetiky.
Nutnym predstupném klinické studie bylo zavedeni spolehlivé analytické metody
umoziujici stanoveni kolistinu i CMS v Sirokém rozmezi plazmatickych koncentraci,
a predevsim stanoveni kolistinu i za pritomnosti CMS. Soucasné jsme se rozhodli pro-
vést stabilitni zkousky reflektujici béZné zachazeni se vzorkem pred vlastni analyzou.
Preména CMS na kolistin probiha spontanné s rychlosti zavislou na koncentraci, tep-
loté a dalsich podminkach. Prenositelnost diive publikovanych dat je tedy omezena.
Vyvoji analytické metody a vybranym stabilitnim testlim se vénuje jedna z uvedenych
praci.

Publikované kazuistiky a vysledky uvedené klinické studie predstavuji unikatni
data. Kromé nich je totiz k problematice interference kolistinu a ECMO okruhti dodnes
publikovana jedina dalsi prace, resp. kazuistika jednoho pacienta.

Uvedena studie ale mimo vySe uvedené poskytla i kvalitni farmakokineticka data
umoznujici konstrukci popula¢niho farmakokinetického modelu pro kriticky nemocné
pacienty. Na jeho zakladé pak bylo navrZzeno modifikované davkovani kolistinu. S po-
moci popula¢niho modelu miizeme predikovat vyvoj hladin v Case, a to i pfi omezené
frekvenci odbért aplikovatelné v bézné klinické praxi.

Vysledky této studie oteviraji prostor pro dalsi vyzkum: ovéreni navrzeného dav-
kovani pti riznych stupnich renalni dysfunkce v klinické praxi, aktualizace davkovani
CMS u pacientt s RRT, zptresnéni a externi validace konstruovaného popula¢niho mo-
delu. Na drovni designu klinickych hodnoceni je na misté optimalizace a sjednoceni
postupu ziskavani informovaného souhlasu od ucastnikii v bezvédomi, ¢i z jiného di-
vodu aktudlné neschopnych informovany souhlas udélit. Toto je jedna z prekazek,
ktera vyzkum v populaci kriticky nemocnych limituje.

Publikace tak vytvari uceleny soubor informaci podporujici implementaci terape-
utického monitorovani kolistinu do bézné praxe. SouCasné tento soubor dobfie ilu-
struje propojeni jednotlivych oblasti farmakologie - analytické chemie, in vitro testi
stability, klinické farmakologie, popula¢ni farmakokinetiky a terapeutického monito-
rovani 1éc¢iv, designovani a provadénti klinickych studii.
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3.1 Farmakokinetika kolistinu pfi extrakorporalni membranové
oxygenaci

Citace:
Suk P, Rychli¢kova ]. Pharmacokinetics of colistin during extracorporeal membrane
oxygenation. ] Antimicrob Chemother. 2022 Jul 28;77(8):2298-2300.

Komentar:

Tento soubor dvou kazuistik predstavuje jedna z prvnich dat o moznych zménach
farmakokinetiky kolistinu u kriticky nemocnych pacientii na ECMO. Kromé nich byla
(a dodnes je) publikovana kazuistika jednoho pacienta, kterému byl ovSem podavan
kolistin ptimo v jeho aktivni formé (kolistin sulfat) a pacient byl na podpotfe ECMO
i CRRT.159

Kolistin i CMS jsou hydrofilni 1é¢iva se stfedni vazbou na plazmatické bilkoviny.
Adsorpce na materidl ECMO okruhu se na zakladé téchto vlastnosti jevi jako nepravdé-
podobna. Na druhé strané existuji data o adsorpci kolistinu na polysulfonovou mem-
branu dialyzatoru (klinicka data) a polystyren (in vitro testy).34160 Polypropylen vyka-
zoval nejnizsi riziko sekvestrace in vitro.160 Data pro specifické materidly ECMO ok-
ruhu (polymethylpentenova membrana oxygenatoru, hadice z polyvinylchloridu) nej-
sou k dispozici.

Oba dospéli pacienti byli 1éCeni standardni ddvkou CMS v souladu s SPC i s publi-
kovanymi doporucenymi postupy (nasycovaci davka CMS 9 MIU, udrzovaci ddvka CMS
4,5 MIU po 12 hodinach).22.3043 Navzdory normalni resp. augmentované kreatininové
clearance stanovené ze sbéru moci a standardnimu davkovani prevySovaly plazma-
tické koncentrace kolistinu stanoveny PK/PD cil. Udolni koncentrace ziistavaly stabilni
u obou pacientti. Z toho usuzujeme, Ze k vyznamné sekvestraci kolistinu na material
ECMO okruhu ani k vyznamné zméné farmakokinetiky kolistinu u dospélych pacientt
na ECMO pravdépodobné nedochazi. MoZnym vysvétlenim supraterapeutickych kon-
centraci kolistinu je systémova absorpce inhala¢cné podaného CMS/kolistinu, in vitro
hydrolyza vzorkli navzdory jejich adekvatnimu uchovavani pred analyzou nebo poten-
covana hydrolyza CMS vlivem materialit ECMO okruhu.

Absence dat k interferenci kolistinu s ECMO okruhy pro nas byla inspiraci k dal-
$imu vyzkumu v této oblasti a k ovéreni hypotézy, Ze ECMO vyznamné neméni farma-
kokinetiku kolistinu, v in vivo podminkach.

Muj podil na publikaci: podil na navrhu a sbéru klinickych dat, podil na analyze
dat, podil na tvorbé rukopisu.
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standards® revealed a multiresistance phenotype, including re-
sistance to macrolides and lincosamides (Table 51, available as
Supplementary data at JAC Online). The transferability of
erm(54) was confirmed by electrotransformation of pHKS3860
into Staphylococcus aureus RN4220 followed by selection on
brain heart infusion agar containing 16 ma/L erythromycin.
Moreover, antimicrobial susceptibility testing of the transfor-
mants revealed a =8-fold increase in the MICs of all macrolides
and lincosamides tested, compared with the recipient strain,
thereby proving the functionality of erm(54) (Table 51). A newly
developed erm(54)-specific PCR assay [amplicon size 1238 bp;
primers erm(54)_fw (5'-GATAGAACATCGTAAGAACGGA-3') and
erm(54)_rev (5'-CCGTCAAGGTGGACAACAT-3'); annealing tem-
perature 60°C] was applied to 30 macrolide-resistant staphylo-
coccal isolates, which harboured most of the next-related
genes available to us, including erm(A), erm(B), erm(C), erm(T),
erm(33), erm(43), erm(&4), erm(44),, erm(45) or erm(48) alone
or in combinations.’ The new PCR assay did not detect any of
the aforementioned next-related erm genes, but detected the
erm(54) gene in strain 3860 and the transformants carrying plas-
mid pHK53860.

In conclusion, we identified a novel functionally active and
transferable erm gene, erm(54), on plasmid pHKS3860 in a por-
cine LA-MRSA ST398 isolate from Germany. Due to the potential
for zoonotic transmission and the possibility of co-selection,
erm(54)-carrying isolates might represent a threat to public
health in the future.
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During the recent COVID-19 pandemic, several patients required
extracorporeal membrane oxygenation (ECMO) due to COVID-19
infection complicated by ventilator-associated pneurnonia
caused by MDR Pseudomonas aeruginosa that was only suscep-
tible to colistin.

Extracorporeal circuits, in general, represent another com-
partment that increases the volume of distribution for hydro-
philic compounds and may affect drug clearance.” Besides
that, ECMO can, more importantly, influence pharmacokinetics
by drug adsorption on the circuit surface. This phenomenon is
influenced by physicochemical properties of the medication -
mainly lipophilicity and protein binding - but it is also depend-
ent on particular materials of circuit components and circuit
coating. Since both colistin and its prodrug colistin methanesul-
fonate (CMS) are hydrophilic substances (logP —2.4 for colistin)
with medium protein binding (approx. 50% for colistin), adsorp-
tion on the ECMO circuit seems unlikely. We have not found any
data on potential adsorption on an ECMO circuit; however,
adsorption on the polysulphone membrane dialyser was de-
scribed.? Therefore, we were concerned about the reduced
plasma levels and disturbed effectiveness of colistin therapy
in our patients.

We present two middle-aged men with acute respiratory
distress syndrome who were concurrently treated with veno-
venous ECMO and colistin. Patient A had an adjusted body
weight (ABW) of 90 kg and patient B had an ABW of 96 kg.
Circuits with a polymethyl pentene membrane oxygenator
(HLS 7.0, Getinge, Germany) and polyvinyl chloride tubing
were used for veno-venous ECMO. Colistin was commenced
with an intravenous loading dose of 9 million IU of CMS, followed
by intravenous maintenance doses of 4.5 million 1U 12-hourly.®
Total colistin plasma levels were measured using HPLC-mass
detection on a triple-quadrupole mass detector (LC-MS/MS)
modified from Gobin et al.* Preparation of samples involved

12

colistin concentration [mg/L]

2 4 6 8
time [h]

solid-phase extraction and the addition of an internal polymyxin
B standard. The AUC was calculated using the trapezoidal rule.

The Ethics Committee of 5t. Anne’s University Hospital Brno
waived the right to issue an opinion for this project. No consent
for publication of data was obtained from the patients because
the data are fully anonyrmous.

The course of colistin plasma levels after the ninth dose (stea-
dy state) in patient A is depicted in Figure 1. Although his creatin-
ine clearance was normal, colistin AUCy; reached 80 mg-h/L with
an average steady-state concentration (Ces, ave) of 6.7 mg/L. In
patient B, both the first and fifth doses were monitored (see
Figure 1); moreover, the trough level after the third dose was
measured (3.1 mg/L; creatinine clearance=149 mL/min). This
patient with augmented renal clearance had AUC,; of 61.8 and
56.5 mgrh/L, respectively, and corresponding Ces aye of 5.1 and
4.7 mg/L. These results show that the colistin plasma levels
achieved by standard dosing exceeded the recommended
steady-state AUCq_z, of ~50 mg-h/Lor Csg,_ave of >2 ma/L consid-
ering the EUCAST susceptible breakpoints for P. aeruginosa,
Acinetobacter spp. and Enterobacteriaceae of 2 mg/L.* This and
the stable trough concentration in both patients indicate no sig-
nificant sequestration of colistin on the ECMO circuit.

Regarding microbiological cure, all samples taken from the
lower respiratory tract after the commencement of colistin
therapy were P. aeruginosa negative. Nevertheless, P. aerugino-
sa was repeatedly cultured from throat swabs in patient
B. Given the baseline severe lung dysfunction in COVID-19 in-
fection, the clinical cure is difficult to assess. Patient A died
due to septic shock despite adjusting antimicrobial therapy,
whereas patient B was discharged clinically stabilized after a
prolonged hospital stay.

Observed colistin plasma concentrations were higher than the
average reported by Garonzik et al.” despite the creatinine clear-
ance being normal to augmented. A possible explanation could
be the systemic absorption of nebulized CMS (1 million IU of

—e— Patient A; CrCl 107 ml/min;
9th dose of 4.5 MIU CMS

-=e--Patient B; CrCl 159 ml/min;
1st dose of 9 MIU CM5S

--m=--Patient B; CrCl 156 ml/min;
5th dose of 4.5 MIU CMS

10 12

Figure 1. Colistin plasma profiles. Open symbols represent estimated trough levels. CrCl, creatinine clearance.
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CMS 8-hourly in both patients); other less likely explanations are
in vitro hydrolysis of CMS in blood samples despite adequate stor-
age at —80°C or enhanced CMS hydrolysis in the polyvinyl chloride
tubing of the ECMO circuit.

Colistin has a narrow therapeutic window with side effects re-
lated to achieved plasma levels. Our steady-state trough concen-
tration exceeded 2.42 mg/L - a threshold for nephrotoxicity
determined by Sorli et al.® Although creatinine clearance was
stable in patient A, acute kidney injury developed in patient B 4
days after the commencement of colistin therapy. The aetiology
of acute kidney injury is multifactorial and several factors might
have played a role. Since other nephrotoxic drugs were not
co-administered, concomitant sepsis and colistin nephrotoxicity
were the most likely causes. After the acute kidney injury had
been recognized, CMS dosing was reduced to only 2.5 million IU
12-hourly. Serum creatinine returned to the baseline value within
the next 5 days of ongoing colistin therapy without a need for re-
nal replacement therapy.

Based on this limited sample, we conclude that target colistin
concentrations are achieved or even exceeded with standard dos-
ing in critically ill patients on ECMO. Therefore, we estimate that
ECMO-induced changes are not strong enough to reduce colistin
plasma concentrations with an associated risk of therapy failure.
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The hepatitis E virus (HEV), a member of the Hepeviridae family, is
endemic in resource-limited countries and a major health issue in
industrialized countries.” Four main HEV genotypes infect hu-
mans; genotype 3 (HEV3) causes most of the infections
in developed countries due to the consumption of uncooked/un-
dercooked contaminated pork meat.! HEV can persist for
over 3 months, producing a chronic infection in
immunocompromised  patients, including those  with
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3.2 Uskali pouzivani kolistinu v intenzivni mediciné a jeho
terapeutického monitorovani: prehled literatury.

Citace:

Rychli¢kova ], Kubi¢kova V, Suk P, Urbanek K. Challenges of Colistin Use in ICU and
Therapeutic Drug Monitoring: A Literature Review. Antibiotics (Basel). 2023 Feb
22;12(3):437.

Komentar:

Literarni review se zamérilo na shrnuti dostupné literatury k praktickym aspek-
tlm pouziti kolistinu u kriticky nemocnych, interferenci kolistinu s riiznymi materialy
ajeho TDM.

Kolistin je 1é¢ivo s unikatnimi fyzikalné-chemickymi vlastnostmi - charakteris-
ticka je pritomnost naboje, schopnost adsorpce na rtizné materialy a schopnost vytva-
ret micely. Na principu uvedenych fyzikalné-chemickych vlastnosti je vysloven pred-
poklddany mechanismus ucinku kolistinu. Tyto vlastnosti maji ale i ryze praktické do-
pady - s rostouci koncentraci roste stabilita a viskozita roztoki CMS a kolistinu. Stabi-
litni data tedy nelze prenaset mezi jednotlivymi substraty, protoZe koncentrace roz-
toku pro nebulizaci jsou priblizné 1000x vyS$si neZ koncentrace CMS a kolistinu
ve vzorcich pro TDM. Zmény viskozity se promitaji do velikosti kapének vytvairenych
nebulizatory. PrestoZe jsou generované Castice stale dostatecné malé, aby mohly do-
sahnout distalnich ¢asti bronchialniho stromu, dochazi ke zméné doby trvani celé pro-
cedury.161 Detergencni vlastnosti kolistinu spole¢né s osmolalitou nosného roztoku
jsou davany do souvislosti s jeho nezZddoucimi uc¢inky.162-164

Na zakladé vySe zminénych fyzikalné-chemickych vlastnosti lze oc¢ekavat i inter-
ferenci CMS a kolistinu s materialy okruhi extrakorporalnich metod (ECMO, RRT). Do-
stupnd a soucasné velmi omezena data k této problematice v tomto review rovnéz uva-
dime.

Farmakokinetika kolistinu je komplexni a stale ne zcela objasnéna. Situaci pocho-
pitelné komplikuje i fakt, Ze je podavan ve formé proléciva se zcela odliSnymi farma-
kokinetickymi vlastnostmi. V tomto review tak shrnujeme obecna fakta o farmakoki-
netice kolistinu, ale zamérujeme se i na podrobny prehled a srovnani publikovanych
farmakokinetickych dat od kriticky nemocnych dospélych pacientti. Data jsou zatiZena
znacnou variabilitou nejen samotné populace, ale i pouzitych davek a monitoringu.
SpiSe nez absolutni hodnoty jednotlivych farmakokinetickych parametrd,
jsou tak pro nas dtlezité rozptyly jejich hodnot. Inter- a intraindividualni variabilita
jen podporuje potiebu TDM. Uvadime a analyzujeme i aktudlné akceptované PK/PD
cile pro kolistin, jeho davkovanti a faktory, které jej ovliviiuji.

TDM je nastrojem pro vyvazeni poméru benefiti a rizik terapie, predevsim u lé¢iv
s uzkym terapeutickym oknem, jejichZ toxicita a/nebo efekt dobre koreluji s plazma-
tickou koncentraci. Zarover je to ale proces, ve kterém se protinaji vSechny prekazky
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a omezeni kolistinu diskutované vySe - dostupnost a spolehlivost metody pro stano-
veni CMS a kolistinu, resp. kolistinu za pritomnosti CMS, spontanni degradace CMS
na kolistin in vitro s rizikem detekce faleSné vysokych koncentraci kolistinu, podavani
inaktivniho proléciva s naslednou variabilni pfeménou na aktivni 1écivo, dostupnost
a spolehlivost populac¢nich farmakokinetickych modelt nebo potieba ¢astého odbéru
krve v pribéhu davkovaciho intervalu, prenositelnost dat mezi produkty jednotlivych
vyrobci, klinicka relevance aktualné akceptovanych PK/PD cilt.

Uvedené review a identifikované slabiny v dostupné literatui'e a dosavadnim vy-
zkumu se staly podkladem pro nasi dalsi praci v této oblasti a pro nasledujici publikace.

M{j podil na publikaci: podil na ndvrhu tématu, literarni resSerse, analyza dat, ma-
joritni tvorba rukopisu.
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Abstract: The emerging resistance of Gram-negative bacteria is a growing problem worldwide.
Together with the financial cost, limited efficacy, and local unavailability of newer antibiotics or their
combinations, it has led to the reintroduction of colistin as a therapeutic alternative. Despite its
protracted development and availability on the market, there is now a complex maze of questions
surrounding colistin with a more or less straightforward relationship to its safety and efficacy. This
review aims to offer a way to navigate this maze. We focus on summarizing the available literature
regarding the use of colistin in critically ill patients, particularly on stability, pharmacokinetics,
methods for determining plasma concentrations, and therapeutic drug monitoring benefits and
limitations. Based on these data, we then highlight the main gaps in the available information and
help define directions for future research on this drug. The first gap is the lack of data on the stability
of intravenous and nebulization solutions at clinically relevant concentrations and under external
conditions corresponding to clinical practice. Furthermore, pharmacokinetic-pharmacodynamic
parameters should be validated using standardized dosing, including a loading dose. Based on the
pharmacokinetic data obtained, a population model for critically ill patients should be developed.
Finally, the interference of colistin with extracorporeal methods should be quantified.

Keywords: colistin; quantification methods; drug stability; pharmacokinetics; drug monitoring

1. Introduction

Colistin (polymyxin E) is an old lipopeptide antibiotic whose isolation from the fer-
mentation products of Paenibacillus polymyxa and development occurred mainly in the
1940s [1-4]. Colistin was authorized by the US FDA in 1959 [1]. Later, to reduce adverse
effects, it was modified into the prodrug of colistin methanesulphonate (CMS) and success-
fully registered. Despite this modification, the severity of adverse effects, especially when
compared to newer antibiotics, was still high, and the use of colistin was minimized in the
1980s and 1990s [5]. However, the situation in the last two decades has changed, mainly
due to the emerging resistance to carbapenems, fluoroquinolones, and aminoglycosides.
Another reason is the financial cost or factual local unavailability of newer antibiotics
or combinations (ceftazidime/avibactam, meropenem/vaborbactam, plazomicin) which
are, moreover, not clinically effective to treat carbapenem-resistant Acinetobacter baumanii
(CRAB) infections. Therefore, colistin is currently becoming a therapeutic alternative again
for infections caused by some multidrug-resistant Gram-negative pathogens [1,4-7]. Col-
istin is a narrow-spectrum antibiotic. In vitro, colistin shows efficacy against Acinetobacter
baumannii, Pseudomonas aeruginosa, and most Enterobacteriaceae (Escherichia coli, Enterobacter
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spp., Salmonella spp., Shigella spp., and Klebsiella). Naturally resistant pathogens are Proteus
spp., Burkholderia pseudomallei, Serratia spp., Morganella morganii, Providentia spp.; further,
Gram-positive bacteria, anaerobes, an eukaryotes are typically resistant [1,2,5-10]. Accord-
ing to the Infectious Disease Society of America (IDSA) guidelines, colistin in monotherapy
is considered the last choice for therapy of uncomplicated cystitis caused by carbapenem-
resistant Enterobacterales [11]. In mild infections (e.g., tracheitis, urinary tract infections,
skin and soft tissue infections) caused by CRAB, the preferred agent is ampicillin-sulbactam
in monotherapy, and colistin is one of the alternate agents [12]. Combination therapy with
at least two active agents, whenever possible, is suggested for the treatment of moderate to
severe CRAB infections, at least until clinical improvement is observed, and polymyxins
are preferred for this combination [12]. A similar recommendation is in the International
Consensus Guidelines for the Optimal Use of the Polymyxins—for invasive infections due
to CRAB, colistin (or polymyxin B) should be used in combination; if a second agent is un-
available, monotherapy is recommended (weak recommendation) [13]. The same guidelines
suggest combination therapy, including colistin for invasive infections due to carbapenem-
resistant Pseudomonas aeruginosa and carbapenem-resistant Enterobacteriaceae [13].

It is due to the replacement of colistin by newer antibiotics in the 1980s and 1990s that
we are now facing a situation with limited information on its physicochemical and pharma-
cological properties, which are crucial for its appropriate and safe use in clinical practice,
especially in critically ill patients. Such aspects are the issues of the in vitro stability of
colistin and CMS and concentration-dependent tissue toxicity, methods for estimating col-
istin and CMS plasma concentrations, and the long-term stability of these plasma samples.
Issues of a more clinical nature are the pharmacokinetic/pharmacodynamic (PK/FD) pa-
rameters of colistin and target plasma concentrations, sampling timing for the therapeutic
drug monitoring (TDM), and, last but not least, the impact of extracorporeal methods used
in critically ill patients on colistin and CMS pharmacokinetics (renal replacement therapy
(RRT), extracorporeal membrane oxygenation (ECMO)).

2. Colistin Physicochemical Properties and Their Consequences
2.1. Colistin Chemical Profile, Mechanism of Action

Colistin is an amphiphilic lipopeptide molecule consisting of several parts—a cyclic
heptapeptide, forming the hydrophilic part, linked by a tripeptide bridge with a fatty acid,
representing the hydrophobic part (see Figure 1) [14]. Five diaminobutyric acid residues
are attached to this core structure, which represent free amines that give the molecule
a positive charge at physiological pH. The attachment of methane-sulfonate residues by
covalent bonds to the five diaminobutyrate residues of the colistin molecule results in CMS,
a negatively charged antimicrobially completely inactive prodrug developed to reduce
colistin toxicity [15].
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Figure 1. Colistin chemical structure.

57



KOMENTOVANE PRACE

Antibiotics 2023, 12, 437 30f17

The positive charge of the colistin molecule determines one of its putative mechanisms
of action—the competitive dislocation of calcium and magnesium ions from their binding
to phosphates. The subsequent binding of colistin to these negatively charged components
of the lipopolysaccharide supports the formation of pore-like structures [2,4,16]. Colistin
molecule destabilizes the three-dimensional structure of the outer membrane of Gram-
negative pathogens, and colistin (or other antibiotics) is allowed to reach the level of the
inner membrane [1,2,4,16-19]. Here, again, the detergent effect of colistin becomes apparent;
the change in the integrity of the inner membrane leads to the loss of its function, leakage
of intracellular contents, and cell lysis. An alternative membrane-related mechanism of
action of polymyxins refers to the theory of phospholipid cross-linking and exchange
between the outer and inner membranes with subsequent induced osmotic imbalance
and cell lysis [19]. Secondary mechanisms include the so-called anti-endotoxin effect,
where colistin scavenges and neutralizes endotoxins [2], the noncompetitive inhibition
of bacterial respiratory chain enzymes localized on the inner membrane [4,20], hydroxyl
radical production via the Fenton reaction, and oxidative damage to DNA, lipids, and
proteins [21]. A comprehensive diagram of the above mechanisms of action of colistin is
offered by El-Sayed Ahmed et al. [22

Both colistin and CMS are not chemically clearly definable molecules. Colistin is
produced by fermentation, so it is a mixture of more than thirty components that are not in
a constant ratio. For this reason, the molecular weight of colistin is not precisely determined,
and its quantity is expressed in both conventional SI units and international units (IU). The
main components are colistin A and colistin B, whose molecular weights are 1169.5 and
1155.4, respectively [17,23,24]. Similarly, the derivatization of the diaminobutyrate residues
of colistin can lead to the attachment of two or, in contrast, no methane-sulfonate groups to
individual primary amines [25]. Thus, CMS is a complex mixture of methane-sulfonated
derivates, mainly CMS A and CMS B [17].

The reverse conversion of CMS to colistin occurs spontaneously in aqueous solutions
in vivo and in vitro. CMS A and CMS B, as well as other derivates present, hydrolyze
to a series of partially methane-sulfonated derivates and colistin [17]. After the cleavage
of all sulphomethyl units, when the molecule becomes more positively charged with
each cleaved sulphomethyl substituent, their antimicrobial activity is restored. Partially
sulphomethylated derivatives lack antimicrobial activity.

2.2. Bottlenecks in Analytical Methods for Colistin Quantification

The variability in the chemical structure and antimicrobial effect of individual derivates
and the presence of an unstable, spontaneously hydrolyzing prodrug complicates the
development of a reliable method for quantifying colistin and CMS in a given matrix,
whether it is a patient blood sample for TDM or a sample of an infusion or nebulization
solution to determine stability and storage conditions in vitro.

Microbiological methods are simple and inexpensive, but time-consuming and in-
accurate. They are also not suitable for determining colistin from biological samples
concurrently containing CMS. The latter will be hydrolyzed to colistin during the long incu-
bation period, thus giving falsely high concentrations [18]. Issues related to sensitivity and
selectivity are also encountered with immunological methods, methods using thin-layer
chromatography or capillary electrophoresis [26]. The use of high-performance liquid chro-
matography (HPLC) with different detection methods seems to be more appropriate. Since
colistin exhibits poor absorption of ultraviolet radiation and shows no native fluorescence,
it is essential to use a derivatization procedure with UV-absorbing or fluorescent reagents.
Although fluorescence detection after derivatization is a sensitive method, the disadvan-
tages listed below make it rather an alternative method. Limitations in repeatability in
the determination of lower colistin concentrations, time demands, and the complexity of
sample preparation are particularly troublesome. The optimal analytical method should
be fast, simple, accurate, and sufficiently sensitive. These conditions are currently best
fulfilled by the liquid chromatography with mass detection (LC/MS), as evidenced by
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recently published methodologies [26,27]. The LC/MS provides high selectivity, sensitivity,
does not require prior derivatization, and analyses are performed in minutes.

In the determination of colistin concentrations, the two main components, colistin
A and colistin B, are measured; CMS is determined indirectly through acid hydrolysis of
the respective samples and subsequent determination of colistin due to the instability of
the CMS molecule [1,17,26]. Most methods were carried out on C18 analytical columns,
using water with acetonitrile or methanol with 0.1% formic acid as the mobile phase. The
acidification of the mobile phase is suitable for the formation of doubly or triply charged
ions. Polymyxin B or Bl were used as internal standards. The most commonly reported
MS detector is the triple quadrupole. Electrospray ionization (ESI) then generates multiply
charged ions produced by protonating or deprotonating free amine groups of colistin. The
choice of ion to be selected as a precursor depends on the stability, intensity, and signal-to-
noise ratio of the corresponding ions. For better spectrometer response, colistin is more
often measured in the ESI positive mode with m/z [M + HJ*, [M + 2HJ?* and [M + 3HJ?*,
at m/z 1170, 586, 391 for colistin A and 1156, 579, 386 for colistin B. The most frequently
mentioned product ion corresponds to values in the range m/z 100.9-101.4 [26,27]. The
product ions and a summary of the selected methods are listed in Table 1 [17,258-36].

Table 1. Summary of LC-MS methods for the determination of colistin and CMS.

Internal Mobile Phase . Analysis ESI miz
ColumnType o rdard A B Elution  ©  olmin]  Mode  ColistinA ColistinB  1°F
Xbridge C18 — 0.1% 0.1% formic isocratic
(150mm <21 PO B formicacid acid in AB 38 positive 55:%152 ' 57;%15 . 7]
mm; 5 pm) in water acetonitrile (80:20) i -
Xbridge o
BEH-Amide h:rr':;ilcf:cid 0.1% formic 3907 -+ 386.0
;i skl : . EELs E g
fn5-?mr|_1;15:<m2n; not used in acid in water gradient 12 positive 100.9 100.9 [28]
HILIC acetonitrile
5 “"‘gr,r“’“‘“ . 0.1% 0.1% formic 585.7 578.7
polymyxin A 1 4 : . R - P - 2q
C18 (150 mm x B formic acid acid in gradient 11 positive 101.1;202.3;  101.1; 202.5; [29]
2 mm; 4 um) in water acetonitrile 2413 2273
. o ar :
Kinetex C18 polymyxin l]..l o 0.1 m_fu_rrmc ) - 5855 5785
(50 mm = 3 formic acid acid in gradient [ positive ) N [30]
B . o 101.1; 2411 101.1; 2272
mm; 2.6 um) in water acetonitrile
P 0.2%
Acquy URLC ot formic acid 39060 38590
100 21 iFed and 5% acetonitrile gradient 10 positive 101.07; 101.07; [31]
‘mm’_“l“; P acetonitrile 24119 2717
’ in water
Atlants dC18 0.2% formic isocratic
(100 mm = 2.1 clarithromycin ~ water acid in AB 4 positive 55:?]{’4 * 5?;%?3 ' [32]
mm; 3 pm) acetonitrile (50:50) : )
Kinetex XB-C18 ’ acetonitrile: . ) .
polymyxin 0.1% formic . e 390.7 = 356.0 — 3
(gfmmzrr; :L:l}l B mﬁ;‘f‘;‘?d acid in waber gradient 35 positive 101.3 1012 [33]
0.1% 0.1% formic
" polymyxin P iy . e 585.5 = 5785 = 3
MassTox B ﬁ;]’l’:;;‘l:;d T::I;:Ia::)l gradient 35 positive 5349, 576 507.9. 568.9 [34]
Acquity UPLC . 01% 0.1% formic i
Cl8 polymyxin formic acid id b dient 25 itiv 3909 — 386.2 = 133]
(150 mm x 4.6 B o g acctonitrile gracien : postiive 385.1 1010 .
mm; 3.5 um)
. o . 390.8 — 3860
Acré;-tﬁ (':J1I;LC o 0.1% 0.1% formic positive g 11000 86.0; 1011
E sulphadiazine formic acid . dient 1167.8 1537 36
50 mm % 2.1 13Ch in water acid in gradien 35 _ & 3.7 - 136]
( 17 ) acetonitrile negative 1079.4; 1065.8;
s L 11241 11100
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Various procedures have been proposed for the pre-analytical processing of biological
samples (predominantly plasma or serum): precipitation of plasma proteins with organic
solvents with or without the addition of acid, precipitation of the protein followed by solid
phase extraction (SPE), or SPE followed by concentrating the sample by dry evaporation
and reconstitution. Although protein precipitation is an inexpensive and rapid method of
sample preparation, it also poses the risk of inadequate sample clean-up and increased risk
of matrix effects. Sample preparation by SPE provides a clean extract and is the choice for
minimizing matrix effects. However, the more laborious and expensive sample preparation
procedure can be a disadvantage [17,18,37].

In the context of guaranteeing the most accurate determination of colistin and CMS
concentrations in the sample, it is worth noting the potential adsorption of colistin to some
plastics, especially polystyrene or polysulphone (the latter relevant as the material of some
hemodialyzer membranes); in contrast, polypropylene has a lower risk of adsorption [38,39].
This is due to the physicochemical properties of colistin, especially the amphiphilic nature
and positive charge of its molecule, and the risk factors are the handling of the sample in the
liquid state, the number of exposures to new, unsaturated surfaces, and the concentration of
colistin [38]. However, when processing plasma or serum, the proteins contained prevent
the adsorption of colistin to plastic surfaces [38].

2.3. Colistin Stability and Related Issues for Clinical Practice

In clinical practice, colistin is now used both in the form of colistin sulphate and CMS,
which spontaneously converts into the antimicrobial active colistin; the rate and extent
of this transformation depend on a range of external conditions and, of course, it occurs
in vitro. One of these external conditions is the concentration of CMS in the solution. The
amphiphilic nature of both colistin and CMS molecules determines the ability to form
micelles and colloidal aggregates, enhancing stability with increasing concentration [40].
The compositions and pH of the carrier solution, the ambient temperature, and the material
of the tubes /infusion containers further influence the stability of both molecules.

The available stability data can generally be divided into three principal categories,
taking into account the above factors affecting stability and reflecting clinical situations—
nebulization solutions (tested CMS concentrations 75-77.5 mg/mL), solutions for intra-
venous administration (tested concentrations of CMS 0.8-4 mg/mL), and plasma samples
for TDM (tested concentrations 2 mg/L and 30 mg/L of CMS, 1.7 mg/L of colistin and
0.05-9.0 mg/L of colistin A and colistin B, respectively), including freeze-thaw stabil-
ity [17,32,41-46].

The stability of the CMS solution for nebulization has been addressed in two pa-
pers following the FDA recommendations conditioned by the case of acute respiratory
distress syndrome after the administration of CMS premix [41,42,47]. Both studies used
virtually comparable concentrations of CMS solution—77.5 mg/mL in sterile water and
normal saline (NS) [41] and 75 mg/mL of CMS in sterile water, respectively [42]. Both
studies demonstrated excellent stability of CMS solutions with less than 1% formed colistin
throughout the monitored period—24 hat 21 °C [42] and 1 year at 4 °C and 25 °C in the
dark [41].

Wallace et al. tested the stability of CMS at a concentration for intravenous admin-
istration, specifically 4 mg/mL in both N5 and 5% glucose in an infusion bag stored in
the dark at 4 °C and 21 °C. There was a gradual increase in colistin concentrations in
both carrier solutions; within 48 h, approximately 4% of CMS spontaneously converted at
the higher temperature, whereas only 0.3% did so at the lower temperature [41]. Within
12-24 h after reconstitution, times that replicate the potential length of a single infusion
in continuous administration, approximately 2-3% degraded to colistin at room tempera-
ture [41]. Abdulla et al. and Post et al. studied the stability of CMS in elastomeric pumps,
i.e., in a different material and simultaneously at lower concentrations—0.8 mg/mL [43],
and 0.8 mg/mL, 1.6 mg/mL, and 2.4 mg/mL, respectively [44]. A relationship between
stability and concentration was proven—the most significant CMS conversion occurred at
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the lowest concentration (3.7% of CMS hydrolyzed during 8 days of storage at 20 °C and in
the light vs. 2.6% and 2.3% at higher concentrations) [44]. CMS stability in the infusion bag
(2 million IU of CMS in 100 mL NS; CMS concentration 1.6 mg/mL) during the 8 days was
better in comparison to all concentrations used in the elastomeric pumps (the proportion of
formed colistin was 1.7% and 2.1% at 4 °C and 20 °C, respectively) [44]. CMS concentration
in intravenous solutions used in clinical practice typically ranges between 4.8-14.4 mg /L.
The stability of CMS and colistin at clinically relevant plasma concentrations was
addressed by Dudhani et al. In their experiment, three types of samples were prepared—
colistin 1.7 mg/L and CMS 2 mg/L and 30 mg/L in plasma at pH 7.4; the samples were
further stored at —20 °C, —70 °C, and —80 °C [45]. The CMS concentration in both types
of samples remained stable at lower temperatures for 4 months; however, at —20 °C,
there was significant degradation to colistin, with a decrease of more than 26% in CMS
(initial concentration 2 mg/L) after two months of storage and a concomitant measurable
level of de novo formed colistin (approximately 0.4 mg/L); the stability of CMS at higher
concentrations was better. Concerning the stability of colistin, there is again an explicit
temperature dependence: at —70 °C and —80 °C, the degradation of colistin did not exceed
7% for 6-8 months, whereas at —20 °C, a similar extent of degradation was observed after
only one month [45]. Similar data have been published by Gobin et al. [17]. Regarding the
stability of CMS and colistin in the case of thawing and refreezing of the plasma sample, the
available data show good stability with two [17] or three (colistin only) freeze/thaw cycles,
respectively [32,46]. Considering pH as another condition affecting the stability of CMS
and colistin in samples, it may be reasonable to take the acid-base balance into account in
colistin TDM, especially in critically ill patients, with these data usually available [48].

2.4. Other Colistin Solution Properties and Their Consequences

The amphiphilic nature of the CMS molecule and the concentration-dependent ability
to form micelles and colloidal aggregates determine not only the stability of the solution
but also changes in its viscosity. This plays an important role, especially concerning
aerosol formation in inhalation therapy. This issue was addressed by Bihan et al. [49].
The authors compared a standard dilution of 4 million IU CMS in 12 mL NS (26 mg/mL)
and an experimental dilution of 4 million IU CMS in 6 mL NS (53 mg/mL), both in terms
of the nature of the particles produced and the changes in pharmacokinetics. With the
more concentrated solution, a larger size of particles generated was initially observed, but
still within the limit that allows deposition in the distal airways. The total duration of
nebulization was significantly shorter with the more concentrated solution. In contrast, the
pharmacokinetics of CMS and colistin did not change with dilution [49].

Another important physicochemical property in the context of inhalation adminis-
tration is osmolality, but this depends more on the type of carrier solution used for CMS.
Dodd et al. investigated objectively measured changes in lung function and subjective
sensations associated with the inhaled administration of hypotonic (sterile water as the
carrier solution), isotonic (water and NS 1:1), and hypertonic (NS) CMS solutions at a
dose of 2 million IU in adult patients with cystic fibrosis [50]. After the administration
of all solutions, there was a similar decrease in FEV1 (forced expiratory volume in one
second), but the time at which the maximum decrease occurred differed: the fastest onset
of change was observed with the hypertonic solution and the slowest with the hypotonic
solution. Similarly, the hypertonic solution was the least preferred form by patients [50].
The induced bronchoconstriction was attributed to the tonicity of the nebulization solution,
but we should not forget the detergent properties of colistin, which may also account for
the dose-dependent degranulation of mast cells [51,52].

3. Colistin Pharmacokinetics in Critically 11l Adults and PK/PD Targets

As an inactive prodrug, CMS requires in vivo bioactivation to colistin, which, together
with the very different physicochemical properties of the two substances, accounts for the
complex pharmacokinetics. To achieve systemic therapeutic concentrations, CMS must be
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administered intravenously. Of course, CMS reaches its maximum plasma concentration
(cmax) very quickly, whereas colistin must first be formulated (time to reach maximum
plasma concentration—Tnmax—is delayed). The bioactivation of CMS to colistin is spon-
taneous and represents one of the non-renal CMS clearance pathways; other non-renal
pathways are possible (e.g., hydrolysis of peptide bonds) [53]. In addition to this non-renal
clearance, CMS is excreted by glomerular filtration and tubular secretion, and there is an
inverse relationship between renal function and the rate and extent of CMS bioactivation
to colistin. In other words, patients with renal insufficiency have a higher exposure to
in vivo formed colistin, whereas patients with normal renal function are at risk of too rapid
excretion of the prodrug before conversion [54]. Published data from critically ill patients
suggest colistin Tpax in the range of 1-8 h [55-60], and the extent of CMS conversion, this
time in healthy volunteers (Japanese male subjects and Caucasian subjects), is estimated
to be between 30 and 60% [61,62]. The variability of individual medicinal products (not
only in terms of the manufacturer but also in terms of the batch) further contributes to
the already significant interindividual variability [13,63-65]. The cpax of colistin ranged
widely depending on evolving dosing regimens and the use of a loading dose, creatinine
clearance (CrCl), or the use of renal replacement therapy (RRT) (for details, see Table 2). In
general, the cygax of colistin ranged widely between 0.6 and 13 mg/L [55-60,66].

Table 2. Characteristics of pharmacokinetic trials/case reports in adult patients receiving CMS.

Number D ” S.lmpll,l:g e Pharmacokinetic Data—Colistin
Population of Renal Function (CMS “mg LD Timing the Infusion eMAX Tamax AUC Ref.
Subjects Intravenous) {min] [mg/L] Imin]  [mg x WL]
NS 150q18h day3 oy 298 16405
critically ill 3 allon 75q8h no day 10 TSRS, 229 10 SoAvE 1391
¥ 2 Y 600; before the 1417
continuous RRT 75q8h day 6 211
7 next mg/L
ps 3 ok, 25q8/12h aftermin2  0+10,60;120; mean 2.93 Ns  meani2s
o a2 e 150q8h days 240; 360; 480 SD 124 SD5.1 5
LD median
calculated CrCl: 160; during the NS
median 86 16 patients fist, infusion (2x) + = 2
critically ill 73 mL/min 600-720 yes random 60-120 min; 5 NS NS 3‘;‘*«“51_ 1561
(range 14368  MD median dose min before the s
mL/min) daily dose next
480
calculated CrClL first, Jolioming the frs
mean 823 240q8h fourth, 0+ 15; 30; 60; 90; 0 6."
critically ill 18 mL/min -16&] Sh no or 120; 240; 360; ot 2 ext NS NS 1571
(SD 24.35) orlelq sixth/seventh 465 fol eing e
mL/min dose 23
calculated CrCl: .
L LD 480 first, eigth 0+ 15;30; 60;
critically ill 10 249-1915 80-240q8h yes e 120: 240; 465 NS NS NS 158
mL/min
following the first
S dose
LD 480-720 first, 0+ 30; 60; 120;
critically ill 1o QlkulawdCiCL - \poygggh  yes  fifth/sixth 240,480, 720; mean? p% 480 NS 1591
29-220 mL/min 2%0q12h 2 d Patore th next range 0.95-5.1
Sl o vk al steady state
range 0.68-8.72
first; end of
NS ¢ 0+ 30; 60; 120;
critically ill 2 both on Lot yes second- 240; 360; 720; A NS 2163 166]
3 ’ MD240q8h  ? eigth 109 179.1
continuous RRT dose before the next
CrCl: NS
medan 23 et da _—
critically ill 215 range 0-314 dose 430 no da“_!;s NS NS NS 2%Bmg/L; (4]
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Table 2. Cont.
Number b . Snnp'l::‘i T Pharmacokinetic Data—Colistin
Population of Renal Function (CMS * mg LD Timi the Infusion Cpax Taaax AUC Ref.
Subjects Intravenous) B Imin] [mg/L] [minl  [mg x WL]
calculated CrCl:
mean 287 median daily 0+end of 115225
milfmin/17% dose 200 day infusion; median
ehialylll: 05 rangeotgy  amge7d10 O 31 30; 60; 120240; B N cssave fe8)
mL/min/173 mg 480; 720 236 mg/L
m3
NS LD 480 or 720 first, T NS
critically ill 10 allon MD160-240  yes seventh 0 *;&ﬁ’s-o‘m NS NS P 1691
continuous RRT q8h dose g 4.67 mg/L
i 'Cn'LC/Lm LD720 ninthdose 0+ 60; 240; 720 80
critically ill 2 I MD30q12  yes first dose 120; 360; 720 NS NS 618 1701
> h fifth dose 120; 360, 720 565
156 mL/min
calculated CrCl:
median 89.8 mean daily Ep— "
NS 15 mL/ dose2353**  no day5 Doty e REE memlls @i
range 24.2-330 SD79.9 g <
mL/min

* CMS 1 million [U = 80 mg of CMS; ** predicted value; *** dose as colistin base activity (mg); approximately
corresponds to CMS mean 607 mg (SD 206 mg). Abbreviations: CMS—colistin methanesulphonate; cyax—
maximum plasma concentration; css ave—steady-state average concentration; CrCl—creatinine clearance; RRT—
renal replacement therapy; h—hours; LD—loading dose; MD—maintenance dose; NS—not specified; g—every;
SD—standard deviation; Tygax—time to maximum plasma concentration.

Approximately 50% of colistin binds to plasma proteins, mainly «-1-acid glycopro-
tein [13,72]. Higher levels of protein binding (59-74%) have been observed in critically
ill patients [58]. The volume of distribution in healthy volunteers is low (14 and 124 L
for CMS and colistin, respectively) and corresponds approximately to the volume of ex-
tracellular fluid [61]. The metabolic and elimination pathways of colistin are not fully
described. Given the peptide nature, proteolytic degradation is possible, but the enzymes
involved and localization are still unknown [53]. Renal clearance of colistin is very low in
healthy volunteers (1.9 mL/min) due to significant tubular reabsorption (organic cation
transporters OCTN1, peptide transporters PEPT2, and a low-density lipoprotein receptor
megalin may be involved) [53,61]. This and the adsorption of colistin to the polysulfone
membrane of the hemofilter are the reasons for the administration of higher doses of CMS
in patients on continuous RRT than in patients with normal renal function [39,67]. The
biological half-life is again variable, approximately 3-5 h in healthy volunteers (Japanese
male subjects and Caucasian subjects) [61,62], and ranges from 3.1 to 18.5 h in the critically
ill population without RRT [55-59].

In terms of PK/PD targets, colistin is among the antibiotics with an exposure-dependent
effect; the area under the plasma concentration curve of colistin or its free fraction to MIC
ratio (FAUC/MIC) correlates best with efficacy in in vitro and animal models [13]. In
therapeutic use, the target AUC over a 24 h interval and at the steady state (AUCgg 241) is
approximately 50 mg x h/L, corresponding to a mean steady-state plasma concentration
(css,avc) of 2 mg/L [13]. Both refer to monotherapy and the total plasma concentration of
colistin. Plasma protein binding, as well as inaccuracies in the determination of MICs and
differences between in vitro and in vivo efficacy, are reflected in this target.

Recommended dosing in critically ill patients includes a loading dose of 9 million TU
of CMS administered over 30-60 min, followed by a first maintenance dose 12 h later. The
daily maintenance dose in patients with normal renal function (CrCl >70 mL/min) should
be between 9 and 10.9 million IU, divided into two doses; the dose should be adjusted
when creatinine clearance decreases [13,67,73]. The loading dose primarily reflects the
prolonged Tmax in critically ill patients and the variable extent of conversion of CMS
to colistin and provides the achievement of therapeutically effective concentrations as
soon as possible. The relationship between the loading dose and the risk of acute renal
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failure as a manifestation of nephrotoxicity is unclear, as is the appropriate loading dose
in specific populations (obese patients, patients with renal insufficiency, augmented renal
clearance, patients on RRT) [74]. No pharmacokinetic drug-drug interactions have been
described that would require a change in the dosage of CMS. Pharmacod ynamic interactions
with other nephrotoxic (see Section 4.2) or neurotoxic drugs (including non-depolarizing
neuromuscular blocking agents, aminoglycosides) may be clinically relevant [75,76]. A
synergistic antibiotic activity with colistin combined with rifampicin or carbapenems has
been shown in vitro, but the superiority of such a combination has not been demonstrated
clinically [77].

Due to the poor colistin penetration into lung tissue, it was believed that nebulization
would produce high drug concentrations at the site of infection. When CMS is nebulized in
critically ill patients, local concentrations of colistin vary over an extensive range; however,
in general, a higher percentage of CMS is converted to colistin, and the local concentrations
achieved are higher than plasma concentrations during intravenous treatment [51,78].
On the other hand, there are conflicting findings on the clinical efficacy of nebulized
antibiotics, which may be related to the limited number of randomized clinical trials,
miscellaneous pathogens, various aerosol generation devices and methods, ventilation
regimens, and questionable colistin efficacy due to potential binding to mucin [11-13,77].
Despite the limited permeability of CMS and colistin through barriers, systemic absorption
of both drugs occurs, and systemic exposure to colistin reaches a measurable level or even
observable toxicity [51,77,78]. There are inconsistent recommendations on the use and
dosage of inhaled colistin as an adjuvant therapy to intravenous therapy in patients with
ventilator-associated pneumonia caused by multidrug-resistant pathogens [12,13,79,50].
Namely, IDSA guidelines do not suggest adding nebulized antibiotics to treat respiratory
infections caused by difficult-to-treat Pseudomonas aeruginosa and CRAB [11,12]. Rello et al.
released a similar recommendation suggesting avoiding the use of nebulized antibiotics
(including colistin) instead of the intravenous or as-added to conventional intravenous
therapy already including colistin or aminoglycosides for the treatment of ventilator-
associated pneumonia caused by both susceptible and resistant pathogens [80]. On the
other hand, the International Consensus Guidelines for the Optimal Use of the Polymyxins
recommends adjunctive polymyxin aerosol therapy for hospital-acquired or ventilator-
associated pneumonia, as the committee believes that the potential benefits outweigh the
risks [13]. The standard dose is 1-2 million IU every 8-12 h; however, the administration of
substantially higher doses (e.g., 5 million IU every 8 h) has also been proposed [73,77].

4. Colistin TDM, Benefits and Limits of Routine Use in Clinical Practice

There remains space for the use of colistin in clinical practice as it represents one of the
few remaining therapeutic options still effective against carbapenem-resistant pathogens
(see current guidelines above) [11-13]. Thus, the emergence of colistin resistance poses
a substantial public health risk. Recently, some reviews were published on the global
prevalence of colistin resistance in CRAB [81] and Kiebsiella prewmoniae [82]. On the other
hand, the distribution of colistin resistance is difficult to assess due to methodologically
challenging and limited local susceptibility testing [53]. In this context, it is worth mention-
ing the Carbapenem and/or Colistin-Resistant Enterobacterales (CCRE) survey initiative
(as part of the EURGen-Net), which will provide updated information on the distribution
of carbapenemase-producing Enferobacterales and help to better understand the capacity
for colistin susceptibility testing in Europe [53,54]. Regarding the susceptibility of selected
pathogens to colistin, the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) set the susceptibility limit for Pseudomonas aeruginosa at 4 mg/L and for Acine-
tobacter baumannii 2 mg,/L [85]. These values enable simultaneously safe and effective
therapy to be achieved. Unfortunately, we are still balancing the risk of underdosing and
the development of resistance on the one hand and toxicity on the other. The use of TDM
seems to be the way forward. This is confirmed by guidelines that identify the research on
the optimal approach to implementing TDM as a future need [13].
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TDM is a useful tool for guaranteeing drug safety and efficacy, especially for agents
with a narrow therapeutic window and the expected correlation between efficacy or safety
and plasma concentration. Colistin fulfills these conditions, and its physicochemical
properties allow us to anticipate changes in plasma concentrations in critically ill patients
alone or with concomitant extracorporeal methods such as RRT and ECMO [86]. There
are only a few papers available on the real impact of extracorporeal methods on colistin
pharmacokinetics. CMS and colistin can be effectively cleared by continuous RRTs (CRRT).
The actual extent of extracorporeal clearance depends on CERT type and settings, the CRRT
dose administered, and the presence of residual renal function; another essential factor
is colistin adsorption on the hemofilter membrane [39,65,68,69,87]. Conflicting data on
the adsorption of colistin to the membrane based on prefilter and postfilter colistin values
were provided only by Menna et al. (postfilter colistin was more than 70% of prefilter
colistin) [66]. Only two papers have addressed the interference of colistin with ECMO—
colistin sulphate was used in one publication and CMS in the other. In neither case was
significant sequestration of colistin on the ECMO circuit observed [70,588].

4.1. TDM as an Approach to Ensure Colistin Safety

Concerning efficacy, the development of multidrug resistance is becoming one of
the major clinical problems in nosocomial infections, especially in critically ill patients.
Another issue is the difficulty of achieving adequate colistin plasma concentrations dur-
ing CMS monotherapy, particularly in patients with good to augmented renal clearance
and /or organisms with MIC greater than 1.0 pg/mL [39]. Colistin’s pharmacodynamic
effect depends on the AUC to MIC ratio (AUCgg 541, of approximately 50 mg x h/L is the
current target) [13]. For a good AUC estimation in a population with high interindividual
variability typical for critically ill patients and product variability, every pharmacokinetic
algorithm or simplified approach is burdened with a significant error, and, thus, multiple
sampling and individual curve construction seem to be the most accurate approach [48,71].
In the available studies of critically ill patients, 6-9 samples were drawn in a single dosing
cycle, whereas a single study carried only four samples (see Table 2) [55-59,68,71]. Thus, the
number of samples seems to be another barrier to implementing TDM in routine practice.
Kim et al. suggested trough level and a blood sample collected 2 h after starting a 30 min
infusion for a limited sampling strategy because this combination showed the highest
correlation with AUC [71]. A logical solution to minimize the sampling required for AUC
estimation is the administration of colistin (CMS) as a continuous infusion. Although this
regimen would theoretically correlate well with the defined PK/PD target, this approach
does not have sufficient support in the literature [89,90]. In a limited cohort, continu-
ous infusions had no protective effect on nephrotoxicity or improvement in therapeutic
effect [90].

Another limitation of colistin TDM is the issue of its actual target concentration.
Although the PK/PD parameter is defined, most of the available data are insufficient to
fully confirm the relationship between plasma levels and the efficacy and safety of colistin
treatment [56].

4.2. TDM as an Approach to Reduce Colistin Toxicity

The main expected adverse effects of colistin are nephrotoxicity and neurotoxicity. In
individual studies involving critically ill patients, the incidence of acute renal failure ranged
between 21 and 76% and 20 and 50%, respectively [13,74]. A recent meta-analysis including
only randomized trials, in which colistin was administered at a controlled dosage (mainly
including a loading dose), showed the incidence of colistin-induced nephrotoxicity in
critically ill patients to be 36%, with a relative risk 140% higher compared to -lactams [91].
Risk factors for toxicity include older age, preexisting renal impairment, hypoalbuminemia,
higher disease severity, concomitant therapy with other nephrotoxic drugs (vancomycin,
aminoglycosides, furosemide, calcineurin inhibitors) or vasopressors, colistin dosage, and
length of therapy [13]. Sorli et al. reported that trough concentrations (cyyy) of colistin
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above 3.33 and 2.42 mg/L on day 7 and at the end of therapy, respectively, are risk factors for
nephrotoxicity [92]. Shields et al. stated CMS doses higher than 5 mg/kg/day within 7 days
of therapy as a risk factor [74]. A dose dependence was also observed for neurotoxicity [75].
The aim is to identify not only clinical but also genetic predictors of nephrotoxicity [93].
However, none of these are currently screened for in clinical practice.

Taking all this together, colistin is a complicated substrate with many obstacles to TDM
in routine clinical practice—namely, the availability of an appropriate analytical method,
spontaneous degradation of CMS and risk of detecting falsely high colistin concentrations,
administration of an inactive prodrug with variable extent and rate of conversion, consider-
able interindividual variability, product specificity, limited reliability of pharmacokinetic
modeling, or the need for multiple sampling, missing clinical confirmation of current
PK/PD targets. On the other hand, routine colistin TDM can produce undeniable safety
and efficacy benefits and may provide refinement of dosing strategies in specific patient
populations [48,68,94-96].

5. Discussion

Colistin is returning to therapeutic use nowadays, although it is usually the last choice
in treating multidrug-resistant Gram-negative pathogens. The typical target population
is critically ill patients. Even after almost 80 years of colistin development and more than
60 years since its marketing authorization, we still have limited data on its stability, safety,
and efficacy.

The first contributor to this lack of information is the limited use of colistin in the
1980s and 1990s [5]. Another factor is the predominant use of colistin in the form of an
antimicrobial inactive prodrug, which is characterized by heterogeneity of components in
the individual products evolving over time [13,63-65], the interindividually different extent
and rate of activation to colistin and different pharmacokinetics in general [54-62], but
also the presence of spontaneous conversion to colistin ex vivo. Thus, the physicochemical
properties of CMS and colistin become another source of uncertainty with a limited degree
of possible extrapolation in several preclinical and clinical questions, such as the stability
of infusion and nebulization solutions under different conditions, the stability of samples
for TDM, the MIC determination of pathogens in the microbiology laboratory, analytical
methods for quantifying CMS and colistin in a specific matrix, the nature of particles
formed during nebulization, and the rate of nebulization [17,18,26,27,32,37,38,40-46,48,49].

Regarding the stability of CMS and colistin in solution or other matrices, we have
data for a considerably wide range of concentrations. Unfortunately, these concentrations
do not fully reflect those achieved in routine clinical practice, and the transferability of
these results is limited, as described above. For example, the concentration of nebulization
solutions tested is approximately three times higher than that used in standard practice
(1-2 million IU of CMS diluted in 3 mL or 6 mL of saline) [41,42,73]. Although there are
studies proposing higher doses of CMS (4 million IU every 8 h (dilution unspecified),
5 million IU every 8 h, i.e., 40 mg/mL CMS in water for injection), the concentration is
still well below the tested limit [41,42,77,97]. A similar situation applies to intravenous
solutions; available stability data do not adequately reflect the variability in concentrations,
infusion container materials, and environmental factors accompanying CMS administration
in clinical practice. When testing the stability of these solutions, the potential adsorption of
colistin to plastic surfaces must also be taken into account. The protective effect of proteins
is entirely absent in these solutions [38].

The determination of MIC becomes a particular issue in the context of the colistin
adsorption ability on different surfaces. Colistin interferes mainly with polystyrene, but
neither glass nor polypropylene showed zero adsorption at the concentrations used in
microbiological testing [38]. Polysorbate-80 reduces adsorption to polystyrene, but EU-
CAST does not recommend using surfactants [958]. The second fact is that directly active
colistin sulphate is used for microbial testing, whereas CMS is used in clinical practice.
Unfortunately, even colistin sulfate is not clearly defined chemically; in other words, it is a
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mixture of chemically related substances in different ratios and with various antimicrobial
activities [7].

In addition to MIC determination, adsorption can affect the concentration of colistin in
samples obtained by bronchoalveolar lavage or microdialysis. This can alter the target value
of the PK,/PD parameter for colistin and question its validity. Moreover, the progressive
evolution of dosing regimens in recent years must also be considered, and currently
available pharmacokinetic data need to be correlated to the dosage used (with or without
a loading dose), the route of administration, the order of the monitored interval, the
characteristics and condition of the patient (including the use of extracorporeal methods),
and the type of product used (see Table 2). The omission of a loading dose substantially
delays the achievement of therapeutic levels and can be the reason for a suboptimal clinical
response [39,57,57]. Future studies, including the pharmacokinetic profile of CMS and
colistin and defined clinical markers of efficacy and safety, may clarify and update the
target PK/PD parameters and confirm the relationship between colistin plasma levels and
the effectiveness and safety of the therapy [56]. The key to this is the implementation of
TDM into routine clinical practice, including a validated method suitable for the daily
determination of such a specific substrate and taking into account all the above-mentioned
limitations.

The aim of this review was to summarize the available data, especially regarding the
administration of colistin to critically ill patients and TDM, to highlight the weaknesses of
the available literature, and then to define directions for future research on this drug,.

6. Conclusions

Despite its toxicity, which had temporarily minimized its use, colistin represents a
valuable therapeutic alternative, particularly in the context of increasing bacterial resistance
worldwide. A way to optimize the benefit—risk ratio is the introduction of TDM into
routine clinical practice. However, there are numerous obstacles in this path, which are
conditioned by the physicochemical properties of colistin: the administration as an inactive
prodrug, substantial interindividual variability, further enhanced effects in critically ill
patients. Summary and precise definitions of these barriers allow the design of more
practice-relevant research and clinical trials whose results can improve the colistin profile.

7. Future Directions

There are several directions for further research on colistin. At a purely preclinical
level, one is the verification of the stability of the intravenous solution and solution for
nebulization at clinically relevant concentrations and under conditions corresponding to
clinical practice (e.g., volume and type of carrier solution, CMS concentration, duration of
administration, including continuous infusion). Another issue to test is compatibility with
other drugs. Only with this knowledge can the condition of ‘the right dose” be fulfilled as
one of the eight rights of medication administration. The requirement for stability data
is more urgent for the intravenous solution than the nebulization solution because of the
contradictory guidelines on colistin nebulization, among others. Another area is mapping
the current microbiological and susceptibility testing practices and monitoring colistin
resistance development.

At the level of pharmacological and clinical-pharmacological research, we need to
obtain more pharmacokinetic and clinical-outcome data in critically ill patients receiving
colistin at a standardized dosage, including a loading dose. Such well-defined data can help
confirm the currently reported PK/PD parameters and design a population model. These
models can help us to estimate the plasma concentration—time curve of colistin without
extensive sampling and quantify changes induced by extracorporeal methods. Lastly,
confirmation or a more precise definition of colistin toxicity predictors would be helpful.

Taking all this together, colistin represents a drug that deserves attention in both
preclinical and clinical research.
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3.3 Stanoveni kolistinu A, B a kolistin-methanesulfonatu v lidské
plazmé pomoci LC-MS/MS a jejich kratkodoba stabilita v plazmé

Citace:

Kubickova V, Soukop ], Rychli¢kova |. Assay of colistin A, B and colistin methanesulfo-
nate in human plasma by LC-MS/MS and short-term plasma stability. Klin Farmakol
Farm. 2023;37(3):89-92. doi: 10.36290/far.2023.016.

Komentar:

V Ceské republice provadéla stanoveni kolistinu pouze jedina laboratot - Ustav
klinické biochemie a diagnostiky Fakultni nemocnice v Hradci Kralové. Metoda
ale byla kalibrovana pouze pro stanoveni kolistinu, nikoli CMS. Ve spolupraci s Usta-
vem farmakologie Lékarské fakulty Univerzity Palackého v Olomouci jsme vyvinuli
metodu spliiujici poZzadavky vyplyvajici z literarni reserse.

Kolistin je fermenta¢nim produktem, neni tudiZ jednoznacné chemicky defino-
vany. Analytickd metoda tedy detekuje dvé hlavni sloZky - kolistin A a kolistin B. CMS
je stanovovan nepiimo - nejprve je kyselou hydrolyzou konvertovan na kolistin, jenZ
je ndsledné stanoven. Pti designovani metody bylo treba predejit zkresleni v diisledku
adsorpce analyti na materialy laboratornich pomticek, preanalytické degradace
a matrix efektu pti odstranovani bilkovin ze vzorkd.

Vysledkem je validovana metoda kapalinové chromatografie s detekci tandemo-
vou hmotnostni spektrometrii (LC-MS/MS) kalibrovana na detekci kolistinu A a kolis-
tinu B v plazmé v rozmezi 0,15-30 mg/1 s délkou analyzy 3 minuty. Metoda byla vyu-
Zita pro ovéreni kratkodobé stability CMS a kolistinu v klinicky relevantnich koncen-
traci (10 mg/l pro CMS, resp. 2 mg/l, 10 mg/l, 20 mg/l pro kolistin A a kolistin B)
v plazmé pfii télesné teploté a pri béZzné laboratorni teploté. Data potvrzuji casové
a koncentrac¢né zavislou degradaci a podporuji poZadavek na co nejrychlejsi transport
do laboratotfe a preanalytické zpracovani vzorku. Uvedend data se stala zakladem
pro Laboratorni manual studie COL-ECM02022.

Mij podil na publikaci: podil na navrhu studie, podil na pripravé rukopisu, ko-
rekce rukopisu.
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Assay of colistin A, B and colistin methanesulfonate
in human plasma by LC-MS/MS and short-term
plasma stability

Vendula Kubickovd', Jan Soukop', Jitka Rychlickova*?

'Ustav farmakologie, Lékarska fakulta, Univerzita Palackého v Olomouci
2Farmakologicky ustav, Lékarska fakulta, Masarykova univerzita, Brno
3International Clinical Research Center, Fakultni nemocnice u sv. Anny v Brné

A simple liquid chromatography tandem mass spectrometry (LC-MS/MS) assay for the determination of colistin A and colistin B
in human plasma was developed and validated. Plasma extraction was performed using Oasis HLB 1 ml cartridges, analysis was
performed using Arion® Polar C18 (250 x 4,6 mm; 5 mm) column at 35 °C. Mobile phases consisted of water containing 0,1% formic
acid and methanol containing 0,1% formic acid (40:60, v/v) delivered at a flow rate of 0,8 ml/minute. Eluent was detected in the
positive ion mode using electrospray ionization at the following transitions of mass to charge (m/z): colistin A 585,55 — 101,05;
colistin B 578,5 — 101,15;and IS 602,4 — 101,1; 120,15; 86,15. Short-term stability tests of colistin and CMS were performed, at room
temperature and 37 °C, where the stability of both components decreases with increasing temperature. The presented paper is
part of the Pharmacokinetics of Colistin in Critically Ill Patients With Extracorporeal Membrane Oxygenation (COL-ECM02022)
study in which further results will be presented.

Key words: colistin, CMS, quantification methods, clinical samples, critically ill.

Stanoveni kolistinu A, B a kolistin-methanesulfonatu v lidské plazmé pomoci LC-MS/MS

a jejich kratkodoba stabilita v plazmé

Byla zavedena a validovana jednoducha metoda s pouzitim kapalinové chromatografie a tandemové hmotnostni spektrometrie
(LC-MS/MS) pro stanoveni kolistinu A a kolistinu B v plazmé. Extrakce protein( z plazmy byla provedena pomoci 1 ml kazet Oasis
HLB a chromatograficka separace byla provedena na koloné Arion® Polar C18 (250 x 4,6 mm; 5 mm) pfi 35 °C. Mobilni faze se skladala
z vody obsahujici 0,1 % kyseliny mravenci a methanolu obsahujiciho 0,1 % kyseliny mravenci v poméru 40:60 (v/v), pfi pritoku
0,8 ml/minutu. Eluent byl detekovan v rezimu pozitivnich iontli pomoci ionizace elektrosprejem s nasledujicimi iontovymi pfecho-
dy m/z: kolistin A 585,55 — 101,05; kolistin B 578,5 — 101,15; a IS 602,4 — 101,1; 120,15; 86,15. Byly provedeny testy kratkodobé
stability kolistinu a CMS, a to pfi pokojové teploté a 37 °C, kdy se stabilita obou slozek se zvysujici se teplotou snizuje. Pfedlozeny
prispévek je soucasti studie Pharmacokinetics of Colistin in Critically Ill Patients With Extracorporeal Membrane Oxygenation
(COL-ECM02022), v niz budou prezentovany dalsi vysledky.

Klicova slova: kolistin, CMS, kvantifikacni metody, klinické vzorky, kriticky nemocni.

Introduction

Colistin (COL), also known as polymy-
xin E, is classified as a polypeptide antibio-
tic produced by Bacillus polymyxa. Colistin
is usually used as a last-resort antibiotic for

the treatment of multidrug-resistant gram-
-negative infections (mainly Pseudomonas
aeruginosa, Acinetobacter baumannii, Klebsiella
pneumoniae), especially where new antibiotics
(ceftazidime/avibactam, meropenem/vabor-

bactam, plasmomycin) are not available or are
not preferred (1, 2, 3, 4).

As a product of fermentation, colistin is
a mixture of more than thirty components
that are not in a constant ratio. Therefore, its

Mar. Vendula Kubitkova

Ustav farmakologie, Lékaisk4 fakulta, Univerzita Palackého v Olomouci

Vendula kubickova@upolcz

Cit. zkr: Klin Farmakol Farm 2023;37(3):89-92
Cldnek piijat redakct: 11. 8. 2023
Clanek piijat k publikaci: 24. 8. 2023

£ 89



KOMENTOVANE PRACE

) POVODNI PRACE

molecular weight is not precisely determi-
ned. The main components of this mixture
are colistin A and colistin B, whose molecular
weights are 1169,5 and 1155,4, respectively
(5, 6). The base of the colistin molecule con-
sists of a decapeptide with seven amino acid
residues in a cyclic formation and a fatty acid
tail attached to the tripeptide end (4, 7). Due
to the toxic side effects, colistin is used as an
inactive prodrug, colistin methanesulphonate
(CMS). CMS is hydrolyzed spontaneously inan
aqueous solution in vivo and invitro to a series
of partially methanesulfonated derivatives
and colistin (1, 8).

To find the most optimal conditions for
the determination of CMS and colistin, va-
rious methods have been published that
differ in sample preparation, analytical con-
ditions, and measured concentrations in
patients’ plasma samples (8, 9). The method
described below is based on already pub-
lished and established methods, which we
have adapted to ourinstrumental conditions
to follow up with a study focusing on the
pharmacokinetics of colistin used in critically
ill patients. Colistin plasma concentrations
in critically ill patients generally range from
0,6-13 mg/L (3).

Several pitfalls can be encountered in the
determination of CMS and colistin. One pro-
blem is the adsorption of colistin to a range
of materials, including plastics and glass in
labware. If colistin adsorbs to materials used
in sample collection, processing, or storage,
its concentrations may be incorrectly evalua-
ted. Another problem is the stability of both
substances, CMS and colistin. The hydrolysis
of CMS to colistin and colistin stability itself
depends on concentration, time, temperatu-
re, and the matrix containing the substance
(7,9, 10).

Experimental

Chemical and reagents

Colistin sulfate, Colistinmethate Sodium
and Polymyxin B sulfate (internal standard, IS)
were purchased from Sigma-Aldrich (5t. Louis,
MO, USA). M5 grade water, Formic acid = 99 %,
and Sulphuric acid 96 % were purchased from
VWR (Radnor, PA, USA). MS grade Methanol

was purchased from J. T. Baker (Avantor,
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Gliwice, Poland), and Sodium hydroxide was
obtained from Lach-Mer [Neratovice, Czech
Republic).

Chromatographic conditions

The liquid chromatography was perfor-
med using the Prominence LC-20A HPLC
system (Shimadzu, Kyoto, Japan), and an
analytical column Arion® Polar C18 co-
lumn (250« 4,6 mm; 5mm) purchased from
Chromservis (Prague, Czech Republic) and
tempered at 35°C. The detector was a triple
quadrupole mass spectrometer LCMS-8045
(Shimadzu, Kyoto, Japan) with electrospray
ionization (ESI). The mobile phases consis-
ted of water containing 0,1% formic acid and
methanol containing 0,1% formic acid (40:60,
w/v). The flow rate was 0,8 ml/minute. lons
were generated using electrospray ionization
and detected in the positive ion mode at the
following transitions of mass to charge (m/z):
colistin A 585,55 — 101,05; colistin B 578,5
— 101,15; and IS 602,4 — 101,1; 120,15; 86,15.
The total analysis time was 3 minutes and the
LabSolutions software (ver. 5,93; Shimadzu,
Kyoto, Japan) was used for instrument control,

data acquisition, and processing.
Sample preparation

Colistin

The volume of 140pl of human plasma
was treated with 20yl of a solution contai-
ning 0,1 mag/ml of IS. Further preparation of
all samples was performed with Oasis HLB
1 ml cartridges with 30mg of sorbent (Waters,
Prague, Czech Republic). The SPE extraction
consisted of conditioning of cartridges with
1 mL of methanol, equilibration of cartridges
with 1 ml of water containing 0,1 % formic
acid, 160 pl of sample loading, washing away
ofinterferences with 1 ml of water containing
0,1 % formic acid, and finally eluting of COL
and |5 with 0,5 ml of methanol containing
0,1% formic acid. An amount of 10 pl of the
sample obtained from the elution step was
injected into HPLC.

CMms
The volume of 140 pl of human blood
plasma was treated with 20 ul of a solution

containing 0,1 mg/m| of 15. Acid hydrolysis was

performed by adding 15pl of 1 M sulfuric acid
to a plasma sample containing CMS. After 30
minutes, 30 pl of 1M sodium hydroxide was
added to stop hydrolysis. The subsequent
sample treatment was the same as for the

colistin samples.

Validation

Calibration curves for colistin and CMS we-
re constructed in the range of 0,15-30mg/L,
where each calibration point of the curve was
measured at least six times. All points in the
calibration series were used to determine the
precision and accuracy of the inter-day (in-
traday) measurements. Samples at 2, 10, and
30mg/L were prepared for intraday (inter-day)
precision and accuracy measurements. Plasma
samples with colistin and CMS concentrations
of 0,07;0,1;0,15; 0,5; 1; and 2 mg/L were prepa-
red for limit of quantification (LOQ) and limit
of detection (LOD) determination.

Stability of COL and CMS
sampiles test iI'V_._]

Studies for short-term, long-term, and
freeze-thaw stability were also performed
on the samples. The validation procedure was
derived from the European Medicines Agency
(EMA) recommendations. Control plasma sam-
plesfrom three female and three male donors
abtained from the Transfusion Department of
the Olomouc University Hospital were used

for calibration and validation.

Results and discussion

Mo pure colistin A and B reference stan-
dards were available. Therefore, the pharma-
ceutical secondary standard of colistin sulfate
was used for the method determination. The
purity of the standard was determined by the
manufacturer (11) to be 91 % by HPLC-UV ana-
lysis, which contained 30,46% colistin A and
53,8% colistin B.

As shown in Figure 1.3, the retention time
of colistin A and B and 1S are 2,11; 2,09, and
2,1 minutes, respectively. Calibration curves
were constructed in the 0,15-30mg/L range.
Plotting the peak area versus concentration,
linear calibration curves were obtained with
a confidence value of R? = 0,9997 for colistin
A and R* = 0,9989 for colistin B. In the case of
hydralysed CMS to COL, the confidence value
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Fig. 1. Representative chromatograrns of calibration point 10mg/L (1.0) and patient sample (1.b)
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of R? = 0,9995 for colistin A and R* = 09982  Tab. 1. Summary information on the analysis parameters
for colistin B. The results of the inter-day and | Chromatographic conditions
intraday measurements for method validation | HPLC shimadzy, Prominence LC-204
are accurate and precise, with an error not Colurn: Arion® Palar C18 (25046 mm; 5 mm)
Mabile phase A: 0,1% formic acid in water :
(40060, wi'v)

exceeding 15 % with the LOQ set at 0,15 mg/L.
The validation confirmed the reliability of the
LC-MS method for measuring concentrations
of calistin in human plasma. Summary infor-
mation on the analysis parameters is given
in Table 1.

The CMS concentration was measured in-
directly by acid hydrolysis, for which we found
it most useful to use 15 pl of 1 M sulfuric acid.
After 30 minutes, the hydrolysis was stopped
by adding 30pl of 1M sodium hydroxide. As
this is an indirect method, it is necessary to
back-calculate the CMS concentrations from

the difference:

CMS = COL,, = COLy

where COL__ is the concentration after hyd-
rolysis of CMS5 to colistin and COL_,

is the circulating concentration of colistin for-

i Fiydenlysis

med by endogenous transformation of the
prodrug to its active form.

Long-term stability studies of colistin
showed no degradation in stock solutions
and patient plasma samples stored at —70°C
for at least 90 days. Alse, no degradation was
observed in three freeze-thaw cycles (data
not shown). The short-term stability of colistin
was measured for three concentration points
at room temperature (RT) and 37°C (Table 2).
After 24 hours at RT, the degradation of the
samples reached almost 10%. However, the
degradation of colistin was more significant
at 37°C. Already after 30 minutes, degrada-
tion reaching up to 25% was observed, the

average degradation for all samples was 11 %.

Mobile phase B:

0,1% formic acid in methanol

Flow rate: 0,8 ml/minute
Column temperature: 35°C

The volurme of injection: 10yl
Analysis time: 3 minutes
MS/MS detection

Mass spectrometer:

Shimadzu, LCMS-8045

bonization made:

ESI positive

lan transition maonitored:

Colistin A 585,55 — 101,05

Colistin B 578,5 — 101,15

I5 6024 — 1011; 12015; 86,15

Validation parameters

Calibration curve range (mg/l) 0,15-30
Limit of quantification - LOQ {(mg/1) 02
Limit of detection - LOD (ug/l) 47
Recovery (%) 81

Tab. 2. Stability of colistin A and B (%) at three concentration levels (2; 10, 20mg/L) in hurnan plasma

Colistin A Colistin B
Time 2mg/L | 10mg/ | 20mg/L | 2mg/L | 10mg/L | 20mg/L
RT 05h G4, 28 101,28 100,18 10701 105,14 10341
1hi G890 9786 99,05 9293 57,28 104,80
2h 6,52 97,66 96,08 92,15 95,31 99,89
5h 63,28 9216 95,64 92,22 9415 96,57
24h 0,57 92,7 91,37 90,15 9353 96,46
37°C 30 min 91,65 Y276 91,2 74,96 92,76 9217
RT - room temperature
Tab. 3. Stability of CM5 (%) at 10mg/L concentration level in hurnan plasma
3i7°c RT°C
Time COLA COLB COLA COLB
05h 103,7 1031 100,1 100,6
1h 108,0 109,2 102,0 105,6
2h 114,0 116,3 108,1 110,3
3ih 17,6 1199 1,7 1138

AT - room temperature

CMS stability in plasma samples at a selected
concentration of 10mg/L was studied at room

temperature and 37 °C. As expected, the con-

version of CMS to colistin is more significant at
37°Cthan at RT. At elevated temperatures, we
observe the conversion of CMS into its colistin

) |
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components after 30 min. After 3 hours, the
average conversion of CMS is about 13% at RT
and 19% at 37 °C (Table 3). The stability of CMS
in a matrix other than plasma was not tested.
However, as there is evidence of lower stability
of CMS in aqueous solutions or infusion solu-
tions, this stability needs to be studied more
closely before further measurement (7, 12).
This analytical method for determining
both COL and CMS in plasma samples is
applied in the ongeing phase IV clinical trial
+Pharmacokinetics of Colistin in Critically
Il Patients With Extracorporeal Membrane
Oxygenation (COL-ECM02022)" (EudraCT
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3.4 Zmény farmakokinetiky kolistinu u kriticky nemocnych vlivem
extrakorporalni membranoveé oxygenace: protokol studie COL-
ECMO2022 — prospektivni, nerandomizovaneg, oteviené
farmakokinetickeé studie faze IV

Citace:

Suk P, Rychlickova ], Souckova L, Kubickova V, Urbanek K. Changes of colistin pharma-
cokinetics in critically ill patients due to the extracorporeal membrane oxygenation:
protocol for the COL-ECMO02022 trial - a prospective, non-randomised, open-label
phase IV pharmacokinetic clinical trial. BMJ Open. 2023 Jul 30;13(7):e071649.

Komentar:

Studie COL-ECMO02022 je investigatorem iniciovana klinicka studie, jejimz zada-
vatelem je Fakultni nemocnice u sv. Anny v Brné. Studii COL-ECM02022 jsem vedla
jako projektova manaZerka na strané zadavatele a pripravovala jsem vSechny dopro-
vodné dokumenty predklddané v ramci schvalovaciho procesu studie regula¢nim au-
toritdm, dokumenty nutné pro zahajeni a vedeni studie (Trial Master File, Investigator
Site File). Na studii jsem se tak podilela jak z odborného hlediska, spolupodilela jsem
se na jejim navrhu a designu, pripraveé protokoluy, tak jsem zajiStovala i jeji kaZzdodenni
management.

Studie je designovana jako prospektivni, nerandomizovana, otevirena a jejim cilem
je zhodnotit vliv ECMO na farmakokinetiku CMS a kolistinu u kriticky nemocnych pa-
cientl. Studie byla designovana jako monocentricka. Byla schvalena Etickou komisi Fa-
kultni nemocnice u sv. Anny v Brné a Statnim dstavem pro kontrolu 1é¢iv, registrovana
pod EudraCT ¢islem 2022-000291-19 (povinné) a v Clinical Trials Register pod kddem
NCT05542446 (nepovinneg). Studie byla provadéna v souladu s Helsinskou deklaraci.

0d vsech tcastnikt klinického hodnoceni byl ziskan informovany souhlas. U¢ast-
nici, ktefi nebyli schopni udélit informovany souhlas, byli do studie zarazeni po zhod-
noceni zkouSejicim studie. Etickd komice Fakultni nemocnice u sv. Anny v Brné
byla o tomto kroku neprodlené informovana. Od ucastnika byl ziskan nasledny infor-
movany souhlas, jakmile doSlo k obnové kvalitniho védomi. Tento postup byl jako je-
diny z navrhovanych akceptovan obéma regula¢nimi autoritami.

Pro studii byla zvolena pragmaticka strategie vzorkovani - béhem jednoho moni-
torovaného intervalu byly odebrany maximalné Ctyti vzorky krve v presné definova-
nych intervalech. Celkové byly monitorovany maximalné tri davkovaci intervaly.

Cilem bylo ze ziskanych koncentraci vypocitat zakladni farmakokinetické para-
metry CMS a Kkolistinu v populaci kriticky nemocnych, a to ve skupiné s podporou
ECMO a bez ni. Tyto parametry pak porovnat ke zhodnoceni vlivu ECMO na farmakoki-
netiku kolistinu. Bylo stanoveno, Ze rozdil vétsi nez 25 % bude povaZovan za klinicky
vyznamny. Na zakladé individualnich hodnot bylo v planu konstruovat populacni
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farmakokineticky model se zahrnutim podpory ECMO, clearance kreatininu, RRT, cel-
kové a adjustované télesné hmotnosti a véku jako kovariat.

Mij podil na publikaci: podil na navrhu studie a jejiho designu, priprava doku-
mentace pro schvaleni regulacnimi autoritami a provedeni studie, podil na ptipravé
rukopisu, korekce rukopisu.

79



KOMENTOVANE PRACE

80

Open access Protocol

BM) Open Changes of colistin pharmacokinetics in
critically ill patients due to the
extracorporeal membrane oxygenation:
protocol for the COL-ECMO2022 trial -
a prospective, non-randomised, open-
label phase IV pharmacokinetic

To cite: Suk F, Rychlickovd J,
Souckova L, et &l Changes
of colistin pharmacokinetics
in critically ill patients due to
the extracorporeal membrane
oxygenation: protocol

for the COL-ECMO2022

trial — a prospective, non-
randomised, open-label
phase IV pharmacokinetic
clinical trial. BMU Open
2023;13:e071649. doi:10.1136/
bmjopen-2023-07 1649

» Prepublication history and
additional supplemental material
for this paper are available
onling. To view these files,
please visit the journal enling
(http://dx.dol.org/10.1136/
bmjopen-2023-071649).

Received OF January 2023
Accepted 25 June 2023

n Check for updates

@ Author(s) (or their
employer(s)) 2023. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

For numbered affiliations see
end of article.

Correspondence to
Dr Jitka Rychlig kové;
rychlickova@med.muni.cz

clinical trial

Pavel Suk,'? Jitka Rychlickova
Karel Urbanek’

ABSTRACT

Introduction Colistin is a lipopeptide antibiotic
administered as an inactive prodrug—colistin
methanesulfonate (CMS). Colistin is a drug with a

narrow therapeutic window; the limiting factors are
mainly nephrotoxicity and neurotoxicity, dependent

on plasma concentrations. The number of patients

with infections caused by multidrug-resistant Gram-
negative bacteria sensitive only to colistin and the
number of patients requiring extracorporeal membrane
axygenation (ECMO) support for severe respiratory
failure increased significantly in association with
COVID-19-induced infections. ECMO can generally

affect the pharmacokinetics of drugs by creating a new
compartment.

Methods and analysis The COL-ECM02022 study is

a prospective, non-randomised, single-centre, phase

IV pharmacokinetic clinical trial designed to assess the
influence of ECMO on the pharmacokinetics of colistin
and CMS. Up to 30 patients treated with colistin will be
included in the study and assigned to one of two arms,
depending on the presence/absence of ECMO. Al study
participants will receive standard CMS dose intravenously.
The plasma concentrations of colistin and CMS taken at
defined intervals will be assessed by high-performance
liguid chromatography-mass spectrometry. Patients will
participate in the clinical trial for a maximum of three
monitored dosing intervals. A population pharmacokinetic
model will be developed to assess the influence of ECMO
on pharmacokinetics. A difference greater than 25% is
considered clinically significant.

Ethics and dissemination The study has been approved
by the Ethics Committee of St. Anne's University Hospital
Brno (Number 10ML/2022-AM). Related manuscripts will
be submitted to peer-review journals.

Trial registration numbers EudraCT Number
2022-000291-19; NCT05542446.

. Lenka Soucékova,®* Vendula Kubitkova,®

STRENGTHS AND LIMITATIONS OF THIS STUDY

= COL-ECMO2022 is a prospective, non-randomised,
open-label phase IV pharmacokinetic study.

= Only critically ill patients with and without extracor-
poreal membrane oxygenation (ECMO) will be re-
cruited to provide information on this population, for
which data on colistin pharmacokinetics is limited.

= A maximum of three monitored dosing intervals are
set for each subject to monitor trends in plasma
concentrations over a more extended period of time
and to limit the burden on subjects.

= The primary outcome is to assess the impact of
ECMO on colistin pharmacokinetics.

= A limited sampling strategy of four samples per in-
terval is a limitation of this study.

INTRODUCTION

The number of patients requiring extracor-
poreal membrane oxygenation (ECMO) for
severe respiratory failure increased signifi-
cantly during the COVID-19 pandemic. Most
of these patients require long-term intensive
care with the need for repeated antibiotic
treatment. These factors lead to a higher
frequency of infections with multidrmg-
resistant Gram-negative bacteria sensitive
only to colistin.

ECMO circuits generally represent an
additional pharmacokinetic compartment
that increases the volume of distribution of
drugs and may also affect their clearance
by adsorption of the drug on the circuit
surface.' This phenomenon is determined by
the lipophilicity of the drug and its binding
to plasma proteins, but the material of the

BM)
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ECMO circuit components or their surface modification
also have an influence.

Based on their chemical characteristics, the adsorp-
tion of colistin, or its prodrug, to the surface of the
ECMO circuit seems unlikely. There are very limited
data on the actual effect of ECMO on colistin phar-
macokinetics.” * Nevertheless, colistin adsorption on
polysulfone dialysis membranes has been previously
published.*

Colistin is a lipopeptide antibiotic administered
as an inactive prodrug—colistin - methanesulfonate
(CMS). Bioactivation of the prodrug is non-enzymatic
by hydrolysis. Colistin is an antimicrobial agent with a
concentration-dependent and time-dependent effect,
where the target pharmacokinetic-pharmacodynamic
parameter is the area under the plasma concentra-
tion curve (AUC). The target 24-hour steadystate AUC
(AUC ,,,) is approximately 50 mgxhour,/L, which corre-
sponds to a steady-state mean plasma concentration of
approximately (C_ ) 2mg/L.5 Colistin is a drug with
a narrow therapeutic window. The limiting factors are
mainly nephrotoxicity and neurotoxicity, both depen-
dent on plasma concentrations. Sorli et al reported that
the minimum plasma concentration (c__ ) of 2.42mg/L
at the end of therapy, respectively, 3.33mg/L on day 7 of
colistin therapy is predictive for the development of acute
renal failure.”

The estimation of the colistin AUC is complicated by
several factors. The first is the rate of bioactivation of
the prodrug, which can vary interindividually, between
products of various manufacturers, or even in batches
of one manufacturer.” The second is the variability in
the time to maximum plasma concentration (T ) of
colistin, which depends not only on the rate of conver-
sion of CMS to colistin but also on the rate of elimination
of CMS. Clearance of CMS is dependent on creatinine
clearance. When creatinine clearance decreases, more
CMS is converted to colistin. The excretion of colistin is
not fully described; however, significant tubular resorp-
tion was reported. The pharmacokinetics of colistin in
critically ill patients have been described in detail in
several studies.* '

Because of the considerable heterogeneity ol the
pharmacokinetic parameters of colistin and the lack of
a reliable population Kinetic model, it is appropriate to
use multiple samplings during a single dosing interval
to calculate the AUC. This, together with the determina-
tion of the plasma concentration of the prodrug at the
corresponding times, will give a better idea of the plasma
concentration profile of both substances and improve the
estimation of the colistin AUC. By comparing the achieved
plasma concentrations of colistin and CMS in patients
with and without ECMO, we can then estimate the pres-
ence and quantify the extent of adsorption of both agents
to the ECMO circuit material or other processes induced
by the ECMO circuit.

STUDY OBJECTIVES
The objective of this phase IV pharmacokinetic trial is to
assess the influence of ECMO on the pharmacokinetics
of colistin and CMS in critically ill adults and to propose
dosing guidance.

METHODS

Trial design

The COL-ECMO2022 is an investigator-initiated trial.
The COL-ECMO2022 clinical trial is a prospective,
non-randomised, open-label, single-centre, phase IV
pharmacokinetic clinical trial that has been started in
September 2022, The COL-ECMO2022 study plans to
include 30 participants with or without ECMO support
receiving CMS as part of the standard medical care.
The indication, dosage and duration of colistin admin-
istration are, therefore, entirely within the discretion of
the attending physician. These study participants will be
consecutively assigned to two groups until the planned
number of participants: ECMO and non-ECMO, in a 1:1
ratio depending on their actal need for ECMO support.
Both groups are treated by intravenous CMS at standard,
approved dosing. The influence of ECMO on CMS and
colistin pharmacokinetics will be assessed by comparing
the pharmacokinetic endpoints of the siudy. Study
subjects will participate in the clinical trial for up to three
monitored CMS dosing intervals

Study setting

The principal investigator and St. Anne’s University
Hospital Brno, the coordinating and only recruiting
centre for the study, are responsible for the education
and training of research staff, tracking participants’
enrolment, mathematical analysis, monitoring, pharma-
covigilance, data management and reporting of the study.

Department of Pharmacology, Faculty of Medicine and
Deniistry, Palacky University in Olomouc, is responsible
for a qualitative and quantitative analysis of colistin and
CMS in blood samples by liquid chromatography and
mass spectrometry (LC-MS) determination.

Creatinine clearance from urine collection reflecting
the observed interval(s) after colistin administration will
be determined by the Department of Clinical Biochem-
istry, St. Anne’s University Hospital Brno.

Study population

Inclusion criteria

All consecutive patients will be included in the clinical

trial if they meet all of the following criteria:

1. Age =18 years.

2. Men and women (with a negative pregnancy test prior
to sindy enrolment in women of childbearing poten-
tial).

3. Hospitalised at the Department of Anaesthesiology and
Intensive Care, 5t. Anne’s University Hospital Brno.

4. Indication for parenteral colistin (administered as
CMS) as a part of standard medical care, that is, in pa-
tients with severe bacterial infection.
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5. Informed consent was given. In unconscious patients,
the study investigator will decide whether to include
the patient in the siudy considering all individual risks.

Additional inclusion criterion
For some patients (15 participants expected), in addition
to all the criteria listed in the Inclusion criteria section,
the following inclusion criterion is provided:

1. ECMO support is needed as part of standard therapy
for severe respiratory failure.

Exclusion criteria

A patient must not be included in the clinical trial if he/

she meets any of the following criteria:

1. Pregnancy.

2. Breast feeding.

3. Refusal to give informed consent (primarily or after
regaining consciousness).

Who will take informed consent?

The study protocol, including the informed consent, was
reviewed and approved by the Institutional Review Board
of the site (Ethics Commitiee of St. Anne'’s University
Hospital Brno) and by the National Regulatory Authority
(NRA) (The State Institute of Drug Control). A trained
study investigator describes the study to patients. Patients
will receive written information about the study as well
(see online data supplemental 1). The investigator will
discuss with patients the design and characteristics of the
study, potential benefits, and risks based on the written
information provided to the participant. The investigator
obtains written informed consent from patients willing
to participate in the trial. If a patient is unable to give
informed consent due to his/her medical condition (eg,
unconsciousness), his/her ability to participate in the
study will be assessed by the investigator. In this case, the
Ethics Committee of St. Anne’s University Hospital Brno
will be informed of the patient’s inclusion. The investi-
gator will ask study participants in whom good quality
consciousness is restored to give subsequent informed
consent without unreasonable delay.

Sample size
We plan to include 15 study participants in each group
(ECMO and non-ECMO).

The sample size is difficult to calculate due to the signif-
icant variation of pharmacokinetic parameters among
published studies, the unknown effect of ECMO on phar-
macokinetics, and unknown interindividual variability.

If, at the time of completion of the planned recruit-
ment, a large number of patients has been monitored
for only one interval or there is a high frequency of
deviations from the sampling protocol, or sample loss/
damage is detected, the plan is to increase the sample
size or even extend the overall siudy duration. On the
other hand, colistin is a reserve and relatively toxic anti-
biotic. Therefore, there is only a limited number of suit-
able patients.

Interventions
The commencement of colistin therapy is the respon-
sibility of an attending physician. Colistin will be given
as CMS intravenously via the central venous catheter at
the approved dosage: a loading dose of 9 million inter-
national units (MIU) over 30 min followed by a mainte-
nance dose of 4.5 MIU over 30 min every 12 hours. There
is a protocol for dose reduction in patients with impaired
renal function, including patients treated with intermit-
tent haemodialysis. The dosing interval is reduced o
8hours, and the loading dose is increased to 12 MIU in
patients requiring continuous renal replacement therapy
(CRRT). The dosage strictly follows the local guideline
proposed on the international guide]ines.’"' Y The protocol
for colistin dosage applicable at the study site is in online
data supplemental 2: Colistin dosage local protocol.

The diagram presenting the course of the study is
depicted in figure 1.

Visit 1: screening: patient selection phase

Patients meeting the inclusion criteria will be screened if
not meeting any of the exclusion criteria. A urine preg-
nancy test will be performed on women of childbearing
potential. The patient will be offered participation in
the clinical trial and interviewed by the investigator, who
clearly explains the purpose, design, benefits and risks of
the trial. If the patient agrees to participate in the clin-
ical trial, he/she will give informed consent. Afier signing
the informed consent form, the patients will be recruited
for this study and distributed to ECMO or non-ECMO
groups according to their actal need for ECMO support.
For patients unable to give informed consent, an interim
informed consent will be signed by the investigator.

Visit 2 (visits 3 and 4 if colistin therapy continues):
pharmacokinetics (blood samples collection)

Atotal of four (three in case of CRRT) blood samples will
be taken during each monitored dosing interval. Based on
the blood sample volume of 5mL, up to 20mL of blood
will be drawn from the patient per monitored dosing
interval. The timing of blood samples is summarised in
figure 2.

Blood samples will be taken from the arterial cath-
eter, routinely placed in critically ill patients in intensive
care unit. This will minimise blood loss and requires
no further interference with the physical integrity of
enrolled patients. The sample timing is precisely defined
according to the start of the CMS infusion. A 12-hour
urine collection will be performed during the monitored
dosing interval to determine the creatinine clearance.

Blood samples will be preanalytically processed (centrif-
ugation, freezing and storing separated plasma at -80°C).

The last blood sample collection in the third moni-
tored interval is the last intervention in the study for an
individual patient and is the time of termination of the
patient’s participation in the clinical trial. This last inter-
vention corresponds with blood sampling at 7hours and
A0 min after starting CMS infusion in CRRT patients and
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Screening (inclusion and exclusion criteria)

v

I

with ECMOsupport | [ without ECMO support
v v

Optional: CMS intravenous administration

(one or more unmonitored intervals)
) ¥

l

CMS intravenous administration (15t monitored interval)

v v

Blood sampling. Creatinine clearance.
v

CMS intravenous adinistration (one or more unmonitored

intervals)
¥ v
| CMS intravenous administration (2 monitored interval) |
) v

Blood sampling. Creatinine clearance.

¥
CMS intravenous administration (one or more unmonitored
intervals)

v v

CMS intravenous administration (3" monitored interval)

v v

Blood sampling. Creatinine clearance.

v v

End of study

v

v
CMS intravenous administration (one or more unmonitored
intervals)

Figure 1 Trial schema for COL-ECMO2022 study. CMS, colistin methanesulfonate; ECMO, extracorporeal membrane

oxygenation.

Patients without CRRT

of T o]

30 min 2 hours 6 hours 11 hours

50 min
Patients with CRRT

ef T I

30 min 2 hours 7 hours
50 min

Figure 2 Blood sampling schedule for COL-ECMD2022 study. Arrows indicate blood sampling time peints. CRRT, continuous

renal replacement therapy; D, administration of CMS dose as a 30 min intravenous infusion.
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Table 1 Participant timeline for COL-ECM02022 study

Visit 1 Visit 2 Visit 3* Visit 4*
Screening First monitored Second monitored Third monitored
interval interval interval
Inclusion/exclusion criteria X
Urine pregnancy test in women of childbearing potential X
Informed consent X
CMS intravenous administration over 30 min X X X
Pharmacokinetic blood samples X X X
12-hour urine collection for creatinine clearancet X X X

*Only if CMS therapy continues (optional visit), maximum of three dosing intervals per subject.

1Only in a patient with urine output of more than 500mL per day.
CMS, colistin methanesulfonate.

at 11 hours and 50min after starting CMS infusion in
patients without CRRT. CMS therapy can continue.

Participant timeline

The enrolment, intervention and visits schedule is
summarised in table 1. The duration of the study partici-
pation for each subject is a maximum of three monitored
dosing intervals.

Criteria for discontinuing or modifying allocated interventions

The trial participant has the right to terminate participa-

tion in this clinical trial at any time, for any reason or

without stating it.
The investigator must:

» Instruct the participant on the right to early termina-
tion of participation.

» Inform him/her that the termination of participa-
tion would not affect the physician’s approach, the
method of further treatment or its quality.

»  Ask him/her to discuss this decision with the investi-
gator in advance.

» State in the records the date of early termination of
the patient’s participation and the reason, if known.

Other reasons for the early termination of the subject’s
participation include:

» The investigator’s decision that further patient
involvement is not in the patient’s best interests.

» Pregnancy of a patient participating in the clinical
trial.

» Termination of the study by a decision of the sponsor
or the regulatory authority.

» Discontinuation of colistin therapy at the discretion
of the attending physician before completion of the
third monitored dosing interval.

Outcomes

Since the efficacy of colistin is dependent on the AUC,
colistin average steady-state concentration (C_ ) is the
main objective. A difference between ECMO and non-
ECMO patients larger than 25% is considered clinically
significant. The toxicity correlates with colistin minimum
plasma concentration. The endpoints are the following

pharmacokinetic parameters: C T . C VAUC, WV,

max® " max® - rough d
clearance and intercompartment clearance of CMS and
colistin.

Patient and public involvement
None.

Data collection and management

Plans for assessment and collection of outcomes

The study will collect demographic and baseline char-
acteristics from medical records and electronic medical
records, including age, gender, ECMO support and base-
line characteristics such as body weight, body height
Concomitant inhalation CMS and laboratory resulis
will be documented in the paper medical records and
entered by the trial investigator in the paper case report
form (CRF).

Data management

The study data will be collected from medical records and
manually entered into the paper CRF. The study team
members will have access to the patients’ medical records.
The investigators will be responsible for screening
patients, obtaining informed consent, collecting study
data and entering it into the CRF. Once recruitment
is complete and the last intervention in the study is
performed, pseudonymised data from the paper CRFs
will be digitised into an Excel worksheet and formatted
for use in pharmacokinetic software. Data will be digitally
submitted for statistical processing as well. The statisti-
cian will analyse the siudy data in cooperation with the
principal investigator. The data will be stored for 15 years
after the completion of the study and then destroyed. To
promote data quality, the CRFs of each participant will
be reviewed by another member of the study team as a
monitor.

Confidentiality

All study-related information will be stored securely at
the study site. All participant information will be stored
in locked file cabinets in areas with limited access. Forms,
lists, loghooks, appointment books and any other listings

Suk P, et al. BMJ Open 2023,13:2071649. doi:10.1136/bmjopen-2023-071649
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that link participant ID numbers to add identifying infor-
mation will be stored in a separate locked file in an area
with limited access.

STATISTICAL METHODS

A population pharmacokinetic model will be developed
based on measured plasma levels of CMS and colistin.
A nondinear mixed-effects model will be used for the
calculation of population pharmacokinetic parameters.
To improve the model fit, the following variables will be
evaluated as covariates: ECMO therapy, creatinine clear-
ance, renal replacement therapy, actual or adjusted body
weight, and age. A difference of at least 25% between the
ECMO and non-ECMO groups will be considered clini-
cally significant.

The Shapiro-Wilk test will be used to evaluate the
normal distribution. Student’s test or Mann-Whitney
U test will be used for comparisons as appropriate. Data
will be presented as means=SD or median (IQR); p values
<0.05will be considered statistically significant. Statistica
software V.14.0 (TIBCO Software, U.S.A.) will be used for
statistical analysis.

ETHICS AND DISSEMINATION

This protocol and the template informed consent form
were reviewed and approved by the Ethical Committee
of the University Hospital St. Anne’s Brno (Number
10ML/2022-AM on 13 July 2022) with respect to the scien-
tific content and compliance with applicable research
and human subject regulations. Any new protocol modifi-
cations will be sent for review by the ethics committee and
will be amended at the clinical trial regisiry. Informed
consent will be obtained from all participants prior to
enrolment in the study. In unconscious patients, the
study investigator will decide whether to include the
patient in the study after considering all individual risks.
In this case, the Ethics Committee of St. Anne’s Univer-
sity Hospital Brno will be informed of the patient’s inclu-
sion. The investigator will ask study participants in whom
good quality consciousness is restored to give subsequent
informed consent without unreasonable delay.

We intend to submit the results of the siudy to be
published in a peerreviewed international medical
journal and disseminate them to academic and health-
care professionals via presentations at conferences.

EudraCT Number of the study is 2022-000291-19 regis-
tered on 21 June 2022, Study registered at the Clinical
Trials register htips:// clinicaltrials.gov/ ct2 /show/
NCT05542446 on 15 September 2022,

DISCUSSION

The COL-ECMO2022 trial is, as far as we know, the [irst of
its kind. Its resulis will provide new pharmacokinetic data
and a population pharmacokinetic model for critically ill
patients and refine colistin dosage in patients on ECMO.

However, several non-standard approaches in the meth-
odology deserve more detailed justification. The first
is the definition of inclusion criteria. It is not usual for
inclusion criteria to be the logical opposite ol exclusion
criteria and vice versa. In this protocol, pregnancy [ulfils
this condition and the reason for the wording is a require-
ment of the NRA and national legislation. According to
current national legislation, pregnant women can only be
enrolled in clinical trials of a therapeutic or preventive
nature directly aimed at the pregnancy or the unborn
fetus. This is also why pregnancy has been established as
an exclusion criterion despite being a standard-of-care
trial. The second relevant reason is that it is a pharma-
cokinetic study in a small sample of critically ill patients.
Pregnancy leads to significant changes in drug pharma-
cokinetics, which would lead to undesirable bias in the
parameters obtained.

Another unusual practice is the inclusion by the investi-
gator of a patient unable to consent to participate in the
trial. The inclusion of unconscious patients in the trial is
a touchy ethical issue on which the responsible institu-
tional review board and the NRA had difficulty finding
consensus when reviewing this trial. The usual practice
of obtaining consent from a legally authorised repre-
sentative, a close person or a pair of an independent
physician with an independent witness was unaccept-
able. A compromise acceptable to both institutions was
the procedure described above, whereby the principal
investigator decides independently on the inclusion of
the patient and informs the institutional review board ex
post. Given the nature of the study, a waiver of informed
consent would have been possible in many cases. And this
is perhaps the reason why the procedure described above
was finally acceptable. Notably, the process would likely
be different if the study had been submitted under the
new regulation; however, the first submission was made
before the entry into force of Reg. (EU) 536/2014.

The next questions concern patients on CRRT.
The first is the differentiation of colistin adsorp-
ton to the ECMO circuit and the CRRT circuit in
ECMO+CRRT patients. Adsorption to the haemofilter
is a known phenomenon that we consider in the dosing
frequency. Thus, non-ECMO+CRRT patients will be the
maost appropriate comparison group to quantify adsorp-
tion to ECMO in those patients. For the other patient
groups (ECMO+CRRTvs ECMO+nonCRRT vs non-
ECMO+non CRRT), the predictive value will only be in
comparing trough concentrations between groups and
concentrations taken at 30 min after the start of the infu-
sion in particular groups. However, CRRT will be a binary
covariate for the pharmacokinetic analysis, similar to
ECMO. Hence, we should be able to distinguish the effect
of either extracorporeal method on colistin pharmaco-
kinetics. The second issue related to patients on CRRT
is how creatinine clearance is determined. I patients
are oliguric, we do not plan to collect urine (see note
in table 1), given the limited significance of this value.
Creatinine clearance, necessary for the construction of
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the population pharmacokinetic model, will be set to an
average value of 30mL,/min, recognising the slight vari-
ability depending on the individual CRRT setting. We
do not expect a high proportion of patients on CRRT in
this study. However, we did not primarily want to exclude
them from the study, even at the risk of bias that their
pharmacokinetic parameters may introduce.

Several methodological limitations of this smdy can
affect the outcomes negatively: anticipated sample size,
implemented limited sampling strategy, CMS adminis-
tration per standard medical care which the investigator
cannot modify. First, the sample size was estimated based
on pilot data to make the study feasible. The pilot data
were collected during the COVID-19 pandemic when
the patient profile differed from the routine. Following
this, we chose a more conservative and stll feasible target
number of subjects. Second, since this is a standard-of-
care trial, we implemented a limited sampling strategy
to minimise patient burden and interference between
study procedures and routine care. We also took into
account the data published by Kim el al' The trough
and concentration at 2hours after initiation of the 30 min
infusion showed the highest correlation with AUC. Third,
although colistin dosing is not a study procedure and is
subject to routine medical care, it respects local and inter-
national guidelines. The actual dosage is recorded in the
CRFE. As a result, a reliable and transferable population
pharmacokinetic model can be constructed.

TRIAL STATUS
Trial sponsor: St. Anne’s University Hospital in Brno,
Pekaiska 664,53, 656 91 Brno, Czech Republic

Protocol version 1.2, dated 25 May 2022. The recruit-
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in December 2023,
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3.5 Zmény farmakokinetiky kolistinu u kriticky nemocnych vlivem
extrakorporalni membranoveé oxygenace: vysledky studie COL-
ECM0O2022

Citace:

Suk P, Rychlitkova ], Sou¢kova L, Kubi¢kova V, Sima M, Sitina M, Urbanek K, Sramek V.
Changes of colistin pharmacokinetics in critically ill patients due to the extracorporeal
membrane oxygenation: results of the COL-ECM02022 trial. International Journal
of Antimicrobial Agents. 2025 Jul 29;66(5).

Komentar:

Klinické hodnoceni COL-ECM02022 probé&hlo v jednom centru v Ceské republice.
Klinické hodnoceni bylo realizovano v souladu s dfive publikovanym protokolem, stu-
die byla priibéZné monitorovana dle planu. V priibéhu studie nebyly hlaSeny zadné za-
vazné nezadouci prihody. Ze strany zadavatele, ani regula¢nich autorit nebyly prove-
deny zadné zasahy do priibéhu studie.

Celkem bylo do studie zarazeno 18 ucastnikii. Do analyzy bylo zahrnuto
144 vzorki CMS a 153 vzorki kolistinu. Priimérné bylo monitorovano 2,5 davkovaciho
intervalu na tucastnika. U 11 ucastnikdi byl monitorovan prvni davkovaci interval
(tj. po podani nasycovaci davky). Celkem 26 monitorovanych intervali splnilo nami
definované podminky ustaleného stavu (steady-state).

Individualni plazmatické koncentrace byly zpracovany, resp. porovnany tremi
metodami - standardnimi farmakokinetickymi vypocty vjednokompartmentovém
modelu, populac¢nim farmakokinetickym modelovanim s Monte Carlo simulaci a line-
arnim smiSenym regresnim modelem - tak, abychom minimalizovali dopady omezenti,
které kazda z metod ma. V ramci deskriptivniho pristupu jsme diky komplexni farma-
kokinetice kolistinu, pragmatické strategii vzorkovani a charakteru jeho koncen-
tracné-casovych krivek nebyli schopni vypocitat nékteré farmakokinetické parametry.
Toto umozinoval pouze popula¢ni farmakokineticky model. Jeho nevyhodou je to,
Ze neni schopen pracovat s vyvojem stavu pacienta v ¢ase. V naSem pripadé predevsim
s vyvojem clearance kreatininu jako identifikovanou kovariatou. V populacnim farma-
kokinetickém modelu pracujeme s medidnem clearance kreatininu. Tuto limitaci pre-
konava linearni smiSeny regresni model.

VSemi metodami jsme dospéli ke stejnému zavéru - ECMO vyznamné neovliviiuje
farmakokinetiku kolistinu. Pfi podrobnéjSim pohledu jsou sice rozdily pritomné - clea-
rance CMS i distribu¢ni objem CMS jsou u pacient na ECMO vyssi, median cavess CMS
a kolistinu byl u pacienti s ECMO nizsi neZ u pacienti bez ECMO - nedosahuji ale sta-
tistické vyznamnosti ani stanovené hranice klinické relevance. Linearni smiSeny re-
gresni model potvrzuje, Ze ECMO sniZuje koncentrace CMS a vyslovuje i teorii, jakym
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zplsobem. U pacientii na ECMO neni tieba Zadnych tprav davek oproti skupiné
bez této podpory.

Je ale zfejmé, Ze celkova expozice kolistinu je v nasi populaci vyssi, a to navzdory
pouziti standardniho davkovani CMS. K podobnému zavéru jsme dosli jiz u prvnich
dvou pacientti (viz prvni komentovana prace). Clearance kreatininu je vyznamnou ko-
variatou clearance CMS. Pri rendlni dysfunkci clearance CMS klesa a expozice in vivo
formulovanému kolistinu pochopitelné roste. S pomoci popula¢cniho modelu a Monte
Carlo simulace jsme navrhli novy zpisob davkovani odstupniovany dle miry sniZeni re-
nalnich funkci. Nejzajimavéjsi casti je jisté redukce vySe nasycovacich davek. S timto
postupem se u Kriticky nemocnych pacient obvykle nesetkavame s ohledem na ty-
pické zmény farmakokinetiky v této populaci. V pripadé kolistinu je ale situace jina -
je podavan jako prolécivo a mira konverze proléciva je nepiimo imérna rychlosti glo-
merularni filtrace. Myslenka individualizace nasycovaci davky byla podporena dalsi
publikovanou praci, a¢ jde jen o matematicky model.4*

Vysledky studie dale podtrhuji potfebu dostupnosti metody pro stanoveni kolis-
tinu v bézné praxi, tak abychom zajistili bezpecnost i ic¢innost terapie. Pomoci navrze-
ného davkovani zvySujeme pravdépodobnost dosaZeni cilové expozice, ale stale se po-
hybujeme pouze v hodnotach 28-40 % (pro srovnani pti davkovani dle SPC je to 19-
35 %). NasSe data zaroven nepotvrzuji, Ze by stanoveni CMS zptesnilo model. Metoda
pro stanoveni Kkolistinu validovana v Sirokém rozmezi koncentraci je dostacujici.

Vysledky této studie oteviraji prostor pro dalsi vyzkum: ovéreni navrZzeného dav-
kovani pri riznych stupnich renalni dysfunkce v klinické praxi, aktualizace davkovani
CMS u pacientti s RRT, zptresnéni a externi validace konstruovaného popula¢niho mo-
delu, ovéreni interference CMS a kolistinu s ECMO okruhy ex vivo. Na Grovni designu
klinického hodnoceni je na misté optimalizace a sjednoceni postupu ziskavani infor-
movaného souhlasu od ucastnikii v bezvédomi, ¢i z jiného diivodu aktualné neschop-
nych informovany souhlas udélit.

M{j podil na publikaci: podil na navrhu studie, projektovy management studie,
podil na sbéru klinickych dat, podil na zpracovani a analyze dat, podil na ptipravé ru-
kopisu, korekce rukopisu.
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Introduction: Colistin is recognized as the last-resort antibiotic for treating infections caused by
multidrug-resistant Gram-negative bacteria, especially in eritically ill patients. However, its interference
with the extracorporeal membrane oxygenation (ECMO) circuit may affect the achievement of therapeu-
tic targets. The COL-ECMO2022 study aimed to verify the interference of colistin and its prodrug colis-
timethanesulphonate (CMS) with ECMO.
Methods: A prospective pharmacokinetic phase IV study included critically ill adults in whom the par-
enteral colistin was part of standard medical care. A maximum of three dosing intervals were monitored
for each patient. CMS and colistin concentrations were measured by HPLC-MS. ECMO and non-ECMO pa-
tients were compared by average steady-state colistin concentration (Caye ), population pharmacoki netic
model (ECMO as a covarate), and linear mixed-effect model (LMEM).
Results:  Eighteen patients and 40 monitored dosing intervals were analyzed. Median Cygss was non-
significantly lower in 7 patients on ECMO (4.3 [3.5-6.3] mg/L) than in 11 non-ECMO patients (5.2 [4.2-
11.5) mgfL) (by 18%; P = 0.551). ECMO was not a significant covariate for any pharmacokinetic parameter
in the population PK model. Although LMEM proved significant adsorption of CMS on the ECMO circuit,
colistin concentrations were not significantly influenced.
Conclusion: Mo significant differences in colistin plasma concentrations were detected; therefore, CMS
dosage adjustment is unnecessary in patients on ECMO.

© 2025 Elsevier Ltd and International Society of Antimicmobial Chemot herapy. All rights are reserved,

including those for text and data mining, Al training, and similar technologies.

1. Introduction

Colistin is recognized as the last-resort antibiotic for treating in-
fections caused by multidrug-resistant Gram-negative bacteria, es
pedially in critically ill patients. Colistin is administered as an inac-
tive prodrug, sodium colistin methanesulphonate (CMS), an agent
with different pharmacokinetic (PK) properties. The comversion of
CMS to colistin is spontaneous and variable, resulting in a large
inter- and intraindividual variability in colistin plasma levels. The

* Corresponding author. Mailing address: Faculty of Medicine, Department of
FPharmacology, Kamenice 7535, Brno, 625 00, Czech Republic.
E-mail address: ry chlickova@med muni.cz (). Rychlitkova).

https: {{doiorg 10,1016 j.jantimicag 2025107582

limited number of validated population PK models further empha-
sizes the limits of predicting colistin plasma levels [1-3].

Interference of colistin with the extracorporeal membrane oxy-
genation (ECMO) circuit is a concern in critically ill patients. Al-
though colisin adsorption is improbable based on its PK and
physicochemical properties, adsorption on a polysulfone dialysis
membrane has been reported [4,5]. Real-life data on colistin and
ECMO interference are limited [6,7].

The objective of the COL-ECMO2022 study was to verify the in-
terference of CMS or colistin and the ECMO circuits by comparing
PK data between patients with and without ECMO support. More-
over, these data reflect some of the shortcomings of previous stud-
ies and enrich the limited body of knowledge on colistin pharma-
cokinetics in critically ill patients.

0524- 857900 2025 Elsevier Ltd and International Society of Antimicrobial Chemaotherapy. All rights are reserved, including those for text and data mining, Al training, and

similar technologies
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2. Methods
2.1. Study design and setting

The COL-ECM02022 trial, a prospective, non-randomized, open-
label, phase IV pharmacokinetic study, was performed in a single
center in the Czech Republic. The trial protocol has been published
before, and no significant changes occurred during the trial [8].
The trial was registered in the EudraCT database (2022-000291-19)
and the Clinical Trials Register (https:(/clinicaltrials.gov/ct2f show(
NCTO5542446), The Ethics Committee of 5t Anne's University Hos-
pital Brno (EC) approval was obtained (Number 10ML/2022-AM).
Written informed consent (IC) was obtained from all patients will-
ing to participate in the trial In those patients unable to give it due
to their medical conditions, the investigator assessed their ability
to participate in the study. In this case, the EC was informed of
the patient's inclusion. The investigator asked study participants,
to whom good quality consciousness was restored, to give subse-
quent IC without unreasonable delay. The study was conducted in
accordance with the principles of the Declaration of Helsinki.

2.2. Farticipants

Patients eligible for inclusion were adults (=18 years) hospital-
ized at the Department of Anaesthesiology and Intensive Care, 5t.
Anne's University Hospital Brno, in whom the intravenous colistin
was part of standard medical care. An additional inclusion crite-
rion applicable to only half of the planned participants was the
need for ECMO support as part of standard medical care. Pregnant
and breastfeeding patients and those who refused to give IC were
excluded from the trial

2.3. Extracorporeal crcuits

Getinge HLS Set Advanced 7.0 (oxygenator with a polymethyl
pentene membrane; surface area of 1.8 m?) was used in all ECMO-
supported patients. The prime volume is 600 mL, and the tubing
is made of polyvinylchloride. Continuous renal replacement ther-
apy (CRRT) was performed as continuous venovenous hemodialy-
sis with a dialyser Fresenius Ultraflux AV 10005 ({polysulfone mem-
brane, surface area of 1.8 m?), the blood flow rate of 100-
120 mL/min, and dialysate flow of 2000-2400 mL{h.

24. Interventions, blood sampling

All participants started with colistin therapy according to stan-
dard clinical practice; the commencement of colistin therapy was
the responsibility of the attending physician. Colistin was adminis
tered as CMS (Colomycin®, Teva Pharmaceuticals CR s.no, Prague)
intravenously at the approved dosage [9]. The dosing interval was
reduced to 8 hours, and the loading dose (LD} was increased to
12 MIU (960 mg) in patients requiring CRRT. Maintenance doses
(MDs) were reduced in patients with decreased creatinine clear
ance (CrCL). The dosage strictly follows the local guidelines pro-
posed by the international guidelines; the protocol for the colistin
dosage applicable at the study site was published earlier [8,10,11].

Blood sampling was carried out 30 minutes, 2 hours, 6 hours,
and 11 hours and 50 minutes after starting the infusion (at the 12-
hour dosing interval) or at 7 hours and 50 minutes instead of the
last two draws in the 8-hour interval, respectively. A maximum of
three intervals were monitored for each patient. For patients with
a urine output of =500 mL per day, a 12-hour urine collection was
performed to calculate CrCL reflecting the interval monitored. The
qualitative and quantitative analysis of the total colistin and CMS
concentrations in samples was conducted by the Department of

International Journa of Antimicrobial Agents 66 (2025) 107582

Pharmacology, Faculty of Medicine and Dentistry, Palacky Univer-
sity in Olomouc, using a validated LC-MS method [12]. Samples
were pre-analytically processed immediately after collection and
frozen at —70 to —80°C until analysis.

2.5, Outcomes

The primary outcome is the average steady-state concentra-
tion (Caygs5) of colistin reflecting the area under the plasma col-
istin concentration-time curve (AUC) in the ECMO and non- ECMO
groups. A difference of =25% between these groups is considered
to be of clinical significance. Further description of the pharma-
cokinetics and the influence of ECMO is based on a population PK
analysis and a linear mixed-effects regression model.

The following secondary outcomes were calculated: maximum
plasma concentration {Cyy ), ime to maximum plasma concen-
tration {Tyayx ), minimum plasma concentration ( Crpygy ) the 24-
hour area under the plasma concentration-time curve (AUCq 4
volume of distribution (Vy ), clearance (CL), half-life {Ty,) of both
(MS and colistin. )

2.6. Population pharmacokinetic analysis

Serum concentration-time profiles of both CMS and colistin
were analyzed using a nonlinear mixed-effects modeling method.
The model parameters were assumed to be log-normally dis-
tributed and estimated by maximum likelihood using the SAEM
(Stochastic Approximation Expectation Maximization) algorithm
within Monolix Suite software version 2021R2 (Lixoft SAS, Antony,
France). GraphPad Prism software version 8.21 {GraphPad Inc, La
Jolla, CA, USA) was used to compare ECMO and non-ECMO pa-
tients. Details on the structural model, covariates tested, and ad-
equacy evaluation are described in the Supplementary materials.

2.7. Monte carlo simulations

Monte Carlo simulations based on the final population PK
model were performed to generate the theoretical distribution of
concentration-time profiles and colistin AUCy_ during the first 7
days of treatment after administration of various dosing regimens
using Simulx version 2021 (Lixoft SAS, Antony, France)] Further
details on the dosing regimens tested and the probability of tar
get attainment (PTA) are in the Supplementary materials. Colistin
AU 44 of 50-100 mgh/L was elected as an optimal PK/PD target
[11]. The Department of Pharmacology, First Faculty of Medicine,
Charles University and the General University Hospital in Prague
constructed the population PK model and performed the Monte
Carlo simulations.

2.8. Linear mixed-effects regression model

A PK model was adopted and modified to describe the pharma-
cokinetics of CMS and colistin [13,14]. The model considers several
mechanisms by which ECMO may affect the pharmacokinetics of
CMS or colistin, including the direct effect on CMS, which indi-
rectly affects colistin concentration, and the direct effect on col-
istin. Details of the model and its derivation are described in the
Supplementary material. The International Clinical Research Center,
St. Anne's University Hospital Brno, constructed the linear mixed-
effects regression model.

2.9. Caleulations and Statistics
Data are presented as means + standard deviation (SD) or

median (interquartile range, IQR); p-values <0.05 are considered
statistically significant. Continuous parameters were tested for
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Table 1
Characteristics of study partici pants
All patients ECMO without ECMO P-value
Fatients | monitwred doses (n) 18 | 40 7116 1124
Age (years) 61 (37-69) 43 (35-61) 68 (54-70) 0.101
S (maleg'females) 16 2 611 101 1.000
Height (cm) 176 £ 7 177+ 89 175+ 6 0.562
Weight (kg) 1023 + 214 1141 + 21.4 94.8 + 185 0.059
CRRT 1 patient | 2 1 patient | 2 none
manitored doses monitored doses
Monitored doses (n) 3 doses to & patients 3 doses to 3 patients 3 doses to 5 patients
2 doses to 6 patients 2 doses o 3 patients 2 deses to 3 patients
1 dose o 4 patients 1 dose to 1 patient 1 dose to 3 patients
Mean CrCL 1,70 (077-2.27) 202 (1.65-2.08) 1.2 (D89-2.16) 0.481

(mUmin/173 m*)

CrCl, creatinine clearance; CRRT, continuous renal replacement therapy: ECMO, extracorporeal membrane oxygenation.

normality using the Shapiro-Wilk test; Student t-test or Mann-
Whitney U test were used for comparisons as appropriate. Fisher's
Exact test was used to compare binary variables.

The area under the plasma concentration-time curve over the
dosing interval (AUGy_; ) was calculated using the trapezoid rule;
Cavess was calculated as AUCy_; divided by the dosing interval. All
the following criteria were used to define the steady-state dose: at
least the 3 dose, no change in dosage, no significant changes in
CrCL or plasma creatinine levels (monitored daily), CRRT and ECMO
were not initiated or terminated. CMS elimination half-life was cal-
culated from the descendant part of the time-concentration curve
using linear regression with log transformation.

3. Results

Eighteen patients were recruited for the study. Their baseline
characteristics are reported in Table 1. Except for one patient on
CRRT, all patients received a CMS LD of 9 MIU (720 mg) intra-
venously over 30 minutes. The first MD of CMS 45 MIU (360 mg)
given intravenously over 30 minutes was started 12 hours after the
LD in 16 patients and continued 12-hourly in all of them. One pa-
tient having CRRT was given the LD of 12 MIU of CMS over 30 min-
utes, and the MDs of 4.5 MIU 8-hourly were started 8 hours after
the LD. One patient with a reduced CrCL received reduced MDs of
3 MIU of CMS 12-hourly beginning 12 hours after the standard 9
MIU-LD. ECMO support and/or CRRT were ongoing in all patients

Cave,ss of CMS

throughout all monitored intervals. All 7 patients on ECMO had a
veno-venous configuration.

3.1. Descriptive pharmacokinetics

A total of 144 CMS levels and 153 colistin levels were taken.
Individual total plasma concentrations of CMS and colistin are pre-
sented in Figures S1 and 52, respectively. A total of 40 monitored
intervals were analyzed, of which 26 met the criteria for the steady
state. Cave; ss of CMS and colistin in ECMO and non-ECMO patients
are presented in Fig. 1. The median Caygge of CMS in ECMO pa-
tients was nonsignificantly lower than in the non-ECMO group (by
40%; P = 0.421). Median colistin Cay 55 was nonsignificantly lower
in the ECMO cohort than in patients without ECMO support (by
18%; P = 0.551)

Cyax of CMS was observed as 601 (47.1-64.1) mg/L and
375 (31.0-45.8) mg/L following the administration of the LD and
MDs, respectively. CMS elimination was close to 1 order kinetics
(r*=0.968 [0.919-0.987]) with elimination half-life of 2.17 (1.69-
2.87) hours and clearance of 2.48 (1.68-287) Lih Crpaoycy of CMS
was 135 (0.46-1094) mgfl, while Cypayey of colistin was 4.25
(3.20-6.91) mg/L. Since the PK of colistin is complex without an
obvious peak on the time-concentration curve, only the population
PK model was able to calculate the other colistin PK parameters.

Cavg, ss of colistin

20.04

17.54

15.04

12,51

mag
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7.5 1
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.t

non-ECMQ ECMO

non-ECMQ ECMO

Fig 1. Average plasma steady-state concentrations (Cacss) of CMS and colistin in patients with (ECMO) and without (non-ECMO) extracorporeal mem brane ooy genation.
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Fig. 2. Comparison of CMS pharmacokinetics (expressed as conditional mode per
individual) based on the popul ation PK model - dearance (ClLg) and volume of dis-
tribution (V) - in patents treated with (ECMO) or without (non-BECMO) extracor
poreal membrane oxyzenaton.

3.2, Population pharmacokinetic model

A one-compartment model with linear elimination kinetics for
both parent drug and metabolite, and unidirectional transforma-
tion from parent drug to metabolite best fited CMS and colistin
concentration-time data. A combined error model was the most
accurate for the description of residual variability. The PK model
was parametrized in terms of Vj, parent drug clearance, metabolite
clearance, and parent drug-metabolite transfer rate constant. Pre-
liminary graphical assessment showed only a strong relationship
between CLp and CrCL, whereas the other features tested as po-
tential covariates (including ECMO) were without statistical signifi-
cance. Comparison between CMS PK parameters (expressed as con-
ditional mode per individual) in patients treated with and without
ECMO is presented in Fig. 2. The final equations describing the re-
lationships between PK parameters and their covariates, population
PK estimates, and bootstrap results in the final population model
are summarized in the Supplementary materials.

3.3. Monte Carlo simulations

Results of the Monte Carlo simulations are in the Supplemen-
tary materials. The newly proposed CrCL-scaled dosing led to a no-
table enhancement in PTA

34. Linear mixed-effects regression model

Mo significant effect of ECMO on the pharmacokinetics of CMS
in a concentration-dependent manner was demonstrated. However,
the effect of ECMO was significant in both removing a constant
percentage (for all dose types together and MD) and a constant
amount of CMS (for MD only). The study revealed no significant
direct effect of ECMO on the pharmacokinetics of colistin. See de-
tails in Table 53.

4. Discussion

The COL-ECMO2022 trial provides insight into the colistin phar-
macokinetics in critically ill patients and offers the first system-
atically collected data on its interference with ECMO. Three ap-
proaches to comparing ECMO and non-ECMO groups were em-
ployed here to mitigate the limitations inherent in each method.
Although both models proved higher CMS clearance, the effect
of ECMO on plasma colistin levels is limited. Consequently, CMS
dosage does not require adjustments for ECMO patients.

International journal of Antimicrobial Agents 66 (2025) 107582

We observed high colistin AUCs, both after the LD and at a
steady state, despite using the approved dosage. Our data suggest
the need for greater MDs reductions than indicated by the sum-
mary of product characteristics or guidelines [9-11], as well as for
the LD reduction in patients with renal dysfunction In the criti-
cally ill, reducing the antibiotics LD is not common due to induced
changes in pharmacokinetics [15]. However, colistin is adminis
tered as a prodrug. The quantity of colistin formed is inversely pro-
portional to the CMS clearance. Thus, it appears essential to con-
sider renal function as the primary elimination pathway of CMS,
together with Vy and the target colistin plasma concentration. The
idea of adjusting the LD according to CrCL is also mentioned by
Gontijo et al. [16].

Unlike the mathematical model published[16], our proposed
dosage maintains a constant interval of 12 hours between the LD
and the first MD and between MDs. Given the estimated colistin
biological half-life, a 24-hour dosing interval might also be consid-
ered. However, in addition to pragmatic reasons (uniformity of 12-
hourly dosing), we see a shorter dosing interval more appropriate
for such a variable population. A continuous CMS infusion seems
unreasonable given the minimal fluctuation in plasma colistin con-
centrations.

Our results confirm that CMS determination does not produce a
more accurate estimation of colistin concentration and that CrCL is
a significant covariate [2]. Due to a massive variability in colistin
pharmacokinetics, therapeutic drug monitoring remains the only
way to ensure colistin concentrations are within the target range
[2,11,17]. Unfortunately, confirmation of the relationship between
plasma concentration and clinical outcome is lacking. A systemnatic
review and meta-analysis showed no difference in Cyygss achieved
in the clinical cure and clinical failure groups [18]. Similar uncer-
tainty exists on the safety side: Cpyg 55 was not statistically differ-
ent in patients with and without nephrotoxicity |15].

Our drug concentrations are reliable in terms of the analyt-
cal method specificity and possible extracorporeal CMS corversion
[15]. Spontaneous hydrolysis may increase colistin concentrations
and alter the calculated biological half-life. However, our estimated
biological half-life of colistin (approximately 11 hours) aligns with
previously published data [3,15,19,20]. Thus, the comparability of
our results with studies using other CMS-containing products from
other manufacturers should not be compromised.

5. Study limitations

We decided to implement a pragmatic sampling strategy. On
average, we monitored 2.5 intervals per patient; the first interval
(after the LD} was monitored in 11 of 18 patients. Moreover, 26 of
29 monitored MDs were at a steady state.

As  demonstrated in Figure 52, the colistin  plasma
concentration-time curves are flat without an evident peak.
The sampling strategy used does not allow for a reliable esti-
mation of Gyay and Tyy: however, these parameters have low
clinical significance.

The population PK model utilized in this study cannot incorpo-
rate the variability of CrCL over time in a single patient Only the
median CrCL was used for the model. A linear mixed-effects re-
gression model was employed to overcome this limitation, with a
similar conclusion.

Since this was a PK study, monitoring of colistin toxicity and
clinical effect was not employed. Plasma albumin and colistin free
fraction levels were not measured [2]. Given that the plasma pro-
tein binding of colistin is moderate, the use of total plasma con-
centrations (employed in most similar studies) should not result
in a significant bias Limited sample size and some differences in
patients’ characteristics between the ECMO and non-ECMO groups
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(e.g., CrCL) are potential limitations for the generalizability of the
study results.

6. Conclusion

A moderate increase in CMS clearance was observed in the
ECMO group, likely due to adsorption to the circuit; however, no
significant differences were detected in colistin plasma concen-
trations., CMS dosage adjustment is not required in patients on
ECMO.
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S1 Supplementary figures — individual plasma concentrations

Figure $1. Individual plasma concentrations of CMS during all monitored dosing intervals.
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Figure S2. Individual plasma concentrations of colistin during all monitored dosing intervals.
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S2 Population pharmacokinetic analysis
$2.1 Population pharmacokinetic analysis - methodology

For the structural model, a parent drug-metabolite model with unidirectional transformation from parent
drug to metabolite was used. One- and two-compartment models with first-order and Michaelis-Menten
elimination kinetics were tested. Log-normally distributed inter-individual variability terms with estimated
variance were tested on each PK parameter. Constant, proportional, and combined error models were
tested for the residual error model. The most appropriate model was selected based on the minimum
objective function value (OFV), adequacy of the goodness-of-fit (GOF) plots, and low relative standard
errors (R.S.E.) of the estimated PK parameters.

In the second step, age, body weight, height, and CrCL were tested as continuous covariates, while
gender, ECMO, and CRRT as categorical covariates of PK parameters. A preliminary graphical
assessment and univariate association using Pearson's correlation test of the effects of covariates on
estimated PK parameters was made. The covariates with P<0.05 were considered for the covariate
model. Afterward, a stepwise covarniate modeling procedure was performed. A decrease in OFV of more
than 3.84 points for model selection between nested models (P<0.05) was considered statistically
significant, assuming a y2-distribution. Additional criteria for model selection were reasonably low R.S.E.
values of the estimates of model parameters, physiological plausibility of the obtained parameter values
and the covariates found, and absence of bias in GOF plots.

The adequacy of the final population PK model was evaluated using GOF plots. Observed
concentrations were plotted against individual predictions, while the normalized prediction distribution
errors (NPDE) were plotted against the time and population predictions. A bootstrap analysis was
performed to evaluate the stability of the model. In this procedure, 250 replicates of the original data
were generated and the parameter estimates for each of the 250 samples were re-estimated using R
package Rsmix for Monolix Suite (Lixoft SAS, Antony, France) in the final model. The median and 95%
confidence intervals (Cl) obtained for each parameter estimated for bootstrap samples were compared
with the estimates in the final model.

$2.2 Population pharmacokinetic model — population PK estimates, bootstrap results in the
final population model, final equations

Table $1. Estimates of the final parent drug (colistin methanesulfonate) — metabolite (colistin)
population PK model and bootstrap results based on 250 simulations.

[ Final model [ Bootstrap analysis
Parameter | Estimate | RS.E. (%) [ Median (95% CI)
Fixed effects
Va pop (L) 10.96 7.71 10.69 (10.57-10.79)
ClLe_pop (L/h) 1.83 13.7 1.74 (1.68-1.78)
B_CLr_CrCL (Lh per 1 mU/s/1.73 m2) 0.33 205 0.35 (0.34-0.37)
CLw_pop (Lh) 0.32 22.1 0.31 (0.300.32)
Kew_pop () 0.025 16.6 0.025 (0.024-0.026)
Standard deviation of the random effects
Q Vg 0.21 30.2 0.17 (0.15-0.18)
Q CLe 0.29 21.9 0.25 (0.24-0.26)
Q Clm 0.71 234 0.70 (0.66-0.72)
Q Kem 0.58 209 0.54 (0.53-0.56)
Emor model parameters
Constant_parent drug 057 23.2 0.58 (0.57-0.60)
Proportional parent drug 0.36 9.01 0.36 {0.36-0.37)
Costant_metabolite 1.02 9.60 1.04 (1.02-1.06)
Proportional_metabolite 0.13 15.9 0.13 (0.12-0.13)

Vg — the volume of distribution; CLe — parent drug (colistin methanesulfonate) clearance; CLw — metabolite
(colistin) clearance; Kewm — parent drug-metabolite transfer rate constant; CrCL — creatinine clearance; Cl —
confidence interval; R.S.E. — relative standard error; pop — the typical value of the parameter; B — covariate effect
on parameter; O — standard deviation of the random effects
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The final equations describing the relationships between PK parameters and their covariates are
following (legend: parent drug clearance (CLr), metabolite clearance (CLwm) and parent drug-metabolite
transfer rate constant (Keum)):

- Vd=Vd_pop,

- CLp =CLp_pop X
- CLy = CLy_pop,

- Kpy = Kpy_pop,

eP-Clp CreLxereL

where pop represents a typical value of the parameter, B represents the covariate effect on the
parameter. This means that the typical value of PK parameters in the population is:

- Vd=1096L,
- CLp=183x e033xCreL Iy
- CLy=032L/h,

- Kpy =0.025h7%

The diagnostic GOF plots for the final covariate model did not indicate major deviations (Figure S3). As
shown in Table S1, the R.S.E. revealed that all PK parameters in the model were precisely estimated.
All median parameter values in the bootstrap procedure were consistent with the values obtained in the
final model fit, indicating the reliability of the parameter and the random-effect estimates.

Figure S3. Goodness-of-fit (GOF) plots: individual predictions against observed concentrations of
colistin methanesulfonate (A) and colistin (B), and normalized prediction distribution errors against time
and population predictions for colistin methanesulfonate (C) and colistin (D).
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$2.3MonteCarlo simulations

Monte Carlo simulations (250 replicates of the original dataset) based on the final population PK model
were performed to generate the theoretical distribution of concentration-time profiles and colistin AUCo
24 during the first 7 days of treatment after administration of various dosing regimens using Simulx
version 2021 (Lixoft SAS, Antony, France). The following dosing regimens were tested: unified dosing
according to Summary of Product Characteristics (SmPC), CrCL-scaled dosing according to SmPC, and
CrCL-scaled dosing proposed by Nation et al.’ Subsequently, the whole study population was stratified
according to CrCL as the only one covarate found (CrCL of <0.5, 0.5-1, 1-1.5, 1.5-2.13 and >2.13
mL/s/1.73 m32), and administration of various CMS dosing regimens was simulated in each
subpopulation. Colistin AUCgp—24 of 50-100 mg.h/L was elected as an optimal PK/PD target 2, and the
CMS dosing regimen showing the highest probability of target attainment (PTA) was identified for each
subpopulation.

Table 52 summarizes the PTA values of various dosing regimens and newly proposed CrCL-scaled
dosing based on the developed population PK model on the 1%, 3@ and 7" day of CMS therapy. Figure
54 shows simulated CMS and colistin concentration-time profiles after intravenous administration of
standard dosing regimens — an LD of 9 MIU followed by the MD of 3 MIU every 8 hours or 4.5 MIU every
12 hours given by 30 minutes intravenous infusion — using the Monte Carlo method.

Table $2. Probability of PK/PD target attainment of various dosing regimens.

AUCqg-24n of < 50/50=100/>100 mg.h/L

CrCL (mL/min) Dosing regimen (%; rounded to whole numbers)
Day 1 | Day 3 | Day 7

SmPC — unified dosing

LD 9 MIU + 4.5 MIU q12h 20/35/45 14/22/64 11/18/71

LD 9 MIU + 3 MIU g8h 16/33/51 13/21/66 11/18/71
SMPC — eGFR scaled dosing
<10 LD 9 MIU +1.75MIU g12h 7i28/64 19/21/60 21/22/57
10-30 LD 9 MIU +2.5 MIU g12h 0 0 0
30-50 LD 9 MIU +3.25 MIU g12h 9/30/61 B8/19/73 8MTIT5
=50 LD 9 MIU +4.5 MIU g12h 22/37i41 15/22/64 14/19/67
Total 20/35/45 14/21/64 13/19/67

eGFR scaled dosing proposed by Nation et al.

<10 LD 9 MIU +2.2 MIU g12h 7/28/65 13/21/66 14/21/64
10-20 LD 9 MIU + 2.43 MIU q12h 0 0 0

20-30 LD 9 MIU +2.65 MIU q12h 0 0 1]

3040 LD 9 MIU +2.95 MIU q12h 6/30/64 B8/19/74 8/18/74
40-50 LD 9 MIU + 3.33 MIU q12h B/36/56 10/19/71 10/19/71
50-60 LD 9 MIU + 3.7 MIU g12h 11/34/55 9/19/72 9/18/73
60-70 LD 9 MIU +4.18 MIU q12h 0 0 0

70-80 LD 9 MIU + 4.5 MIU g12h 12/42/47 T7122/72 T/20/73
8090 LD 9 MIU + 5.15 MIU q12h 0 0 0

>90 LD 9 MIU + 5.45 MIU q12h 25/37/39 13/20/67 12M18/71
Total 19/36/46 11/20/69 11/18/71

Newly proposed eGFR scaled dosing

<30 LD 4.5MIU + 1 MIU gq12h 35/44/21 38/34/29 39/32/29
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30-60 LD 5.5MIU + 1.3 MIU q12h 33/43/23 35/33/31 37/31/32
60-90 LD7 MIU + 1.6 MIU q12h 24/43/33 34/30/36 35/29/36
90-130 LD 9MIU +2.2 MIU q12h 22/40/38 30/29/41 31/28/41
> 130 LD 12 MIU + 3.4 MIU q12h 32/36/31 32/26/42 31/25/44
Total 29/40/31 33/30/37 33/28/38

AUCo-24 — 24-hours area under the colistin plasma concentration-time curve; CrCL — creatinine clearance; SmPC
— summary of product characteristics; LD — loading dose; MIU — million international units

Figure S4. Simulated serum concentration-time profiles of colistin methanesulfonate (A) and colistin (B)
after administration of standard dosing regimens — the loading dose of 9 MIU followed by the
maintenance dose of 3MIU every 8 hours or 4.5 MIU every 12 hours. The blue line represents the
median, and the blue bands represent percentiles (5—27.5%, 27.5-50%, 50-72.5%, and 72.5-95%) of
the 90% simulated concentrations distribution.
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S3 A linear mixed-effects regression model, a model of colistin pharmacokinetics

The model considers several mechanisms by which ECMO may affect the pharmacokinetics of CMS or
colistin, including the direct effect on CMS, which indirectly affects colistin concentration, and the direct
effect on colistin. Five possible options are considered — ECMO removes:

1. CMS in a concentration-dependent manner via first-order kinetics;
2. a constant percentage of the administered dose of CMS;

3. a constant amount of CMS from the administered dose of CMS;

4. colistin in a concentration-dependent manner via first-order kinetics;
5. a constant amount of colistin from the available colistin.

A multivariate linear equation was derived from the PK model for each of the five options, with one of
the varniables being the indicator variable for ECMO. The coefficients of the equation and their
significance were calculated using a linear mixed-effects regression model, with the use of the R
language function Ime from the nlme library. A subset of the vanables were specified as random effects,
with individual values for each patient. Repeat administrations for the same patient were also included
in the model. The syntax details in the R language of each model employed are provided in S3.3 part.

For each option, a regression model was constructed without and with the inclusion of ECMO as a
covariate. The two models were then compared using the ANOVA test. A significant difference between
the two models would indicate that ECMO affects the pharmacokinetics of CMS-colistin through a
particular mechanism. If two models corresponding to different mechanisms are directly comparable,
then the model that fits the data better (determined by lower AIC) is regarded as more accurate. In the
case where ECMO directly affects CMS, the resulting indirect reduction in colistin concentration is
calculated.

$3.1 Derivation of the linear mixed-effects regression model

The pharmacokinetics of colistin are schematically represented in Figure S5. The model is based on the
work of Fan et al. and Grégoire et al *# All eliminations and transformations are subject to first-order
kinetics. CMS is administered as a short intravenous infusion. CMS is eliminated non-renally with a
constant ko, renally proportional to creatinine clearance (k=.CrCl), and undergoes hydrolysis to colistin
with a constant k+. The only source of colistin is the hydrolysis of CMS. Colistin is eliminated non-renally
with a constant kz, and renally proportional to creatinine clearance (kr_co. CrCl). Both CMS and colistin
might also be eliminated by the ECMO circuit (ke, ke_cal).

Figure 55. A model of CMS and colistin pharmacokinetics

— K, P
CMS > colistin
k0 .. ..\\'-._\\ISE kZ / .kE_c0|
_ ‘ \ R | N
kexCrCl Kg co*CrCl
non-renal  renal by ECMO non-renal renal by ECMO
elimination of CMS elimination of colistin
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The impact of ECMO on the pharmacokinetics of CMS-colistin

The model considers several potential mechanisms through which ECMO may influence the
pharmacokinetics of CMS-colistin. Given that the pharmacokinetics of CMS is independent of colistin
concentration, it is possible to consider the impact of ECMO on CMS and the impact of ECMO on colistin
in isolation using two submodels.

Submodel for the impact on CMS

After all the aforementioned transformations have been incorporated (excluding the impact of ECMO),
the following differential equation is applicable to the concentration of CMS ([CMS]).
d[cMS i .
% = —ko[CMS] — kg.CrCl.[CMS] — k,[CMS] = — (kg + kg. CrCl + kq)[CMS] (1)

Three options are considered for the elimination of CMS by ECMO:

1. ECMO eliminates CMS in a concentration-dependent manner via first-order kinetics.
2. ECMO removes a constant percentage of the administered dose of CMS.
3. ECMO remaoves a constant amount of CMS from the administered dose of CMS.

1. CMS elimination through ECMO in a concentration-dependent manner

ECMO eliminates CMS via first-order kinetics proportional to the concentration of CMS with a constant
ke. After including the effect of ECMO), the equation (1) expands to

d[CMS]
dt

= —ko[€MS] — kg. CrClL. [CMS] — k1 [CMS] — kg. ECMO. [CMS]
= —(ko + kg.CrCl + k1 + kg. ECMO)[CMS]

The ECMO variable serves as an indicator variable, with ECMO = 1 and ECMO = 0 dencting the
presence and absence of ECMO, respectively.

Following the separation of variables and integration, we obtain
In[CMS] = In[CMS]y — (ko + k1)t — kg.CrCl.t — kg. ECMO. t

Henceforth, the sum kg + k, will be referred to as k. [CMS], denotes the initial CMS concentration of
CMS, which is equal

[cMS], =@

where D is the dose of CMS and V™" is the distribution volume of CMS. Therefore
In[CMS]y =InD — InVEMS
After substitution, we obtain the equation
In[CMS] = —InVEMS +InD — k.t — k. CrClt — kg. ECMO. t,
which is linear in time and the logarithm of CMS dose, with an intercept of —In V5.
In R language, the equation corresponds to the syntax
I(InCMS) ~ 1+ I(InD) + t + I(CrCl + t) + I(ECMO.1)

The intercept and the effect of time (constant k) are selected as random effects in the model,
corresponding to the individually different distribution volume of CMS and the individually different rate
of conversion of CMS to colistin.
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2. Removal of a constant percentage of the administered dose of CMS through ECMO

The ECMO removes a constant percentage of the administered dose of CMS (e.g., by adhesion to the
walls of ECMO), thereby reducing the effective administered dose in proportion to the administered
dose.

Let us denote the fraction of the administered dose of CMS that is not eliminated through the ECMO
as a (1-a is eliminated through the ECMO). Then, the effective dose of CMS is Deff = a.D, or In Deff =
In D + In a. After substituting in the Eq. (1) and its integration, we obtain

In[cMS] = —InVEMS + InD +Ina. ECMO — k.t — kg.CrCLt
In R language, the equation corresponds to the syntax
I(InCMS) ~1+I(InD)+ECMO +t+ I(CrCl+t)

The intercept and the effect of time (constant k) are selected as random effects in the model, as in the
previous model.

3. Removal of a constant amount of CMS from the administered dose of CMS through ECMO

The ECMO removes a constant amount of CMS from the administered dose of CMS (e.g., by adhesion
to the surface of the ECMO circuit), thereby reducing the effective administered dose independent of
the administered dose.

The direct integration of Equation (1) over a single dosing interval T, results in
T
f dICMS] = (k + ke. c;-ca).f [CMS).dt = (k + kp. CrCD). AUCcags
0

The AUCcys denotes the area under the curve of the CMS concentration over time.
The concentration of CMS can be expressed as

actual amount of CMS in the body
[CMs] = yCMs
d

As the data demonstrate that CMS is entirely eliminated prior to the administration of the subsequent
dose, the following integration can be performed.

D

VCM 5

1
f d[CMS] = @f d{actual amount of CMS in the body) = :

Therefore,
D =VEMS(k + kp. CrCl). AUCcys

The effect of ECMO is reflected by a reduction in the administered dose by the amount a, resulting in
an effective administered dose of D - a.ECMO. Thus, the final equation is given by

D =a.ECMO + k. VEMS AUCcys + kg-VEMS. Crel. AU Cops

10
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which is linear in AUC and ECMO. AUCgy; is calculated directly from the measured values of [CMS]
over time.

In R language, the equation corresponds to the syntax
D~—14+ECMO + AUCprpys + I1(CrCl + AUCpy5)
Submodel for the direct impact on colistin

The only source of colistin is the hydrolysis of CMS. Colistin is eliminated non-renally with the k2
constant and renally in proportion to creatinine clearance (kR_col CrCl).

After all the aforementioned transformations have been incorporated (excluding the impact of ECMO),
the following differential equation is applicable to the concentration of colistin ([colistin]).
d[colistin] o o
—Qa ky[CMS] — ky[colistin] — kg gop- CrCL. [colistin] (2)

With an integration over a single dosing interval T, we obtain
T T
fd[coiistfn] = kl[ [CMS).dt — (k; + kg,,,.CrCI) f [colistin].dt
0 0

The integral on the left side of the equation corresponds to the increase in colistin concentration during
a single dose interval, A[colistin]. Integrals on the right side correspond to the area under the CMS and
colistin curves during a single dose interval, AUCqy: @ AUC,,;.

Alcolistin] = ky. AUCgpys — (kp + kg, CrCl). AUC,,

AUCys and AUC,,, are calculated directly from the measured values of [CMS] and [colistin] over time.
The model does not directly include the administered dose of CMS (D), as this is already included in
AUC s

By adjusting the equation, we obtain a linear relationship between AUCqys and AUC,,,;.
Afcolistin]  k,

Jrl:Rf.‘cb
T + R—I.AUCCO; + k. L. Crel. AUC.o;

AUCrys =

The difference in colistin concentrations at the end and beginning of a single dosing interval (A[celistin])
is approximated by the difference in measured concentrations C11.8 and C0.5, i.e. A[colistin] = €11.8 —
€0.5. When the CMS is first administered, the initial colistin concentration is zero, and therefore
Alcolistin] = C11.8.

Two mechanisms are considered for the direct elimination of colistin by ECMO:

4. ECMO eliminates colistin in a concentration-dependent manner via first-order kinetics
5. ECMO removes a constant amount of colistin from the available colistin

4. Elimination of colistin through ECMOQ in a concentration-dependent manner

ECMO eliminates colistin via first-order kinetics proportional to the concentration of CMS with a constant
ke_coi. After including the effect of ECMO with equation (2) and integrating it, we obtain

Alcolistin]  k
[ 1 LR

k k
AUCops = AUC,o; + i“‘ .CrClAUC,,; + % ECMO. AUC,,,

ky 1 S 1

11
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In R language, the equation corresponds to the syntax

AUCgps~ — 14 1(C11.8 = C0.5) + AUC,o; + I(CrCl + AUC,,;) + [(ECMO * AUC,y;)

5. Removal of a constant amount of colistin from the available colistin through ECMO

ECMO removes a constant amount of colistin from the available amount of colistin, thereby reducing
the AUC,,, for colistin by the constant a. Consequently, the equation assumes the form
Afcolistin] ks

k
AUCcys = ————+ 3 (AUC, — @. ECMO) + % Crcl. (AUC,,; — a. ECMO)
1 1 1

After adjustment, we obtain the equation

}(2 kRoai
.CrCLAUC,,; —a|—=+—=2 crcl|.ECMO
ky o k

Alcolistin] ks kg
— S AUC, +
kl. kl col kl

AUCerys =

k| - - . .
The term (:—2+%.Cr61) prior to ECMO remains approximately constant Consequently, in R
1 1

language, the equation corresponds to the syntax

AUCeys~ — 1 +1(C11.8 — CO.5) + AUCeo; + I(CrCl * AUC.oy) + ECMO

$3.2 Calculation of the change in AUC of colistin due to the utilization of ECMO

The data demonstrate that ECMO has no direct impact on colistin elimination; however, it does reduce
AUC,,; through increased elimination of CMS, namely by reducing AUCgys. Furthermore, the data
indicate that the elimination of CMS by ECMO is not concentration-dependent, but rather that ECMO
removes a constant amount (or constant percentage) of CMS, as described by submodels 2 and 3 for
CMS.

The following calculation quantifies the impact of eliminating CMS via ECMO on the reduction of the
AUC,,;. Two variants are considered, corresponding to submodels 2 and 3 for CMS.

1) ECMO removes a constant amount from the administered dose of CMS
2) ECMO removes a constant percentage from the administered dose of CMS

1) For the case that ECMO removes a constant amount from the administered dose of CMS, the
following equation was derived in Appendix 1.

D =a.ECMO + k. VEMS AUCcys + kg. VEMS. Crel. AUCc s

For the sake of simplicity, we denote the constants preceding the variables as a, b, and c. Their values
were obtained by solving a linear regression model.

D=a.ECMO +b.AUC + c.CrCl. AUCgps
Hence,

D —a.ECMO

AUC, =
S b+ c.Crcl

Upon renaming the constants in equation (3) as d, e, f, and g, we obtain

12
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AUCgys = d.A[colistin] + e. AUC,p; + f. CrCL AUC,, — g. ECMO

After substituting into the previous equation and adjusting, we obtain

a
b+c.CrCl+g

.ECMO
e+ f.Crcl

AUCgq = cleny bez ECMO —

The subtraction of AUC_,; without and with ECMO provides an expression for the reduction in AUC,,;
attributable to ECMO.

a
sTeoatY
st - TEETLS

2) For the case that ECMO removes a constant percentage from the administered dose of CMS, the
following equation was derived in Appendix 1.

In[CMS] = —InVEMS +InD +Ina.ECMO — k.t — kg. CrCl ¢

Upon renaming the constants as a, b, ¢, d, and f and the elimination of the logarithms, we obtain

[CMS] —e a+bln D+c.ECM0I E,t.(’d+f.CrCI)

Upon integration over a single dosing interval T,

T

T
J‘ [C‘M‘S‘].dt — ea+b1nD+c.ECMO_J‘ er.(d+f.CrCE)dt
o o

we obtain an expression
E.,L:[+Z.'r1r|f.!+::.ECJ‘l-m

AUCoys = ——————.
M5 = d y f.orcl

(:eT.(d+f.CrCEJ _ 1}

The expression is substituted into the equation. After renaming the constants to g, h, i, and j and
expressing AUC,,,;, the resulting equation is

Avc. . — AUCgys — g-Alcolistin] — j.ECMO
cot ™ h+i.crcl

The subtraction of the terms for ECMO = 0 and ECMO = 1 yields an expression for the reduction in
AUC,,, attributable to ECMO, AAUC,,,;.

$3.3 Syntax of calculations of linear mixed-effects regression models

The following syntax was employed in calculating linear mixed-effects regression models in R-language,
utilizing the Ime function from the nime library.

1. model_without_ECMO = Ime(ConcLog ~ 1 + I(log(D}) + time + I(time*CrclI),
random = ~ 1 + time | ID_intemal data = CMSall, method = "ML")

model_with_ECMO = Ime(ConcLog ~ 1 + I(log(D)) + time + I(time*CrCl) + I(ime*ECMO),
random = ~ 1 + time | ID_internal,data = CMSall, method = "ML")

2. model_without ECMO = Ime{ConclLog ~ 1 + I(log(D)) + time + I(time*CrCl),
random = ~ 1 + time | ID_internal data = CMSall, method = "ML")

model_witht ECMO = Ime(ConcLog ~ 1 + I(log(D)) + time + I(time*CrCl) + ECMO ,
random = ~ 1 + time | ID_internal data = CMSall, method = "ML")

13

107



KOMENTOVANE PRACE

108

3. model_without ECMO = Ime(D ~ -1 + CMS_AUC + [(CrCI*CMS_AUC),
random = ~ -1 + CMS_AUC | xID, data = PS, method = "ML")
model_with ECMO _S_ECMO = Ime(D ~ -1 + ECMO + CMS_AUC + |(CICI"CMS_AUC),
random = ~ -1 + CMS_AUC | xID, data = PS, method = "ML")

4. model_without_ECMO = Ime(CMS_AUC ~ -1 + (C11.8 - C0.5) + col_AUC + I(col_AUG*CrCl),
random = ~ -1 + [{(C11.8 - C0.5) | xID,data = PS, method = "ML")
model_with_ECMO = Ime(CMS_AUC ~ -1+ I(C11.8 - C0.5) + col_AUC + I(col AUC*CrCl) +
I{col_AUC*ECMO), random = ~ -1 + |(C11.8 - C0.5) | xID,data = PS, method = "ML")

5. model_without ECMO = Ime(CMS_AUC ~ -1+ I(C11.8 - C0.5) + col AUC + I(col_AUG*CIClI),
random = ~ -1 + {C11.8 - C0.5) | xID.data = PS, method = "ML")
model_with_ECMO = Ime(CMS_AUC ~ -1 + I(C11.8 - C0.5) + col_AUC + I(col_AUG*CrCl) + ECMO,
random = ~ -1 + {C11.8 - C0.5) | xID,data = PS, method = "ML")

$3.4Linear mixed-effects regression model - results
The calculation was performed for all CMS administrations together and separately for the LD and MDs.

Table $3. Results of different models of CMS and colistin elimination by the ECMO circuit

administration |
all loading dose maintenance
doses
Elimination of CMS in a concentration-dependent manner |
Model comparison (p-value) [ 0.5518 [ 0.1586 [ 0.2323 |
Analysed plasma concentrations (n) [ 143 [ a3 | 100 |
Removal of a constant percentage of the administered dose of CMS
Model comparison (p-value) 0.0483 0.9772 0.0012
Removal of CMS through ECMO - - 40%
Analysed plasma concentrations (n) 143 43 100
Removal of a constant amount of CMS from the administered dose of CMS
Model comparison (p-value) 0.1099 0.3295 <0.0001
Removal of CMS through ECMO - - 36%
Analysed dosing intervals (n) 35 10 25
Elimination of colistin in a concentration-dependent manner
Model comparison p-value | 0.853 [ 0.4017 | 0939 |
Analysed dosing intervals (n) ES [ 10 | 25 |
Removal of a constant amount of colistin from the available colistin |
Model comparison (p-value) 0.7013 [ 0.1996 [ 0.6238 |
Analysed dosing intervals (n) 35 [ 10 [ 25 |
p-values were obtained from the ANOVA test comparing the regression model without and with the inclusion of

ECMO as a covariate.

In the case of removing a constant percentage of CMS, the effect of ECMO is significant for all
administrations, highly significant for repeated doses and non-significant for the LD. The model also
provides superior data fitting with a lower AIC compared to the previous concentration-dependent model.
For repeated doses, ECMO eliminates approximately 40% of the administered CMS dose. The effects
of both dose of CMS and creatinine clearance were highly significant (p-values 0.0027 and 0.0009,
respectively).

When the removal of a constant amount of CMS is considered, the effect of ECMO is non-significant for
all administrations and the LD but highly significant for repeated doses when ECMO eliminates
approximately 1.6 MIU of CMS per dosing interval, which corresponds to 36% of the usual administered
dose. The effects of both dose of CMS, reflected as AUC of CMS, and CrCL were highly significant (p-
values 0.0006 and 0.004, respectively).
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4 Zaver

Kolistin jako rezervni antibiotikum predstavuje jednu z limitovaného poctu alternativ
pro terapii infekci zptisobenych multirezistentnimi gram-negativnimi bakteriemi. Po-
tifeba pouzit dostate¢né vysoké davky pro dosazeni terapeutickych cilg, ale zaroven
uzké terapeutické rozmezi kolistinu a vysoka inter- a intraindividualni variabilita jeho
farmakokinetiky predevsim u kriticky nemocnych pacientt ztéZuji nalezeni rovnovahy
mezi benefitem 1é¢by a jejimi riziky. Cestu tak predstavuje terapeutické monitorovani
1éc¢iv (TDM).

V Gvodu této habilitacni prace byly zminény hlavni limity pro provadéni TDM ko-
listinu v klinické praxi. Byla to predevSim nedostupnost metody pro soubézné stano-
veni kolistinu a CMS v CR, omezené mnoZstvi stabilitnich dat kolistinu a CMS v pod-
minkach reflektujicich béZné preanalytické zpracovani vzorku, absence popula¢niho
farmakokinetického modelu pro Kkriticky nemocné. Komentované publikace zahrnuté
do této habilita¢ni prace poskytuji data, ktera tyto limity odstratiuji.

Podarilo se zavést spolehlivou, rychlou a levnou metodu umoziujici stanoveni
obou léciv soucasné. Na druhé strané z vysledki klinické studie COL-ECM02022 nevy-
plyva, Ze by znalost plazmatické koncentrace CMS zptesnila prediktivni schopnost po-
pula¢niho modelu. V ramci TDM v béZné praxi tedy bude postacovat stanoveni plazma-
tické koncentrace kolistinu samotného.

Metoda umoziujici stanoveni CMS a kolistinu souc¢asné ma ale své uplatnéni
ve stabilitnich testech. Aktualné mame k dispozici kratkodoba stabilitni data pro CMS
a kolistin v plazmé pri télesné a laboratorni teploté. Planujeme ale data rozsirit na dals{
biologické substraty (krev, sérum), doplnit dalsi koncentrace CMS a otestovat stabilitni
data pro opakované rozmrazovani a zmrazovani vzorku. Tedy data, ktera vice reflek-
tuji podminky redlné praxe. Metodu rovnéz planujeme vyuZzit v ex vivo testovani ad-
sorpce CMS a kolistinu na materialy ECMO okruhti (metodika tohoto pokusu je uve-
dena v Priloze 3). Pomoci vysledkii ex vivo pokusu budeme schopni potvrdit zavéry kli-
nické studie COL-ECMO02022, Ze sekvestrace kolistinu nedosahuje klinicky vyznam-
nych hodnot. Vysledky zde nebudou zatiZené variabilitou farmakokinetiky kriticky ne-
mocnych pacientil. Ex vivo pokus také muze prispét k oziejméni charakteru adsorpce
CMS na materialy ECMO okruhu identifikované linearnim smiSenym regresnim mode-
lem.

Vysledky klinické studie COL-ECM02022 potvrdily vyznamnou variabilitu farma-
kokinetiky v populaci kriticky nemocnych pacientii a podtrhly tak potfebu dostupnosti
TDM v bézné klinické praxi. Pouze s jeho pomoci budeme lépe schopni zajistit bezpec-
nost a ucinnost terapie kolistinem. A¢ redlny prinos TDM pro klinicky vysledek 1é¢by
musi byt pfredmétem dalSiho vyzkumu. Na zakladé vysledkl studie COL-ECM02022
bylo také navrzeno modifikované davkovani CMS pro kriticky nemocné pacienty od-
stupniované dle rychlosti glomerularni filtrace, a to v€etné upravy vySe nasycovaci
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davky. Zamérem dalsi klinické studie tak pochopitelné bude toto davkovani ovérit.
Stejné tak je nutné pomoci dalSich farmakokinetickych dat zptesnit a externé validovat
navrzeny populacni model.

Kolistin je v mnoha ohledech specifické a komplikované 1écivo, o kterém mame
navzdory délce jeho pouZiti stale limitované znalosti. Tato habilita¢ni prace a komen-
tované publikace se soustredily na ziskani klinicky relevantnich informaci k racional-
nimu pouziti kolistinu v péci o kriticky nemocné pacienty. Dosavadni vysledky stavi
pevné zaklady pro zavedeni TDM kolistinu do rutinni praxe a opodstatiiuji jeho vy-
znam, oteviraji ale soucasné i prileZitosti pro dalsi vyzkum. Habilita¢ni prace rovnéz
na prikladu kolistinu ilustruje $iti klinické farmakologie jako védy.
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Prevalence lékovych interakel v populaci kriticky nemocnych je vysoka, ale ¢asto se jedna o potendialni lékové interakce
s omezenou klinickou vyznamnosti. Cilem tohoto sdéleni je popsat mechanismus a management nikoliv nejéastéjsich, ale die
autonl klinicky nejvyznamnéjéich interakci. Do pfehledu jsme zahruli interakci karbapenemd a valprodtu, inhibitord CYP 3A4
a tikagreloru, enteralni vyZivy a levodopy, kombinace |éciv prodluzujicich QT interval a inhibitord CYP 3A4 a kvetiapinu.
Kli¢ova slova: lékové interakce, intenzivni péce, nezadouc Gdinky lékd, syndrom dlouhého QT intervalu, inhibitory cytochro-
mu P-450.

Five most important drug interactions in the critically ill

The prevalence of drug interactions in the critically ill is high, but these are often potential drug interactions of limited clinical
relevance. This paper aims to describe the mechanism and management of not the most frequent but, according to the authaors,
the most clinically significant interactions. These top five interactions include carbapenems and valproate, CYP 3A4 inhibitors
and ticagrelor, enteral nutrition and levedopa, combinations of QT prolenging drugs, and CYP 3A4 inhibitors and quetiapine.
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Uvod
Lékovd interakce je stav, kdy dochdz k ovlivnani farmakokinetiky &
farmakadynamiky jednoho [&8iva jingm. Lékows interakce jsou v kli-
nické praxi fastd; béiné vyudivame napiiklad synergismu analgetik,
|&¢iv se sedativnim efektem, antihypertenziv, & vazopresord, nebo
antagonismu v piipadé antidot. Micrméné obecna konotace lékowych
interakei je spise negativni, kdy ofekavame pokles &i naopak prilitné
zesileni efektu, projev nezadouciho vdinku, potazmeo prodlouzeni
hospitalizace, nardist nakladid na hospitalizaci, morbidity, mortality [1].
Publikowvana literatura popisuje stovky lekowych interakol zachy-
cenych pii analyze farmakoterapie pacientd na jednotkich imtenzivni
péce, ale relevance téchto interaksi je omezend, nebot znadnd st
zachycenych interakci postrada klinickou vyznamnost. Divodem je
odligny cil téchto zpravidla observaénich studii, které interakee de-
tekuji a hodnoti s cilem bud poure popsat aktudlni stav, & zpiesnit

automaticka upozornéni generovana nemocnicnimi systémy [1-4].

W obou piipadech pracuji s nejéastéjiimi lekavymi interakcemi, zatim-
co v tamto prehledu jsme se zaméfili na interakee dle ndzoru autord
klinicky nejzévainéjii. Plestae se spektrum [&&iv a interake milze na

spedializavanych jednotkach intenzivni péde (napf. v transplantacnich

centrech] odliSovat, wafime, 22 se tento kratky pfehled stane uZitednym

voditkem.

Karbapenemy a valproat
Interakee karbapenemovych antibiatik a valprodtu rychle dosahuje pl-
néha efektu a vede k viznamnému poklesu plazmatickych koncentraci
valprodtu. Interakci nelze vyfesit zménou dévky a jeji efekt petrvava
nékalik dni pa wysazeni interagujicich 1&civ. Klinicky dopad interakee
byl rovné potvrzen u kriticky nemacrych, kdy dodlo nejen k nardstu
délky a cery hospitalizace, ale | ke zvigeni mortality [5).

Mechanismus |ékové interakee neni zcelz objasnén, nicméng
se jedna o komplexni aviivnani farmakokinetiky valprodtu - dochiz
k inhibici jeho absorpee z gastrointestindiniho traktu (inhibice trans-
partén na bazolateralni membrané enteracytl), amezend redistribuce
z erytracytl, posileni glukuronidace a urychleni eliminace valprodtu
diky blokadé dekonjugace glukuronidd, blokadé erterchepataln recr-
kulace (Wivern karbapenemd na stfevni mikrofléru) a posilenim rendini
eliminace glukuronidd valproatu [6, 7).

Klinicky vyznam: Vysledkemn je rychly v pribshu 24-48 hodin)
avyznamny pokles plazmaticks koncentrace valproatu {pfiblizng 29-99%

KORESPONDENCNI ADRESA AUTORA:
doc. MUDr. Pavel Suk, Ph.D, pavelsuk@fsace

Clanek piijat redakel: 26 5 2023, Clanek phijat ktisku: 7 112023
Cit. ez Anest intenziv Med. 2023,34(4k152-156




PRILOHY

redukce plazmaticke koncentrace) [7, 8]. Typicky se tak plazmaticka
koncentrace valproatu dostavd pod dalni hranici terapeutického roz-
miezi. Z dosavadnich dat vyplyvd, 22 k poklesu plazmatické koncentrace
valproatu dochazi prakticky u viech pacientd [&2erych karbapenemy,
piibliEné u tfetiny a2 poloviny pacientl pak doilo ke zhorseni zachwat
7, B). Mejlépe prostudovanaou j& interakoe 5§ meropenemeam, nicmens
ertapenem a imipenem wykazuji podobny vzorec (pokles valprodtu
k subterapeutickym hladinam w pribehu 1-3 dnd, resp. 2-5 dnd, ac
pravé imipenem vedl k mendimu poklesu) [8]. Efekt interakee a snizens
koncentrace valprogtu pretrvdvaji a& po dobu 8-14 dnd od vysazeni
karbapenermu a s ohledem na komplexni mechanisrmus lekove interakee
neni piekvapive, 2 k normalizac hladin valprodtu nedodlo ani navedory
navyieni davky valproaty, podéni dosycovaci dévky, ani po zméngé
cesty podani [6, 8, 9], Stejné tak nehraje roli davka karbapenemu, tedy
swyidi davkou nedochdzi kjiné kinetice poklesu [9). Klinicka vyznamnost
interakee mife byt nifsi u pacientd s térkou hepataini dysfuriked, kdy je
upregulace glukuronidace limitovan absolutnim poklesemn funkénich
hepatocyti, omezena miiZe byt i bilidrni exkrece glukuronidd a prspi-
vat k udrzeni Gcinng volne frakoe valprodatu mize | hypoalbuminemie
[7]. Dhlezité je, 2e plazmaticka koncentrace karbapenemi neni viivern
valproatu zménsna.

Management: k=-li to mainé méli bychom se soubémému podani
valprodtu a karbapenemd vyhnout. Pokud je soubéina terapie nutna,
je vhodné do terapie dofasné a vias [pled zahdjenim terapie karba-
penermem] zavést dalsi antikomvulzivem. Z terapeutickych alternativ
5 rychlyrn titraénim schématemn (feretoin, levetiracetam, lakosamid,
perampanel, benzadiazepiny) zadna nevykazuje s karbapenerny klinicky
wyznamniou lékavou interakei. Terapie doplikovym antikonvulzivern by
méla pokradovat minimalné 2 tydny po ukonéeni antibioticks terapie
[8]. Stejné tak bychom neméli zapomenout na piipadnou ndslednou
redukei davky valpradtu, pokud byla jeho déavka v reakei na snizenou
plazrmatickouw koncentraci navyiena [6, 8]. Terapeuticke monitorovani
plazmatické koncentrace valprodtu se tak stéva nezbwtrpm krokem
jigténi bezpeiné a Ofinné terapie. To vie ale plati pouze za pfedpokladuy,
2e valprodt nebyl pouzit v jing indikaci nez epilepsie — antimigrenikum,
stabilizator nalady, terapie bipolami poruchy. V téchta piipadech poufiti
daléiho antikorwulziva pochopitelné postrada smysl.

Ma druhé strané lze karbapenemy vyuZit v ramci terapie intoxikace
valpradtern Pokles plazmaticke koncentrace nastavd ji s prenifjedinou
podanou davkou [10-13].

Inhibitory CYP 3A4 a tikagrelor
Kombinace tikagreloru s klarithromycinem éi jinymi inhibitory CYP
3A4 plindsi riziko zesileni a prodlouzeni inhibice destiéek. Podobné
jako v piedchazim piipadé se interakee roaviji velmi rychle a jeji efekt
pretrvdva nékolik dnd po vysazeni interagujici medikace. Uprava daviy
ani v tomto pfipadé nepfedstavuje feieni, pfedeviim kvlili omezens
proveditelnosti s ohledern na spektrum sil dostupnych na trhu, a taks
kwiili amezenym moinostem manitoringu.

Mechanismus lékové interakee tikagreloru s klarithromycinem
spodiva v klarithramycinem podminéng inhibici CYP 344 a ofekidvangm

nardstu plazmaticke koncentrace tikagrelorw. Kvantifikaci ndm mize

t intenziv b
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poskytrout studie s jingm silnym inhibitorern CYP 344 (ketokonazo-
lerm), kdy soubéing podani jedné divky tikagreloru k zavedene terapii
ketononazalermn vedlo k ndnlstu maximalni plazmaticke koncentrace
tikagreloru o 135 % a 73nésobneému nardstu plochy pod kivkou jeho
plazmatické koncentrace (AUC) [14]. Pravé obava z potenciace dginku
tikagreloru je dinodern hodnoceni Kkove interakee jako zdvaind, resp.
gini tuto kombinaci pfimo kontraindikovanou [15, 18], K tomu jisté
phispiva i samotry farmakodynamicky profil tikagreloru - v porovnani
s klopidogrelern dasahl vyznamné wyidi a rechlefl inhibice agregace
desticek [17, 18] Klinicka data o bezpecnosti a udinnosti tento razdil
potvrzuji [19, 20].

Klinicky vyznam: V publikované literatufe je omezens mnozstvi
dat dokladajicich zvyiend rizika pii podani tikagrelaru s inhibitory CYP
3A4, analyzy daldich dopad( interakee (ekonomicke dopady, prodlouze-
ri hospitalizace, viiv na mortalitu) pak chybi dplné. Divodem midze byt
publikaéni bizs_ Krvaceni je u pacientd s dudlni pratidestichavou kébou
a pripadné antikoagulacni terapil znamou komplikad, proto zvyieni
plazmatickych koncentraci tikagrelor, které mize byt priginou, nemusi
byt razpamana, Dakim divedem mdie byt stropowy efekt blokady
B2Y12 receptony a soudasné pomémé vysoky stupen blokady agregace
desticek jii pii terapeutickych dévkach tikagreloru [18]. Interakes tak
riemize prinest proparcionalni zvyeni efektu tikagrelony, ale s jistotou
vede k prodlouzeni efektu tikagrelonu. Redlrym rizikern se stévaji situace,
kdy je tieba terapii tikagrelorem prenudit. Takovou situadi ilustruje kazu-
istika z roku 2019, kterd ukazuje vice nez dvajnésabné dlouhou dobu
potiebniow k normalizaci agregacniho testu pii pledoperadnirm vysazeni
tikagreloru; to vie v disledku uZivéni Etyfkombinace antiretrovirotik
vietné kobicistatu u HIV pozitiviiho pacienta [21)

Management interakce klarithromycin » tikagrelor tak midze spo-
Eivat v piehodnoceni nutnosti soubéiné terapie. Pokud je antibioticka
terapie nutnd, nabizi se zaména klarithramycinu za azitromycin, kbery
inhibiéni efekt na CYP 344 nevykazuje [15] a je také dostupry i v pa-
renteralni formé. Posledni moznosti je zaména tikagreloru za jiné
antiagregans; alternativami jsou prasugrel a klopidogrel. Situace miize
byt kamplikovéna v piipadé, kdy nékolikadenni kankomitantni lééba
klarithromycinem a tikagrelorem nebyla zachycena a kdy odekivame
kurnulaci tikagreloru. Optimélni zpdsob pfevodu jednoho protidestic-
koveho lédiva na druhé v terénu potencovaného a predeviim prolon-
gowaného efektu tikagreloru zistava s otaznikem, pfinejmensim je ke
zvazeni wynechani sytici davky.

Dalsi rizikeva lé€iva na jednotce intenzivni péce jsou pledeviim
vorikonazol, itrakonazol verapamil a ritonavin, ktery jame a2 do piicho-
du jeho fixni kombinace s nirmatrelvirem {pod obchodnim nazvemn
Paxlowid®) znali pouze 2 terapie HIVAIDS [22]. Viechny uvedené Iatky
se chovaji jako silng inhibitory CYP 344, Inhibiéni efekt ale meni class
efektern: napf. flukonazol jako daléi azolove antimykotikum pdsobi
pouze jako stiedné silny inhibitor CYP 3A4 a pfi soubé&zném podéni
s tikagrelorem je doporuéena pouze opatrnost a menitorace krvdcivich
projevi. Porormost je vhadné vénowat i lékowvym interakeim tikagreloru
s induktory CYF 384 — fenytainem, karbamazepinem, rifampicinem,

dexametazonem — ve smyslu poklesu antiagregadniha Uginku tika-
grelons [15, 16, 23]
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Enterdlni vyiiva a levodopa

Lékove interakes se nutnd nemusi tykat pouze léciv; jejich 2drojem mize
byt i strava, v podminkach jednotky intenzivni péde enteralni nutrice.
Dobie popsanau je interakce enterdlni vwwiivy s levodopaou.

Mechanismus interakee spodiva v kompetici levodopy a amino-
kyselin obsazenych ve wyriivé o saturabilni transportni protein pro velke
neutralni aminokyseling lokalizovany ve stievni stén a o specificky
transportér na hematoencefalicke barigfe [24-27].

Klinicky vyznam: V' disledku interakee dochazi k omezeni ab-
sorpee levadopy, piestoze Cast levodopy se stale vstfebdva pasivnim
transportem — difuzi. Dhsledkem je riziko fluktuace a zhorieni symp-
tomil zakladniba onemacnéni, vegetativni nestability, svalevé rigidity,
pripadné ai razvaje neurcleptickeho maligniba syndromu iresp. stavu
jemu podabnemu; reuraleptic malignant-like symdrome) v Fadu nizéich
jednotek az desitek hodin [28). Diferencialni diagnostika interakee mize
byt v podminkiach ednothky intenzivni pede pomérngé komplikovana.
Jak ukazuje kazuistika, prezentace mide byt omezena na jediny symp-
tom — horecku [29]. Klinicky stav mohou nepfizniveé ovlivnit i l&diva
antagonizujici dopaminove receptory (kvetiapin, tiapridal, haloperidol,
metoklopramid. . ) (28]

Management: Probléemem je soutasneé podani levodopy a wyiivy
5 wysokym absahern proteind. Kriticky nemocni, kterym je obwykle tato
wyZiva podavana kontinualng, se stavaji rizikovou skupinou. Nabizi ==
tfi moine strategie: zamezit soubéinemu podani [Eciva a wyZny, sni-
#it prijern proteind a/nebo zvydit davku levodopy [26, 28, 29). K nim
bychorm mohli pridat jedté alternativii zpdsoby podani levodopy
(napi. rektalné, intestinalni gel), nebo pouziti dopaminovych agonistl
V] ‘R napfiklad transdermalni rotigotin, intravenczni amantading, obaji

ale typicky vyfaduje konzultaci neurologa [27, 28, 30

W ramci promi strategie je doporuteno zastavit podani enterdlni vysi-
vy minimialné 90 minut pied padanim levedopy a obnovit jej 30 minut
po podéni, die jinych 2drejt je to az 2 hodiny pied a po podéni levodopy
[26, 27, 29, 31). Delsi intervaly pravdépadobné reflektuji moEnou gas-
troparezu a zpomaleni matility gastrointestindlniho traktu, které jsou
u kriticky nemocnych casté. Diky frekvenc podavani levodopy (typicky
3-5x denné) povede tento zplsob ke zkrdceni doby podavani enterdini
nutrice a mdze byt piicinou nenaplnéni nutricnich cill. Alternativou
je podani vyZivy kontinualné pres noc a podavani levadopy pres den
5 minimalnim piekryvem l&diva a wydivy [29]. Dalsi moZnasti je phejit
7 kantinualniho podand enteralni vy na bolusowve, ac s vyEsim rizikemn
aspirace [25, 26). Druha strategie - redukee phjmu proteind - se pro
kriticky nemocné jevi jako nevhiodna z divedu potencialni malnutrice,
rwyiensho rizika komplikad a prodlouzeni hospitalizace [26, 28]

K tstupu symptomi dochaz rechle po obnoveni adekvatnich kon-
centraci dopaminu. Soucasti managementu lgkove interakce by méla
byt spravna dokumentace zmén farmakoterapie tak, aby po pievadu
pacienta zpet na standardni stravu mohla byt davka levedopy zpét
redukovdna £i piidana medikace vysazena.

Dalsi rizikové kombinace: Interakce enteralni wyiivy s [ECivy
vedoudi k jgjich snizend biodostupnosti byla popsanai u dalfich [&civ
{fernytoin, valpraat, levathyroxin, ackoliv mechanismus v tomto piipade
nespodiva v kaompetic o aktivni transportér [32, 33

Lédiva prodluZujiei QT interval

U kriticky nemacriych je riziko prodlouzeni QT intervalu sklonovano
casto. Nejde jen o pouziti [Eciv 5 patencialem prodlouzend OT intervalu,
ale o cestu podani téchto Bév (s rizika pii intravendznin podani)
a jejich podani u pacientl s fadou rizikowich faktord - syndrom dlou-

Tab. 1. [édiva spojend s rizikern prodioudend QT intervalusrozvoie ToP (wiber lédiv poudivarych v imtenzini medicing v CR]- [43]

Znamé riziko TdP* Maokné rizike TdP** Podminéné riziko TdP**
amiodaron ivabradin
antiarytrika praren e
VAZOpIEsory terlipressin
diuretika furosernid
aFitrormycin aifloxacin amfotericin B
ciprofloxacin remdesivir itrakonazol
flukonazol rnetronidazol
antiinfektiva
klarithrormycin piperacilin/tazobaktam
levofloxacin posakonazol
ronifloxacin vorikonazol
propaofiol dexmedatomidin
anestatika p—r—
citaloprarm tiaprid kvetiapin
paychofarmaka ascitalopram
halopendol
antiermeatika ondansetron
prokinetika demp-eridc.m rmietoklopramid
eryiromycin
antikonvulziva levetiracetam
imunosupresiva takrolimus
PR* pantoprazol

*1 ddiva prodiuduff GT inferval @ fsou fednoznodnd spojena s riziken TdP, o fo | v plipad?, 2e fsou uHvdng podie doporudent * Létiva mohou zpdsobit prodioude-
ni QT intervaly, afe v chybd dikazy o riziku Talf pokud fSow udwing podle doporudent. * L&t spajend s TdR ale pouze 20 urditych podminek “PA - inhibito-

Ty Profonove pumpy
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heého QT, anemocnéni srdce a cév, iokove stavy, bradykardie, pougiti
varopresorl, elektralytove dysbalance, poruchy eliminaénich funkei,
thyreopatie, 2enske pohlavi a vEk nad &5 let [34-38] V porovnani
5 predchazimi je charakteristika této interakee (Easovy harizont rozvoje
a pretrvani, davkovd zavislost, kvantifikace efektu, klinicke karsekvence)
obtiznéji, zatizena vysokou inter- a intraindividudini variabilitow Byl pro-
kazan negativni viiv prodiouzeni QT na délku haspitalizace a mortalitu
[36, 39-41], i kddy? podil interakee zlistivd s ataznikem.

Mechanismus lékowvé interakce: 7 pohledu mechanismu jde
o lékowou interakei farmakadynamickou; nedochdzi tedy ke zm&ndm
plazmatickych kancentraci lé¢iv. Odpovéd na to, proé konkrétni lédiva
QT/QTe interval ovliviwji, ale neni zeela zndmd [34). Castym spolecnym
jmencvatelern takowych 168 je blokada || kandhu frapidly activating
delayed rectifier potassium channel), jednoho z kandld zodpovedmych
za repolarizaci kardiomyocytd [34].

Klinicky vyznam: Mezi jednotiviemi l&gihvy existuji rozdity v mo-
hutrosti prodioudeni QT intervalu. Pozarmost bychom méli vanovat
l&giviim s patencidlemn prodloudeni QT intervalu o > 20ms [34]. Vetah
mezi prodlouzenim QTAQTe a rozvojern torsades de pointes (TdP) je
nicmena vaniabilni [34].

Létiva spojena s rizikem prodlouzeni QT intervalufrozvoje TdP
pouZivana v intenzivii medicing jsou uvedena v tabulee 1. Podrobnsié
zminku si nepochybné zasloud rozporupling data k amiodaronu. Pfi
chronickém podani ma amicdaron vyznamny potencidl k prodlouzeni
OT intervaly, ale TdP zplsobuje vzaconé [34] Pfi intravendzrim podéni je
WSl riziko rozvoje TdP v fadu hodin (typicky do 24 hodin) po zahdjeni
infuze [42).

Prestode se nabizi myllenka adice efektl pfi kombinadi techto Bdiv,
doposud nebyla jednoznaéng potvrzena [34, 35, 44], Micméné v klinicks
praxi pledpokladame nardst rizika pfi kombinaci vice rizikowych [
34, 45]. Tormu cdpavida | management.

Management: Zakladem je kvalitni zaznam EKG a jeho komplexnd
zhadnaceni, nikali izolovany pohled na QT/QTe interval. Biziko vzniku
TdP nanlsta s prodiuujicim se QTc, zavyamamne se povaiuje prekrodend
arbitramé stancvené hranice 500 ms [37, 46]. Dalsim krokermn je uvédo-
méni si rizikavych 168y, piehodnaceni terapie, zaména lédiva za méné
rizikowve &i ukondeni terapie rizikowym Eéivern.V piipadé pevazujicich
benefith a nasazeni/pokradovani rizikowé terapie je ra misté karekee
micdifikavatelnych rizikowych faktord a intenzivnéi monitoring. Idedlni
& porovndni vstupniho EKG a EKG natofengha po dosaZeni ustélengho
stavu (obecné po uplynuti 4-5 biclogickych poloéasd 1é¢iva; v piipa-
dé intravendeniho amicdaronu 24-48 hodin po zahdjeni infuze) po
nasazeni |&fiva, zméné davky nebo piidéni daliiho 1é€iva. V plipadé
wyznamneho prodlowzeni QTc & QTc > 500 ms by méla byt terapie
opét piehodnacena [34, 37, 38, 42, 46].
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Inhibitory CYP 3A4 a kvetiapin
Paskedni zminéna interakce navazuje na dvé z predchoaich a kombinuje
v s0bé jak farmakokinetickou, tak farmakodynamickou éést.

Mechanismus interakce j= nasledujic: kvetiapin je [&¢ivo s poten-
cidglern k pradlouzeni QT intervalu, zéraven je majoritné metabalizovan
cestow CYP 344, Klarithromycin, vorikonazol, veraparmil 2 daléi inhibitory
CYP 344 |viz pledchozi cast venovand tikagreloru) zvyiuji plazmaticke
kancentrace kvetiapinu. To je farmakokineticka dofka Zarovern ma gast
téchto lé&v vitii & menii potencidl QTc interval sama prodlougit, &imz
se dostavame k farmakodynamicke slodce.

Klinicky vyznam: V predchozi £4sti jsme zminili, 2e aditivni efekt
kombinaci [&¢iv s potencidlern k prodiouzeni QTc intervalu nend jed-
noznacné patwizen ani vyvracen, davkova zavidost je ake odekavatalng
[34, 44, 45]. Vyznamnast interakce tak roste s pouditymi davkami.
V disledku inhibice metabolismu se mohou stat rizikove i nizké davky
kvetiapinu. Kvantifikaci interakoe nam miiZe poskytnout studie kombi-
rujici kvetiapin s ketokonazolerm; maximalnl plazmaticka koncentrace
kvetiapinu vzrostla o 235 %, AUC pak piiblizné na Sestinascbek [47]
Interakce kvetiapinu s klarithramycinem byla dokumentovéna v kazu-
istice 32letého mue, kdy kombinace vydstila v somnolendi, poruchu
védomi a atlum dechu, a to pii plazmatické koncentraci dosahujici
necelého patindsobku homi hranice doporuéenéhao razmezi [48] Ani
v jedné z praci nebylo hodnoceno EKG, tudiz zmény Qe intervalu
nielze kvantifikavat.

Management: Interakce se promita i do nacasovani maonitaringu
EKG - pii inhibici metabolismu roste biologicky polodas i £as dosazeni
ustdlengha stavu (ve farmakaokineticks studii dadlo k prodiouszeni bio-
logickéha polofasu kvetiapinu z 2,1 hodiny na 6,76 hoding v kazuistice
byl polofas odhadnut na téméf 39 hodin) [47, 48). Dalsi postup se
pochopiteing nelisi od vyie uvedens asti o pradloudeni QT intervalu.

Daliirizikové kembinace: Na podobrém principu (farmakody-
namickd i farmakokineticka interakce) funguje i kombinace stfedng
silnych a silmyeh inhibitord CYP 344 a haloperidolu rebo takrolimu
115, 16, 49].

Zavér

Pacienti na jednatkach intenzivni péde fsou nepfetrzité monitorovéni,
coi klinickow vyznamnost mnoha interakei snifuje - potencialni nesa-
douci Géinky mohou byt rychleji detekavany a fedeny [1, 50). Nakdy
nenl jind pfijatelnd madnost, nez vzdjemné interagujici Bdiva podat
a soufasné zvalit adekvatni zplsob monitorace |&€by pacienta [S01
Piikladern mohou byt prave lédiva s potencidlem pradlouzeni QT
intervalu. Meméené wyznamny podil na vysledné klinicks vyznamnosti
I&kowé interakee bude sehravat klinicky stav pacienta a dived jeho
hospitalizace na jednaotee intenzivii péce.

Podékovdnt MiA Registrace: M Projedndni etickou komibsi: »0e.

PROHLASEN] AUTORD: ProhldZeni & plvednasti: Price je plvodnd a nebyla publikovina ani neni zaddna krecanznime fizeni do jiného média. Stfet 24jmi:
Awitofi prohlatu, 22 nernaji stfet z3jm i v souvishosti s tématem prace. Podll autord: IR - tvorba manuskripte, PS - korekoe manuskriptu. Financovand: M/A.
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Biologické ucinky pomocnych latek pouzivanych

u intravenézné podavanych léciv

Jitka Rychlickova'?, Lenka Souckova"*
'Farmakologicky ustav, Lékarska fakulta, Masarykova univerzita, Brno
Fakultni nemocnice u sv. Anny v Brné

Lééivé pfipravky pro intravendzni podani asto obsahuji kromé farmakologicky Géinné
latky | pomocné latky, které zajidtuji rozpustnost, stabilitu a spravné pH léciva. Tradiéné
se pfedpoklada, Ze pomocné latky jsou biologicky inertni, aviak tento pfedpoklad
neni vidy naplnén. Mékteré pomocné latky mohou zplsobovat hypersenzitivini
reakee, indukovanou organovou toxicitu, diskomfort pfi aplikad i vykazovat viastni
biologické Uginky.

Regulace téchto latek se lisi podle jejich znamych Géinka, a tak ne vidy je kvantitativ-
ni obsah téchto latek specifikovan. Tento danek se zaméfuje na thi casto pouZivané
pomocné latky v intravendznich lékovych formach - propylenglykol, polysorbdt 80
a sulfobutylether-#-cyklodextrin (SBECD).

V Elanku analyzujeme farmakelogické profily téchto latek, jejich potencidini toxicitu
a moinost prevence netaddoucich Géinkd, s dirazem na jejich pouiti u kriticky ne-
macnych despélych pacientd, kde intravendzni podani lékd je Easto jedinou moznosti.
Tento pfistup je zésadni pro minimalizaci rizik spojenych s pouditim téchto pomocnych
latek v intenzivni medicing.

Kli¢ova slova: pomocné latky, neZadoucl Ocinky, propylenglykol, polysorbat 80,
sulfobutylether-f-cyklodextrin.

Biological effects of excipients used in intravenously administered drugs

Medicinal products for intravenous administration often contain excipients, in ad-
dition to the pharmacologically active substance, that ensure the solubility, stability
and correct pH of the drug.

Excipients are assumed to be biologically inert, but this assumption is not always met.
Some excipients may cause hypersensitivity reactions, organ toxicity, discomfort on
administration or show own biclogical effects

The regulatory framework for these substances varies according to their known ef-
fects, thus the guantitative content of these substances is not always compulsory to
be specified. This article focuses on three frequently used excipients in intravenous
drug dosage forms - propylene glycol, polysorbate 80 and sulfobutyl ether-g-cyclo-
dextrin (SBECD).

In this article, we discuss the pharmacological profiles of these agents, their potential
toxicity, and options for preventing adverse effects, with an emphasis on their use in
critically ill adults where intravenous drug administration is often the only option. This
approach is essential to minimise the risks associated with the use of these excipients
in critically ill.

Key words: excipients, adverse reactions, propylene glycol, polysorbate 80, sulfobutyl
ether-B-cyclodextrin.
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Lécive pripravky jsou zpravidla tvofeny
lé€ivou latkou, tedy samotnou farmako-
logicky Géinmou latkou, a latkami pomoc-
nymi, jejichz charakter odrazi typ lékove
formy. U lékovych forem pro intravendzni
podani se obvykle jedna o latky zlepiujici
rozpustnost l&fiva ve vodném prostiedi,
latky upravujici pH a osmolaritu, stabiliza-
tory a konzervanty. Pro pomocné latky je
charakteristicke, e nemaji zddné létebne
ucinky, diskutabilni oviem zdstava poiada-
vek na jejich biclogicky indiferentni povahu.
V praxi tento pozadavek £asto nebyva na-
plnén a i pomocné latky se stavaji nositeli
uréitého efektu - prikladem mohou byt
hypersenzitivni reakce (1}, indukovana or-
ganova toxicita (2-5), diskomfort pfi aplikaci
[6) &i vlastni biologicky aéinek.

To casteéné reflektuji i lekowé agentury.
Podileji se na sledovani bezpecnostnich rizik
pomocnych latek, definuji tzv. pomocné latky
se znamym Gcinkem a poZaduji striktni wva-
déni obsahu téchto pomocnych latek (7-9).
Vyrobce je povinen uvadét presny kvantita-
tivni obsah konkrétni pomocné latky se zna-
mym uinkemn v piibalovém letaku a na obalu
piipraviu (8). Bohuzel v praxi se setkdvame
5 tim, 2e tento pazadavek neni viemi vyrobei
dodriovan. V ostatnich pfipadech, u pomoc-
nych latek bez znamého Béinku, stadi uvedeni
pouiité latky v souhmu adajo o pripravku
(5mPC) a pribalovém letiku bez jejiho kvan-
titativniho uréeni.

V tomto sdéleni se zaméfime na tfi po-
mocne latky pouZivané v lekovych formach
pro intravendzni podani - propylenglykol,
polysorbat 80 a sulfobutylether-fi-cyklo-
dextrin (SBECD), a to z pohledu piiklada
lédivych pripravki obsahujicich tyto po-
maocné latky, z pohledu farmakologické-
ho profilu téchto latek, véetné potencidlni
toxicity, moZnosti jejiho rozpoznani a pre-
vence. Zaméfime se piedeviim na lééiva
pouZivana v intenzivni medicing a u kriticky
nemocnych, kde intravendzni formy lé€iv
predstavuji preferovanou a mnohdy take
jedinou pripustnou formu podani lédiv.
U této skupiny pacientd lze pochopitelng
ocekavat zvysenou expozici zminénym po-
mocnym latkam, riziko kumulace pfi poruse

exkrecnich funkci.

Propylenglykol

Propylenglykol (1,2-propandicl) je po-
maocna latka zvySujici rozpustnost hydrofob-
nich l&¢iv ve vodném prostiedi a je zafazena
na seznamu pomocnych latek se znamym
u€inkem (7). Nachazime ji v fadé l&civ pro
parenteralni, peroralni &i topické podani.
V posledni dobé se ale o propylenglykolu
howoh piedeviim v kontextu pneumotaxicity
elektronickych cigaret a jejich naplni (e-ciga-
rette, or vaping, product use-associated lung
imjury, EWALI) (10

Vybeér lécivych pripravkd s vyznamnym
obsahem propylenglykolu dostupnych v CR
a pouzivanych v intenzivni mediciné nabizi
Tabulka 1, v zahranidi je s propylenglykolem
ajeho potencialni toxicitou spojovan zejména
|&€ivy pfipravek s lorazepamem (11, 12).

Propylenglykol je nizkomolekulami imo-
lekubovd hmotnost 76 daltond), vysoce osmo-
ticky aktivni latka. ZEasti je metabolizovan
v jatrech cestou alkohol-dehydrogenazy a al-
dehyd-dehydrogenazy za vzniku pyruvatu,
acetatu a laktatu (11, 12). Z 12-45% je v ne-
zménéné farmé vyluéovan renalné; clearance
propylenglykolu klesa se stoupajici davkou,
coi ukazuje na saturabilni sekreci v proximal-
nirm tubulu (12-14). U dospélych se biologicky
polocas pohybuje kolem 2 hodin (v rozmezi
1.4-3.3 hodiny (13, 14}

Doporuéena maximalni davka propy-
lenglykolu se wyvijela postupem €asu a na
zakladé zpfesnujicich se informaci z prekli-
nickych studii, jednotlivych kazuistik pacien-
il a dat z klinické prase (15). Ackoli Svétova
zdravotnicka organizace doporudila jako
maximalni denni davku propylenglykolu
25mg/kg (v tomto pfipadé jako pfisady do
potravin, bezpeénostni limit denniho pii-
jmu propylenglykelu jako pomocné latky

u lééiv byl stanoven a2 v roce 2017, doporu-

HLAVNI TEMA

&eni Evropske lékové agentury uvadi dav-
ky az 500 mg/kg/den propylenglykolu jak
pro peroralni, tak pro parenterdlni podani
jako bezpedné pro dospélé a déti od 5 let
i dlouhodobé (14, 16, 17). Piestoie studie na
zvifatech opakované prokazaly, ze propylen-
glykol ma nizkou towicitu a vykazuje pouze
urfitou hematologickou toxicitu v davkach
= 5000 mg/kg/den, u lidi byly sice vzacné,
ale potencialng az fivot ohrozujici nezadouci
déinky popsdny (15). Wilsen a kol. odhaduji
incidenci toxicity propylenglykolu na <5%
12). v CR je riziko jisté nizéi diky nedostup-
nosti intravendzniho lorazepamu.

Obraz toxicity propylenglykolu je velmi
variabilni — od béznych metabalickych abnor-
malit aZ po klinickou manifestaci a zhorgeni
stavu pacienta (hyperosmolalita, laktitova aci-
déza, metabolicka aciddea se zvySenym anion
gapem, hemolyza, hypotenze, arytmie, akut-
ni selhani ledvin, multiorganova dysfunkce)
(12, 14). Kankrétni kazuistiky nabizi ve své praci
napi. Wilson a kol. nebo Smedley a kol. (5, 12).
Korelace plazmatickych koncentraci propy-
lenglykolu a tize stavu nebyla prokazana, aé
wyssi hladiny propylenglykolu se pochopitel-
né jevi rizikovéjéi. Plazmaticka koncentrace
ale koreluje se serovou osmolalitou, z niz lze
plazmatickou koncentraci propylenglykolu
zpétné odhadnout (12, 14).

Za rizikovy faktor projevu toxicity propy-
lenglykolu lze na zikladé dostupné literatury
povazovat kontinualni infuzi benzodiazepind
{lorazepamu, diazepamul), ev. velké mnoz-
stvi bolusd v pribéhu dne; a to piedeviim
u pacienti se soucasnou hepatalni dysfunkci
anebo aktivnim abuzem alkoholu, protoze
etanol a propylenglykol sdili swvé metabolické
cesty (12, 18). Dakéi rizikovou skupinou mohou
byt pacienti indikovani pro podani vyscko-
davkového kotrimoxazolu (napi. pii davece

Tab. 1. Obsoh propyenglykalu ve vytranych piipraveich pro parenterding poddni poufivanych vin-

fenzivnd medicing

Tachyben IW* (25 mg/S mil)

Lédiva LéEiny pro Lv. podani Obsah pi Iyl
a )
sulfametonazol! | g e fagame a0 mars mi) 2100mg
rimetsprm -
diazepanm Apaurin® (10mg/2ml) 26 mg
rantil* (15 & il 3 # (25, 5
R Ebrantl® (25 ma/s m Urapidi Kakceks* 23 massml, [ oo

Perlinganit® (10rng/10ml)

woedc Irinitran
9y " Mitiapahl® (10ma/10ml)

obsah neni uvedan
nechsahuje propylenglykol

fenytoin Epanutir® {250 masS mil)

2072mg

digaiin Digowin Zentiva (0,5 mas2 mi)

E30mg
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15mg/kg/den trimetoprimu se pro 80 kg pa-
cienta denni davka propylenglykolu dostava
témér na 400mg/kg/den). Riziko dale roste,
pokud pacient dostava daléi I&¢ivé priprav-
ky s obsahem propylenglykolu. 5 ohledem
na farmakokinetiku propylenglykolu se jako
rizikova jevi i zavazna renalni insuficence,
akutni renalni selhdni s potencialern kumulace
nebo lékove interakee na drovni kempetitivni
inhibice alkoholdehydrogenizy (18).

U pacienta s nevysvétlenou hyperosmo-
lalitou, laktatovou acidézou, akutni rendlnim
selhdnim nebo suspektni sepsi, ale s nega-
tivnimi hemokulturami, je na misté v ram-
ci diferencidlni diagnostiky zvazit i toxicitu
propylenglykolu, ev. prehodnotit stavajici
farmakoterapii z pohledu celkové podaneé
davky propylenglykolu jako pomocné latky
(14} ¥V ramci prevence se nabizi monitoring
sérove osmolality u pacientd s vyEsim dennim
piijmem propylenglykolu (nad 500mag/kgs
den) (3). Propylenglykol je rownéz zdroj sa-
charidi a je treba jeho prijem zapoditavat do
celkove netukoveé energie u pacientd v cilené
ketdze (19).

Polysorbat 80 (Tween 80)

Polysorbat BO je povrchowé aktivni latka
pouzivana jako emulgator, rozpoustédlo, sta-
bilizator nebo litka zabranujici adsorpei a pre-
cipitaci proteind. Na seznam Pomocnych latek
se znamym Géinkem povinné uvadénych na
obalech se dostal az v roce 2024 (9). Informace
v doprovodné dokumentaci lé€ivych piiprav-
ki se tudiz stale jeité vétiinou omezuji pouze
nauvedeni jeho piitomnosti. Priklady priprav-
ki s jeho obsahem pouZivane v intenzivni
medicing uvadi Tabulka 2, nicméné v nizsim ci
wysiim mnozstvi bychom jej nadli ve stovkach
dalich pripravkd, véetné vakcin (vyznamny
obsah je v zahraniéni liveratufe uvadén v pfi-
pravcich s obsahem docetaxelu, kabazitaxelu,
nebo doxerkalciferolu, analog erytropoetinu,
fosaprepitantu) (20, 21).

Chemicky je polysorbat 80 smési esterd
mastnych kyseliny a polyoxyethylen-sorbi-
tanu, kdy minimalné 58% této smési tvofi
kyselina olejova (molekulova hmotnost 1310
daltand) (21). Po parenteralnim podani poly-
sorbat 80 rychle podiéha hydrolyze, uvolnéné
mastné kyseliny pak prochazeji beta-oxidaci.
Polyoxyethylen-sorbitan je vyludovan pre-

Tab. 2. Obsah polysarbdtu 80 ve vybranych piiproveich pro parenterdinl poddni o poufivanych vin-

tenzivnd medicing

Lédiva Létivy pFipravek pro Lv. podand | Obsah polysorbdtu B0
obizah nend wveden® (v zahraniéi registrovand
amicdaron Cordarone® (150 rma3 mi)

plipraviy obsahuji 2 mg polysorbatu BD na kaddy
1 g amicdaranu pro parenterdini podani (20)

Anidulafungin Accord® (100 mal,

anidulafungin | Anidulafundgin Teva® (100mg),

obsah neni uveden® (v Zahranidi registrovane
phipraviey uvadéli 230 mg polysorbdiu

Ecalta® (100 mg) 80 na 100 mg anidulafunginu (49)
mykofenolét | obsah neni uveden® (v zahranidi registrovand
rrofeci Cellcept® (500 ma) plipraviy Lvad&j 25 mg polysorbdtu

80 na 500 mg rykofenoldt mofetily) (500
wit. K Kanavit® (10mg/mi) obsah neni uweden®

*polysarbdr 80 se na seznam Pomacnjch ldiek povinné wwddénych na obalech dosisl a2 s posledni akiuaizact
17 4, 2004 dopeovodnd dokurmentace pripravid fedy jedr® nemusela byt akrualzovdng vdobe piipravy tohoto ddnku

vainé rendlné (20). Z Kinickych studii vyplyva
kratky biclogicky polocas kolem jedné hodi-
ny (21, 22). Distribuéni objem polysorbétu 80
pak piiblizné odpovida objemu krve (21, 22).
Tim, e v krvi pravdépodobné wytvari velké
micely, ev. komplexy s proteiny, centralni kom-
partment neopousti a je pravdépodobné, ze
miZe ovliviiovat farmakokinetiku dalsich 1&-
i (21, 23). Jako emulgdtor mize polysorbat
80 ovliviiovat fluiditu bunéénych membran
a zvysovat jejich propustnost (21, 24). Tento
efekt je davan do souvislosti s nékterymi ne-
Fadowcimi Géinky.

Podle doporuéeni WHO je piijatelny ordl-
ni denni pfijem polysorbatu 80 u dospélych
25 mg/kg (25). EMA upfesfiuje podani poly-
sorbatu v jednotlive davee 10mg/kg a celko-
weé maximalni davce 35mg/kg u dospélého
pacienta (9, 26). Za maximalni tolerovanou
davku palysorbatu 80 lze u dospélych pa-
cientll povaZovat 300mg, jedna se ale o od-
had vychazejici z klinické praxe, kdy pravé
davka polysorbdtu 80 podand s amiodarcnem,
a v tomto piipadé typicky bez premedikace
antihistaminikem & glukokortikoidem, byva
dobie tolerovana (20). Postupné ale piibyva
dat, ktera naznacuji, ze polysorbat 80 neni fy-
ziologicky inertni sloufeninou a s nim spojend
reakce (napf. hypersenzitivita, reakce v misté
vpichu, hepatotoxicita, hypotenze, arytmie)
mohou byt mylné pfisuzovany samotnemu
|&¢ivu (20, 21, 27, 28).

Rhodes a kol. se jako prvni zminuje o rali
polysorbatu 80 v amiodaranem indukovaném
poikozeni jater; podobnych kazuistickych
sdéleni s éasemn pribyva (20, 24, 27, 29, 30).
A je to prave kratky biologicky poloéas, ktery
mide byt jednim z vysvétleni rychle upra-

vy jaterniho poskozeni po ukondeni podani

parenteralniho amiodaronu (v porovnani
s polotasem samotného amiodaronu, pfi-
padné vlivem zakladniho onemocnéni a ta-
ké toleranci peroralnich forem bez obsahu
emulgatoru) (24). Podrobnéjsi obraz hepa-
totaxicity spojené s podanim intravendzniho
amiodaronu pfi souéasné dobré toleranci pe-
roralniho amicdaronu nabizi Bravo a kol. (30
U wiech pacientd byl pozorovan wyznamny
vzestup ALT (alanin-aminotransferdazy) | AST
{aspartat-aminotransferazy), dominantnim
znakem byla i hyperbilirubinémie a centri-
lobularni nekrdza. Primérné byl amiodaron
podavan intravendzné po dobu tiech dnd
pied zménou laboratorniho obrazu (30).
Bravo a kol. diskutuji i dalii moéné mecha-
nismy hepatotoxicity — vedle emulgaéniho
dginku polysorbatu 80 zminuji vyii plazma-
tické/jaterni koncentrace amiodaronu, po-
dil inhibice izoenzymd cytochromu P450
a P-glykoproteinu jak amiodaronem a jeho
metabolitemn, tak polysorbatem 80, a moiné
Iékové interakce; zmifuji i vliv hypotenze
{30). Hypotenze po podani polysorbatu 80
byla velmi dobfe prokazana v preklinickych
testech a po podani amiodaronu s polysor-
batem 80 jako emulgatorem v klinicke praxi
{31-33). Po podani amiodaronu v pripravku
bez polysorbdtu 80 zidny podobny efekt
pozorovan nebyl (32, 33).

V souvislosti s pouzitim polysorbatu 80
jako pomocné latky, byly pozorovany ana-
fylaktoidni reakee neimunologického plvo-
du, kdy polysorbat specificke IgE protilat-
ky nebyly identifikovany v enzymatickém
imunosorbentnim testu a imunoblotovych
vyietienich, coZ potvrzuje neimunologicky
charakter anafylaktoidni reakce (34). SUKL
doporutuje uvadét upozormeni v SmPC l&di-
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wych pfipravkl obsahujici polysorbat 80 jako
pomacnou latku, rizike prodlouZeni intervalu
QT a vzniku torsade de pointes (9). Zvldité
pak u pacientd s kongenitalnim syndromem
dlouhého intervalu QT zvagit tykajici se rizika
soubézného uzivani daléich plipravkd, které
prodiuduji interval OT/QTc. Jednou z moznosti
minimalizace rizika hypotenze a arytmii je sni-
Zeni rychlosti pedani injekee/infuze |&¢ivého
pripravku s obsahem polysorbatu 80
Sledovani nezadoucich Géinkd polysorba-
tu 80, ev. zhodnoceni jeho podilu na zméné
stavu pacienta je jisté na misté. 5 nutnosti
uvadét obsah emulgatoru v jednotlivych pri-
pravcich bychom mohli ziskat lepéi predstavu
o charakteru nezadoucich Géinkd, jejich fre-
kvenci nebo potencialni davkové zavislosti.
Soucasné je tieba vnimat podil polysorbatu
B0 na farmakodynamické cdpovédi na amio-
daron a umét si vysvétlit odlignou reakei pfi
pouiti bezpolysorbatove formule, ktera by
se na trh mohla dostat napf. v ramci fedeni

wipadkis

Sulfobutylether-B-cyklodextrin
(SBECD)

SBECD je v lecivych plipravcich pouZivan
jako pomocna latka usnadnujici rozpousténi.
Cyklodextriny obecné vznikaji propojenim
monosacharidovych jednotek do kénické
struktury s hydrofobnimi skupinami orien-
tovanymi dovnitf. To je podstatou jejich so-
lubilizaéniho Géinku pro lipofilni kediva (35).
SBECD je chemicky modifikovany pfirozeny
B-cyklodextrin, jehoz hydroxylové skupiny
byly polysubstituowany butylsulfonovymi jed-
notkami, ma tak vyisi molekulovou hmotnost
(2 163 daltond) a nabaj.

SBECD neni metabolizovan a v nezmé-
néné formé je zcela eliminovan renalné
s clearance odpovidajici rychlosti glomeru-
larni filtrace; po intravenoznim podani nebyl
SBECD detekovan ve stolici. SBECD se nevize
na plazmatické proteiny a distribuéni objem
odpovida cbjemu extraceluldrni tekutiny
[tj. kolem 0,2 Vkg), a to napfié riznymi popula-
cemi: zdravi dobrovolnici, pacienti se stiedné
zavaZnym a zavaznym stupném renalni insufi-
cience, pacienti s rdznymi metodami nahrady
funkee ledvin renal replacement therapy, RRT)
[36-38). Logicky lze na zakladé vyie uvede-
néha oéekavat rozdilnou clearance a celko-

vou expozici v jednotlivych vyse uvedenych
skupinach. Zatimco u zdravych dobrovolnikd
s normélni funkei ledvin se biologicky polo-
£as pohybuje kolem 1,5-2 hodin, u pacientd
5 tézkou rendlni insuficienci se prodiuzuje
k10 hodindm, u intermitentné dialyzovanych
pacientd v cbdobi mezi dialyzami stoupd a2
k 80 hodinam (36, 37, 39). Na druhé strané je
SBECD dobie dialyzovatelny pii pouiiti high-
“flux filtrd (37, 38). U pacientd na kentinudlni
dialyze se biologicky polodas pohybuje kalem
6-7 hodin, v pridbéhu intermitentni dialyzy
je kratii a lidi se dle konkrétniho nastaveni
atypu vybaveni (37, 38, 40). Mavedory Géinné
eliminaci SBECD cestou RAT je tieba u téch-
to pacientd stale ocekavat vyznamné vyssi
expazici v porovnani s jednotlivei s normalni
funkei ledvin (400.

V tuto chili se nefadi na seznam pomoc-
nych latek se znamym Ucinkem. Piiklady l&-
givych pripravk( s jeho obsahem v CR uva-
di Tabulka 3 (41). V zahranici byva soudasti
napfiklad ecivych pfipravki s amiodaronem,
aripiprazolem, ziprasidonem, karbamazepi-
nem, itrakonazolem pro intravenozni podani
(35,42). EMA vydala v roce 2014 doporudenina
pouiiti cyklodextrind jako pomocmych latek
ulédivych pripravki, kde uvadi jako maximalni
denni davku pro SBECD 300 mg/kg (43).

Hlavni obawou spojenou s SBECD je dav-
kowé zavisla nefrotoxicita. Obava je podloZe-
na skutefnasti, 2e chemicky nemodifikované
a- a fi-cyklodextriny podléhaji tubularni re-
absorpei a kumulaci v rendlnich tubuldrmich
burikach, kde interferuji s cholesterolem a na-
ruuji integritu bunék (36). Nicméné prave diky
sve chemické modifikaci SBECD nepedléha
tubuldrni resorpci a zlstava koncentrovany
v modi. Diky tomu by mél byt oslaben jeho
nefrotoxicky potencial (36)

Mejrizikovejsim lécivem je s ohledem na
davkovani, mnozstvi SBECD a predpokla-
danou délku terapie vorikonazol. Pro 80kg
pacienta odpovida standardni denni daw-
ka vorikenazolu 960 mg resp. 640mg, tedy
15,3 g, resp. 10,2 g SBECD (192 mg.fkgfden,
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resp. 128 mg/kg/den). A pravé s vorikonazolem
je publikoviano nejvice studii zaméfenych na
sledovani nefrotoxicity SBECD (38, 44-47).
Micmé&n ani systematicke review z roku 2015,
zahrnujici vétiinu dat publikovanych na toto
téma dodnes, nepotvrdilo vyssi vyskyt nefro-
toxicity u intravendzni formy vorikonazolu
oproti peroralni u pacientd s renalni insufici-
enci (35 Limitern dat je nepochybné omezena
délka podavani SBECD pacientdm se snizenou
funkci ledvin reflektujici doporudeni wyrobce
{pfechod na peroralni formu vorikonazolu pi
poklesu clearance kreatininu pod 50 ml/min).
Pouze Yasu a kol. nabizi klinicka data k dlouho-
dobéjéimu imedian 27 dni) podaniintravende-
niho varikonazolu. Odhaduji, ze kumulativni
davka vice nez 400 mg/kg vorikonazolu resp.
6400 mg SBECD muze piispét k razvaji rendlni
dysfunkce (48). To by odpovidalo piibliing 50
dndm lééby. Vezmeme-li v potaz 5,5x vyssi
expozici SBECD u pacientd s té2kou rendl-
ni insuficienci, mechanistickym vypodtem
dosahneme podobné expozice po priblizne
9 dnech terapie.

Vyrobce vorikonazolu doporuduje pec-
live zhodnoceni benefith a rizik pred pouzi-
tim SBECD u pacientd s clearance kreatininu
pod 50 ml/min a vyie uvedeny prehled maze
poslouzit k lepiimu zhodnoceni onech rizik.
| pres své limity (data se tykaji prevainé kom-
binace s varikonazolem, typicky jde o krat-
kodobou expozici) publikovana data toxicitu
SBECD u lidi spolehlivé neprokazuji a stavaji
se tak cennym voditkemn pro situace, kdy pre-
chod na formu bez obsahu SBECD neni moZny.

Zavér

Pomocné latky jsou nezbytnou soudisti
intravendzné podavanych léciv, nebot za-
jistuji stabilitu, rozpustnost a biologickou
dostupnost Gdinne latky. Plestode jsou tyto
latky obecné povazovany za inertni, rostouci
podet studii poukazuje na jejich potencialni
biologické uéinky, které mohou mit klinicky
vyznam. Zvlastni rizike mohou predstavovat

vintenzivni péci, kdy se asto setkdvame s je-

Tab. 3. Obsah SBECD ve vybranych piipraveich pro parenterdini poddni o pousivanych v intenzivei

medicing
Lédivn Létivy phipravek pro | v. podani Ohbsah SBECD
worikonazal Viend * (200mgl 3200mag
posakonazol Nowzfil * (300mag) 6680 ma
remdesivir Vakdury (10Dmg) 3000 mg
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BIOLOGICKE UCINK'Y POMOCNYCH LATES POLLEIVAMYCH U INTRAVENCIME PODAVANYCH LECIY

jich extenzivnim privedem v kratkém Zaso-
wém harizontu, nebo naopak s prodiouzenym
podinim a rizikem jejich kumulace. V takove
situaci miZe i pres jejich bezpeénost dajit
k projevu jejich biclogickych uginkd.

Mezi nejéastéji zminované Ocinky patfi
zmény farmakokinetiky léciv, aktivace imunit-
niho systému, ovlivnéni bunééné toxicity a in-
terakce s biologickymi membranami. Mékteré
pomocné latky mohou take zpisobovat aler-
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Priloha 3: Metodika pro ovéreni adsorpce CMS a kolistinu na material okruhu ECMO
ex vivo

Cil: Kvantifikovat sekvestraci CMS a kolistinu na material ECMO okruhu v podminkach
ex vivo

Metodika: Interakce 1é¢iv a materialu bude kvantifikovana na uzavieném ECMO ok-
ruhu podobné, jako to bylo provedeno v diive publikovanych studiich. ECMO okruh
bude primovan krvi. Nasledné budou pridana l1éciva. Opakované bude mérena koncen-
trace 1é¢iv v okruhu. S ohledem na design pokusu nezahrnujici lidské i¢astniky nebude
pozadovano schvaleni etickou komisi.

ECMO okruh: Budou pouZity tfi nové ECMO okruhy (vyrobce bude doplnén dle skutec-
nosti) sestavajici z hadic (vyrobce a material bude doplnén dle skutecnosti), oxygena-
toru (material, plocha a vyrobce bude doplnén dle skutecnosti), centrifugové pumpy
(typ a vyrobce bude doplnén dle skutecnosti) a rezervoaru (1000 ml, vyrobce bude
doplnén dle skutecnosti). Rezervoar bude primovan krvi (priblizné 500 ml) doplnénou
o Plasmalyte (250 ml), heparin a v pripadé potieby hydrogenuhli¢itanem sodnym
8,4% ke korekci pH. Kontrola pH probéhne pred zahajenim experimentu pomoci ana-
lyzatoru (vyrobce bude doplnén dle skutecnosti.), v ¢ase 3, 6 a 12 hodin po zah3ajeni
experimentu, a navic ad hoc v pripadé korekce. Cilem je pH v rozmezi 7,20-7,55. Tep-
lota okruhu bude udrzovana na 37 °C pomoci tepelného vymeéniku. Priitok bude nasta-
ven na 4 1/min. Tlak za oxygenatorem bude kontrolovan kazdou hodinu od zacatku
experimentu.

Priddni léCiva: Zasobni roztoky CMS o koncentraci 19,5 mg/10ml a kolistinu o koncen-
traci 1,95 mg/10 ml pfipravené Ustavem farmakologie, Lékarské fakulty Univerzity
Palackého v Olomouci budou pridany do rezervoaru se smési pro priming okruhu. Po
homogenizaci bude odpusténo 50 ml tohoto roztoku do sklenéné kadinky a bude slou-
Zit jako kontrolni vzorek. Zbyvajicim roztokem bude primovan ECMO okruh.

Kontrolni vzorek: Kontrolni vzorek v uzaviené sklenéné kadince bude umistén
do vodni 1azné temperované na 37 °C. Roztok vZdy pred odbérem vzorku homogenizo-
van lehkym prokrouZenim.

Odbér vzorki: Prvni vzorek bude odebran ihned po pridani 1é¢iv do roztoku, dalsi
vzorky z ECMO okruhu budou odebirany v ¢ase 5, 15, 30 a 60 minuta 3, 6 a 12 hodin
po uzavieni okruhu. Nejprve bude odtazeno 10 ml krve, které budou do okruhu po od-
béru vzorku vraceny. Objem kazdého vzorku bude 4 ml. Stejny objem bude odebran
z kontrolniho vzorku. Oba vzorky budou okamzité centrifugovany pti 3000 otackach
a4 °C po dobu 10 minut. Z kazdého vzorku bude sérum odpipetovano do dvou vialek
a vzorky budou umistény do mrazaku -50 °C. Po ukonceni experimentu budou v§echny
vzorky zamrazeny na -80 °C aZ do analyzy.
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Analyza vzorkii: Vzorky budou analyzovany na Ustavu farmakologie, Lékai'ské fakulty
Univerzity Palackého v Olomouci zavedenou a validovanou metodou kapalinové chro-
matografie s tandemovou hmotnostni spektrometrii (LC-MS/MS) s polymyxinem B
jako internim standardem. Pouzita bude Prominence LC-20A HPLC System (Shimadzu,
Kyoto, Japonsko) s Arion® Polar C18 kolonou (250 x 4,6 mm; 5 mm; Chromservis,
Praha, Ceska republika) temperovana na 35 °C. Detektor je trojity kvadrupélovy spek-
trometr LCMS-8045 (Shimadzu, Kyoto, Japonsko) a elektrosprejovou ionizaci (ESI).
Mobilni faze je voda a 0,1% mravenci kyselina a methanol s 0,1% kyselinou mravenci
(40:60 v/v). Rychlost priitoku je 0,8 ml/min. lonty generované elektrosprejovou ioni-
zaci jsou detekovany v pozitivnim modu pri m/z pro kolistin A 585,55 - 101,05, m/z
pro kolistin B578,5 = 101,15 a m/z pro vnitini standard 602,4 - 101,1; 120,15; 86,15.
Celkovy €as analyzy je 3 minuty.

Vypocet ndvratnosti: Pro vypocCet bude vyuzita standardni rovnice:
. c
navratnost (%) = C—t x 100 %,
13

kde Ctje koncentraci v casovém bodé€ a Ci je koncentrace v ¢ase 5 minut (5 minut po po-
dani léciva, tj. po probéhnuti ekvilibrace).

Statistickd analyza: Statistickd analyza bude provedena v programu R. Pro porovnani
navratnosti ve vzorku z ECMO okruhu a kontrolniho vzorku bude pouZit dvouvybé-
rovy t-test s hladinou vyznamnosti a = 0,05 v 12hodinovém horizontu celého experi-
mentu.
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