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Abstrakt

Cilem predklddané diserta¢ni prace bylo studium moznosti vyuziti farmakokinetickych
parametr( k individualizaci péce o pacienty. Prace je sloZzena ze Ctyf tematickych okruh(:
posouzeni faktor(, které se podileji na zméndach farmakokinetiky IéCiv u pacientl s obezitou po
provedeni bariatrického vykonu, provedeni terapeutického monitorovani léCiv a Uprava
davkovani vybranych léciv na zakladé téchto znalosti; farmakokinetickd analyza hladin
rituximabu u pacientll s glomeruldarnimi onemocnénimi a ndvrh individualizovaného
davkovani; prehled zmén farmakokinetiky antikoagulancii u pacientd podstupujicich

plazmaferézu a terapeutické monitorovani antikoagula¢ni 1é¢by; a vyuZiti farmakokinetickych

vypoctl pro zpresnéni analyzy non-adherence u pacientl s rezistentni hypertenzi.

Po provedeni Roux-en-Y gastrického bypassu byly pozorovany v priabéhu 6 mésict vyznamné
zmény koncentraci venlafaxinu, kvetiapinu, trazodonu a karbamazepinu, které byly zptisobeny
jak operacnim vykonem a zménami v absorpci léCiv, tak vlivem kolisani hladiny karbamazepinu
a vlivu jeho indukéniho potencidlu. Opakované terapeutické monitorovani léciv s Uzkym
terapeutickym oknem a vysokym interakénim potencidlem vede k potfebné individualizaci

terapie v takto slozitych situacich a zvysuje jeji bezpeénost i efektivitu.

Analyza hladin rituximabu u 185 pacientl vedla ke zjisténi potreby Upravy davkovani pro
pacienty s membrandzni nefropatii, fokdlni segmentalni glomerulosklerézou a lupusovou
nefritidou; odlisnd farmakokinetika u pacientll s témito glomerulopatiemi je v souladu
s popsanou horsi terapeutickou odpovédi na standardni |éCebny rezim, na rozdil od pacient(
s ANCA-asociovanou vaskulitidou ¢i nefrotickym syndromem s minimalnimi zménami
glomerul(l. Byla navrZzena nova davkovaci schémata se zkradcenym intervalem poddni pro tyto
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obtizné |écitelné diagndzy s vysokou proteinurii.

Po provedeni plazmaferézy jsme pozorovali ztratu pouze 10 % denni davky apixabanu
sudrzenim jeho koncentraci v publikovaném referenénim rozmezi, bez krvacivych ¢i
trombotickych komplikaci v prabéhu lécby; toto zjisténi tak naznacuje moZnost bezpecné a
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ucinné antikoagulace timto lé¢ivem i béhem uvedené mimotélni ocistovaci metody.



Na zakladé literarnich dat a méfenych koncentraci spironolaktonu a kanrenonu u skupiny
adherentnich pacientl byl vytvofen dvoustupriovy model hodnoceni adherence, ktery byl
nasledné aplikovdn na skupiné 71 pacientd srezistentni hypertenzi. Pfi zapojeni
farmakokinetickych principli bylo detekovdno dvojnasobné mnoistvi non-adherentnich
pacient( oproti tradicni metodé zachytu pritomnosti IéCiva a/nebo metabolitu ve vzorku.

Metoda je tak G¢innd zejména v hodnoceni maskované non-adherence.

Klicova slova:

adherence, farmakokinetika, optimalizace davkovani, personalizovand farmakoterapie,

terapeutické monitorovani léciv



Abstract

The aim of this dissertation was to study the possibility of using pharmacokinetic parameters
for individualized patient care. The thesis consists of four thematic areas: assessment of factors
involved in drug pharmacokinetics changes in obese patients after bariatric surgery,
implementation of therapeutic drug monitoring and dose adjustment of selected drugs based
on these findings; pharmacokinetic analysis of rituximab levels in patients with glomerular
diseases and proposal of individualized dosage regimen; review of pharmacokinetics of
anticoagulants in patients undergoing plasmapheresis and therapeutic monitoring of
anticoagulant therapy; and use of pharmacokinetic calculations to refine the analysis of non-

adherence in patients with resistant hypertension.

Significant changes in concentrations of venlafaxine, quetiapine, trazodone, and
carbamazepine were observed over a 6-month period after Roux-en-Y gastric bypass surgery,
which were caused by the surgical procedure and changes in drug absorption, but also by
alterations in carbamazepine levels and the influence of its induction potential. Repeated
therapeutic monitoring of drugs with a narrow therapeutic window and high interaction
potential leads to the necessary individualization of therapy in such complex situations and

increases its safety and efficacy.

Analysis of rituximab levels in 185 patients indicated the need for dose adjustments in patients
with membranous nephropathy, focal segmental glomerulosclerosis and lupus nephritis; the
different pharmacokinetics in patients with these glomerulopathies is consistent with the
described inferior therapeutic response to standard treatment regimens, as opposed to
patients with ANCA-associated vasculitis or minimal glomerular disease. New dosing regimens
with shortened administration intervals have been proposed for these difficult-to-treat

diagnoses with high proteinuria.

After plasmapheresis was performed, we observed a loss of only 10% of the daily dose of
apixaban, with plasma levels corresponding with the expected normal reference range,

without bleeding or thrombotic complications during treatment; thus, this finding suggests the



possibility of safe and effective anticoagulation with this drug even during this extracorporeal

method.

Based on literature data and measured spironolactone and canrenone concentrations in a
group of adherent patients, a two-step decision model for adherence assessment was
developed and subsequently applied to a group of 71 patients with resistant hypertension.
When pharmacokinetic principles were involved, twice as many non-adherent patients were
detected compared to the traditional method of drug and/or metabolite detection in the

sample. The method is thus particularly effective in the assessment of masked non-adherence.

Keywords:

adherence, dose optimization, personalized pharmacotherapy, pharmacokinetics,

therapeutic drug monitoring
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Seznam zkratek

AAV — ANCA asociovana vaskulitida

AUC — plocha pod kfivkou

BAV - biodostupnost léCiva

BMI - index télesné hmotnosti

BV - bariatricky vykon

CL - clearance

CLCr — clearance kreatininu

Cmax — maximalni koncentrace

FSGS — fokalni segmentalni glomeruloskleréza
GFR — glomerularni filtrace

GIT — travici trakt

LMWH — nizkomolekularni hepariny

LN — lupusova nefritida

MCD — nefroticky syndrom s minimalnimi zménami glomerult
MN — membrandzni nefropatie

NOAC (DOAC) - nova (pfima) antikoagulancia
PK — farmakokinetika, farmakokineticky

RTX - rituximab

SmPC — Souhrn udaju o pripravku

T1/2 — plazmaticky polocas

TDM — terapeutické monitorovani léciv

TPE — terapeuticka vyména plazmy, plazmaferéza

Vd — distribuc¢ni objem
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1. Literarni uvod

Farmakokinetika (PK) popisuje procesy pohybu léciva po poddni do organismu a zahrnuje
informace o absorpci, distribuci, metabolismu a exkreci IéCiva a jeho metabolitd. Zakladni
Udaje o PK parametrech jsou ziskavany v procesu klinického zkouseni, jsou zpravidla ovlivnény
hmotnosti, vékem (tj. odliSnosti v détském véku i zmény souvisejici se starnutim), pohlavim,
rasou Ci genetickou vybavou jedince; kjejich dalSim zméndam dochdzi napf. pfi renalni a
hepatalni insuficienci, pripadné pti srde¢nim selhani spojeném s hypoperfuzi traviciho traktu i
cilovych tkani nebo pfi kritickych stavech spojenych s redistribuci tekutin, alteraci krevniho

obéhu ¢i orgdnovou podporou (Morales Castro et al., 2023; Poggesi et al., 2009).

Dostupné udaje o zménach PK u vybranych skupin pacientll jsou po Uspésné registraci léCiva
soucasti Souhrnu o pripravku (SmPC). Pfi spravné terapeutické praxi pak vyuzivame téchto
poznatkl k individualizaci terapie, pfi které zohledriujeme vSechny faktory na strané pacienta
ke stanoveni uc¢inné a bezpecné davky léCiva. Pfes snahu prozkoumat a popsat nejvyznamné;jsi
faktory ovliviiujici terapeutickou hodnotu léciva jiz ve fazi klinického hodnoceni neni ¢asto
dostatek informaci o zménach PK u nékterych skupin pacientl, ktefi jsou v Uvodnich
randomizovanych kontrolovanych studiich zpravidla nedostate¢né zastoupeni. Tyto skupiny
predstavuji mimo jiné pacienti podstupujici mimotélni ocistovaci metody ¢i extrakorporalni
membranovou oxygenaci, ¢i pacienti s vyznamnou alteraci trdviciho traktu (napf. syndrom
kratkého streva, stav po provedeni bariatrického vykonu). Rozsahle opomijeny faktor je rovnéz
vliv neselektivni proteinurie a dalsi stavy spojené se ztratami krevnich bilkovin (napf. spojené
s idiopatickymi stfevnimi zanéty) na biologickou terapii, jejiz PK je jinak relativné nezavisla na

poskozeni eliminacnich organd.

Oblasti, kde naopak lIze uplatnit jiz znamé PK parametry, je hodnoceni adherence. V situaci,
kdy predpokldadame dobrou prediktivni hodnotu PK, tj. zndme vSechny vyznamné faktory a
jsme schopni relativné presné urcit, jakou hladinu bude lécivo u konkrétniho pacienta
dosahovat pfi daném davkovani, lze porovnanim vypocétené predpokladané hladiny Iéciva
s hladinou skute¢né zmérenou odhalit v pfipadé rozporu nejen Uplnou, ale rovnéz maskovanou
non-adherenci, kdy pacient zamérné uziva lécivo pouze pred navstévou ambulance, protoze

predpoklada, Zze probéhne kontrola jeho hladiny.

14



Nasledujici text se vénuje prehledu zmén PK u nékterych z téchto specifickych situaci,
konkrétné zménam absorpce po zdsahu do gastrointestinalniho traktu vlivem bariatrické
operace, zménam PK pfi alterovanych rendlnich funkcich véetné neselektivni proteinurie se
zamérenim na zmény kinetiky nejéastéji pouzivané monoklondlni protilatky v terapii
glomerulonefritid, rituximabu, a zakladnim poznatkiim o PK IéCiv pti pouZiti plazmaferézy se
zamérenim na antikoagulancia. Dale popisuje moZnosti vyuziti PK znalosti pfi kontrole

adherence, pfedevsim v oblasti terapie hypertenze.

15



1.1 Ovlivnéni absorpce a biodostupnosti IéCiv po bariatrickém vykonu

Bariatrické operace jsou souborem chirurgickych vykon( traviciho traktu (GIT) provadénych
s cilem redukce télesné hmotnosti. Déli se na vykony restriktivni (omezujici objem pftijimané
stravy — napt. gastrickd bandaz, plikace nebo sleeve gastrektomie), malabsorpcni (redukujici
absorpci Zivin vyrazenim podstatné ¢asti traviciho traktu — napf. biliopankreatickd diverze) a

kombinované (zahrnujici oba mechanismy ucinku — napf. Roux-en-Y gastricky bypass).

Vysledkem provedeného vykonu je restrikce kalorického pfijmu, nezamyslenym efektem vsak
mulzZe byt (zejména u vykonl malabsorpcnich a kombinovanych) zména absorpce rady

peroralné poddvanych latek, v€etné mikronutrientd a léCiv (Lorico & Colton, 2020).

Nasledkem bariatrického vykonu (BV) vSak mlzZe byt nejen zména absorpcni plochy, ale také
ovlivnéni liberace |écivé latky z dané lékové formy, zména v expresi metabolickych enzym( a
stfevnich transportérl a dopad na lokdlni produkci hormon( s naslednou zménou motility GIT

(Tab. 1).

Mimoto i samotna pfitomna obezita muize ovlivnit PK [éCiv jiz v dobé pred BV (Tab. 2) a
s poklesem hmotnosti predpokladame normalizaci téchto zmén, zejména distribuéniho

objemu (Vd) i clearance (CL) (Konstantinidou et al., 2023; Lau et al., 2023).

Komplexni povaha téchto faktor(i zplsobuje, Ze ndsledkem BV mUze dojit jak ke snizeni, tak
paradoxné i ke zvySeni expozice danému léCivu (Santamaria et al., 2018). V pfipadé snizené
absorpce dochazi navic vlivem postupné adaptace GIT po operacnim zdkroku k dalsim zméndm
v fadu nékolika mésicl (Kingma et al., 2021; Ziegler et al., 2009), proto je pfi hledani informaci
o PK |éCiv u pacientl po BV nutno vénovat pozornost kromé typu provedeného vykonu i dobé,

ktera od provedeni vykonu ubéhla.

Déle i v pfipadé nezménéné absorpce a biodostupnosti |é¢iva (BAV) musime pamatovat na
zménu v terapeutické odpovédi na podanou latku a jejiho terapeutického vyznamu v [écbé
daného pacienta, nebot vlivem sniZeni hmotnosti a kompenzace metabolického syndromu
dochazi ke zméné potreby napfr. antidiabetik ¢i antihypertenziv (Rubino et al., 2016; Tajeu et
al., 2022). Casto se jedna o komplexni souhru faktor(, pti které se uplatfiuje kombinace zmén
PK a kompenzace chronického onemocnéni— ptikladem je terapie levothyroxinem, kdy dochazi

16



na jedné strané ke snizené absorpci a poklesu enterohepatalni cirkulace a na strané druhé
k nizsi potfebé substituéni davky pfi poklesu hmotnosti (Azran et al., 2021).
Tab. 1. Faktory ovliviiujici biodostupnost |éCiv po bariatrickém vykonu

(Alalwan et al., 2022; Darwich et al., 2012; Girolamo & Allin, 2022; Kingma et al., 2021; Konstantinidou et al.,
2023; Lorico & Colton, 2020; Padwal et al., 2010; Porat & Dahan, 2020; Porat et al., 2021; Sioka et al., 2018)

vlastnosti lécivého Iékovd forma e utekutych LF neprobiha dezintegrace a disoluce, Ucinna latka

pfipravku je tedy dostupna rychleji, pfitomné nevstrebatelné cukry vsak
mohou urychlit vyprazdnéni GIT

e pevné LF s enterosolventnim obalem mohou uvolnit |éCivo
predcéasné pfi zvySeném pH Zaludku

e LF s prodlouzenym uvolnénim nemusi uvolnit celé mnoZstvi
ucinné latky

ucinna latka e misto absorpce, afinita k transportérlim a metabolismus,
lipofilita, first-pass effect, pKa

e ke zvazeni posouzeni BCS klasifikace, |éCiva s nizkou solubilitou
(BCS 11, IV) jsou s rizikem sniZené expozice

charakteristika stav GIT e individualni odlisSnosti v gastrickém pH a motilité GIT (pfip.
pacienta ovlivnéné konkomitantni medikaci)

e velikost a integrita absorpcni oblasti

e krevni pratok

komorbidity e ovlivnéni PK vlivem rendlni nebo hepatalni insuficience

e riziko Iékovych interakci

charakteristika BV typ vykonu e mensi ovlivnéni BAV po restriktivnich vykonech neZ po
malabsorpénich/kombinovanych

e nerovhomérné zastoupeni transportérd a metabolizacnich
enzymu podél GIT

e naruseni enterohepatalni cirkulace

e ovlivnéni GIT motility (zrychlené vyprazdnovani Zzaludku,
zkraceny (SG) nebo prodlouzeny (RYGB) tranzitni ¢as stfevem

¢as od vykonu

postupna adaptace stfeva v Case od vykonu, distalni ¢asti
prebiraji funkci vyrazenych proximalnich

Zkratky: BAV — biodostupnost, BCS — biofarmaceuticky klasifikacni systém, GIT — gastrointestinalni trakt, LF —
Iékova forma, pKa — disociacni konstanta, PK — farmakokinetika, RYGB (Roux-en-Y gastricky bypass), SG — sleeve
gastrektomie
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Tab. 2. Zmény farmakokinetiky |é¢iv u obéznich pacienti a faktory, které je nutné zhodnotit pfi individualizaci
terapie

(Brill et al., 2012; Delanaye et al., 2023; Domislovic et al., 2022; Erstad & Nix, 2021; Gouju & Legeay, 2023;
Hanley et al., 2010; Cheymol, 2000; May et al., 2020; Moore, 2019; Smit et al., 2018)

absorpce e rozsah peroralni absorpce je e ovlivnéni motility GIT pfi komorbiditach
zachovan (diabeticka gastroparéza) nebo vlivem
o v&tsi mnozstvi podkoZniho tuku terapie (GLP-1 analoga)
komplikuje i.m. podani (nezamyzlené |® volba vhodného mista pro i.m. podani,
podani do tukové tkang) dostatecna délka jehly
distribuce e zvyieniVvd e v pripadé zvyseni Vd a nezménéné CL

dochézi k prodlouzeni T1/2 i doby do
nastoleni ustaleného stavu

e  klinicky dopad zavisi na fyzikalné
chemickych vlastnostech léciva
(lipofilita), vazbé na plazmatické e stanoveni vhodné nasycovaci davky a
bilkoviny a dal3i tkané davkovaci hmotnosti:

e v zavislosti na véku, pohlavi a fyzické o celkova télesna hmotnost (TBW)

zdatnosti vyznamné rozdily o idedlni télesna hmotnost (IBW)

o upravena télesnd hmotnost (ABW)

o tukuprosta vaha (LBM)

e zhodnoceni KVS (srdec¢ni vydej, pfitomné

v mnozstvi svalové a tukové hmoty a
celkové télesné vody
e nizsi prokrveni tukové tkangé, zmény

srde¢niho vydeje komorbidity alterujici prokrveni)

metabolismus |e  signifikantni zvygeni aktivity CYP2E1 |®  kompenzacni zvétSeni jater a zvySeni

a konjugaénich enzym(i krevniho pritoku s teoretickym navysenim
e  popsan pokles aktivity CYP3A4, trend jaterniho metabolismu
vy&Si aktivity CYP2C9, CYP2DS, e s trvanim obezity rozvoj MAFLD vedouci
nejednozna&né ddaje k aktivité k poklesu jak krevniho pritoku jatra, tak
CYP1A2, CYP 2C19 jejich metabolické kapacity
e volba vhodné udrZovaci davky

exkrece e kompenzaéni glomeruldrni * volba vhodného vypoctu eGFR
hyperfiltrace u mladych, jinak o dle CKD-EPI s pfepoctem na BSA
zdravych obéznich o dle Cockrofta a Gaulta s pfepoctem na

ABWo,4

e s délkou trvani obezity riziko rozvoje
CHRI (i v dusledku komorbidit) * volba vhodné udrzovaci davky

Zkratky: ABWo4— upravena télesnd hmotnost zahrnujici 40 % rozdilu mezi celkovou a idedIni télesnou hmotnosti,
CL — clearance, eGFR — odhadovana glomerularni filtrace, GIT — gastrointestindlni trakt, GLP-1 — glukagonu
podobny peptid-1, CHRI — chronicka rendlni insuficience, KVS — kardiovaskularni systém, MAFLD — ztukovaténi
jater spojené s metabolickou dysfunkci, T1/2 — plazmaticky polocas, Vd — distribucni objem

U latek s uzkym terapeutickym oknem je pak vzdy vhodné vyuzit terapeutického monitorovani
|[éCiv (TDM). ZvySenou pozornost vyZzaduje také pritomnost léciv s vysokym interakénim
potencidlem v medikaci pacienta, nebot v souvislosti se zménami BAV téchto |éciv mize dojit
také ke zméné dopadu pritomné lékové interakce. Prikladem takového Iééiva je karbamazepin.
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1.1.1 Farmakokinetika karbamazepinu

Karbamazepin ma BAV 75-85 %, vaze se na plazmatické bilkoviny ze 70-80 % a jeho Vd je
uvadén v rozmezi 0,8-1,2 L/kg. Maximalni koncentrace dosahuje v zavislosti na podané Iékové
formé za 1,5 hod. (p.o. suspenze), 4-5 hod. (tablety s okamzitym uvolfiovanim) nebo 3-12 hod.
(tablety s prodlouzenym uvolfiovanim) (Micromedex (elektronickd databdze); Tolou-Ghamari
et al., 2013). Eliminace zavisi prakticky pouze na jaterni biotransformaci, lécivo je substratem
CYP3A4 a touto cestou také vznika jeho hlavni aktivni metabolit karbamazepin-10,11 epoxid,
ktery se podili jak na farmakologickém efektu, tak na nezadoucich ucincich. Plazmaticky
polocas karbamazepinu je vysoce variabilni, po jednorazovém podani jsou uvadény hodnoty
35-40 hod., resp. 25-65 hod., pozdéji vlivem autoindukce metabolismu dochdzi ke zkraceni na
12-17 hod. (Micromedex (elektronickd databdze)), resp. 4-12 hod. (Tolou-Ghamari et al., 2013)
Za ustdleny stav je tedy vhodné povazovat dobu uzivani min. 3-5 tydn( (Tolou-Ghamari et al.,
2013). Jedna se o lécivo s Uzkym terapeutickym oknem, pro stanoveni vhodné chronické davky
tedy vyuzivame TDM, s cilovou udolni hladinou 4-10 mg/L (Hiemke et al., 2018). Vzhledem
silné indukci CYP3A4, UGT a efluxniho transportéru P-glykoproteinu, ale i ovlivnéni CYP1A2 ¢i
CYP2C9 (Hiemke et al., 2018) se jedna o |éCivo se znacnym interakénim potencidlem, které

muze ovlivnit hladiny fady soubézné poddavanych léCiv.

Caraco et al. studovali PK karbamazepinu u obéznich pacientl. Po jednorazovém podani 200
mg byl u jinak zdravych dobrovolnik( s primérnym indexem télesné hmotnosti (BMI) 38,8 +
6,0 kg/m? zjistén signifikantni vzestup zdanlivého Vd s nevyznamnym ovlivnénim CL a tedy
prodlouzenim vysledného T1/2 (59,4 + 14,7 hod) oproti neobéznim subjektim (BMI 22,4 + 1,6
kg/m?; T1/2 31,0 + 5,0 hod.) (Caraco et al., 1995). V souladu s timto zjisténim bylo také na
skupiné Sesti pacientl s redukci hmotnosti o 30,0 + 5,0 kg béhem necelého roku pozorovano
signifikantni zkraceni T1/2 cca na polovinu (60,3 + 3,1 versus 30,8 + 3,3 hod, p <0,01) a sniZeni

zdanlivého Vd (106,2 + 9,9 versus 77,7 +4,5 L, p <0,01) (Caraco et al., 1992).

Popsany jsou rovnéz zmény PK karbamazepinu po BV. Porat et al. (Porat et al., 2022) sledovali
hladiny |éciva opakované pred BV, do 3 mésicl, po 4-6 mésicich a po 7-12 mésicich. Pozorovali

pokles na davku normalizovanych hladin u 4 z 8 pacientl po sleeve gastrektomii, u jednoho
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pacienta doslo ke zvySeni hladiny a u tfech byly zmény nevyznamné, k dispozici vSak nebyla
opakovana méreni u viech pacientl. Jak jiz bylo zminéno vyse, sleeve gastrektomie patfi mezi
vykony restriktivni a pravdépodobné ovliviiuje PK Ié¢iv méné nez vykony malabsorpcni a
kombinované; autofi vysvétluji trend poklesu plazmatickych koncentraci pravdépodobné
nedostatecnou disoluci Iékové formy s prodlouzenym uvolfiovanim a zvySenim aktivity CYP3A4

po snizeni télesné hmotnosti.

Triplett et al. (Triplett et al., 2021) sledovali vliv BV na uc¢innost a bezpecnost antikonvulzivni
terapie. Ve své prdaci popsali vramci plazmatické hladiny karbamazepinu u 4 pacientd
uzivajicich rovnéz lékovou formu s prodlouzenym uvolfiovanim. U jednoho z nich nebyla 9
tydnd po BV pozorovana zadna zména koncentrace, u dvou doslo k poklesu 0 82 a 45 % (24 a
22 tydnl po BV) a u jednoho k vzestupu hladiny o 39 % (81 tydna po BV). Tato zjisténi tak
naznacuji pfechodné zhorseni BAV s naslednou adaptaci GIT s odstupem od vykonu a moznym
vlivem snizeného Vd, oviem vzhledem k tomu, Ze nebyl bliZze upfesnén typ provedeného BV u
jednotlivych subjekt( ani davka vztazena k hmotnosti pacienta, nelze na zakladé této prace
vyvodit presné;jsi zaveéry.

Lze tedy predpokladat, Zze vlivem vice faktorl dochdzi béhem obdobi po BV ke zménam
v expozici karbamazepinu. Vzhledem k jeho indukénimu potencidlu tak musime peclivé
monitorovat bezpecnost i Ucinnost nejen terapie timto lécivem, ale i dal$i konkomitantni
farmakoterapie, nebot souhrnny efekt zmén PK jednotlivych léCiv po snizeni absorpce vlivem
BV a potencidlnimu snizeni CL pfi poklesu hladin karbamazepinu je obtizné odvodit pouze na

zakladé teoretickych predpoklad(.
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1.2 Farmakokinetika u pacientl s glomerulopatiemi

Jako glomerulopatie (také glomerulonefritidy) oznadujeme soubor onemocnéni spojenych s
posSkozenim renalnich funkci vlivem prevaZujictho poskozeni glomerull na zakladé zvysené
bunécné proliferace, leukocytarni infiltrace, pfipadné dalSich pfticin (Sethi et al., 2016). V
literature je fada zpuUsob( klasifikace téchto onemocnéni, je mozno je délit podle klinického
obrazu na primarni (s postizenim pouze ledvin) a sekundarni (s manifestaci zanétlivého
procesu v glomerulech na podkladé systémového onemocnéni) nebo podle ¢asového vyvoje
na rychle progredujici (s akutni razantni ztratou funkce, zpravidla s moZnosti zlepSeni ¢i obnovy
pfi v€asné terapeutické intervenci) a chronické glomerulonefritidy (probihajici pomaleji, avsak
zpravidla hlife terapeuticky ovlivnitelné, ¢asto progredujici i pres terapii do konecného stadia
renalni insuficience). Dalsi rozliSeni glomerulopatii probiha dle mocového a histologického

nalezu, dle lokalizace a patogeneze.

Na etiologii glomerulopatii se podileji genetické, imunitni, infekéni, metabolické a
hemodynamické faktory (Sethi et al., 2016; Tesar, 2015). Tab. 3 uvadi moznosti farmakoterapie

u vybranych glomeruldrnich onemocnéni podle aktualnich doporuceni.

Funkci glomerulu je tvorba ultrafiltratu bez pritomnosti bunék a proteind. V dlsledku
poskozeni glomerulu tak dochazi v rizné mite ke snizeni glomerularni filtrace (GFR), hematurii

a/nebo proteinurii (Javaid & Quigg, 2005) s naslednym ovlivnénim PK IéCiv.
1.2.1 Vliv snizeni glomerularni filtrace na farmakokinetiku Iéciv

Se snizenou GFR je spojena zména PK fady |éCiv, ktera muZe vést k nutnosti Upravy jejich
davkovani. Nejcastéji posuzujeme nutnost redukce davky a/nebo prodlouzeni davkovaciho
intervalu u lé¢iv s vyznamnou renalni exkreci, kterd je narusena v dusledku poklesu GFR,
pripadné tubularni sekrece a reabsorpce. Mezi Ié€iva s vyznamnou rendlni eliminaci a tedy
potencialem ke kumulaci pfi rendlni insuficienci patfi aciklovir, aminoglykosidova antibiotika,
vankomycin, gabapentinoidy, beta-laktamovéa antibiotika, flukonazol, digoxin aj. Samotna
hodnota GFR ptritom klesd nejen z dllvodu onemocnéni ledvin, ale kolisa téz v zavislosti na
srdecnim vydeji, pfip. objemové depleci. V praxi odhadujeme schopnost eliminace |éCiva na

zakladé poklesu GFR (dle tzv. teorie intaktniho nefronu, tedy predstavy, Zze CL koreluje s jeji
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hodnotou), nicméné s timto poklesem muze byt spojen vzestup aktivni tubularni sekrece, ktera
se u nékterych léciv (metformin, meropenem, amoxicilin aj.) signifikantné na renalni eliminaci
podili. Celkova renalni eliminace je ddle ovlivnéna tubularni reabsorpci, ovlivnénou m;.
hodnotou pH (Lea-Henry et al., 2018; Roberts et al., 2018). Kromé toho u pacientl s rendlnim
poskozenim dochazi i ke kompenzacnim zméndm jaterniho metabolismu (je-li zastupnou
cestou eliminace |éCiva), zméndm ve vazebnosti na plazmatické bilkoviny (vlivem proteinurie
¢i urémie) ¢i zménam ve Vd vlivem retence vody Ci kolisani pfi pfistrojové nahradé funkce

ledvin) (Poggesi et al., 2009; Roberts et al., 2018).

Tab. 3. Vybrané glomerulopatie a pouzivana farmakoterapie
("KDIGO 2021 Clinical Practice Guideline for the Management of Glomerular Diseases," 2021)

glomerulopatie moZnosti farmakoterapie

membrandzni nefropatie (MN) RTX

CNI + GK
cyklofosfamid/chlorambucil + GK
CNI + RTX

nefroticky syndrom s minimalnimi zménami GK

glomeruld (MCD) cyklofosfamid

CNI

MMF/Na-MF + GK
RTX

fokalni segmentaini glomeruloskleréza (FSGS) GK

CNI

ANCA asociovana vaskulitida (AAV) MMF
cyklofosfamid + GK
RTX + GK
udrZovaci lécba

azathioprin +/- GK
RTX +/- GK

lupusova nefritida (LN) hydroxychlorochin
GK + MMF / cyklofosfamid / CNI / RTX / azathioprin

Zkratky: CNI — kalcineurinové inhibitory, GK — glukokortikoidy, MMF — mykofenolat mofetil, RTX - rituximab

1.2.2 Vliv proteinurie na farmakokinetiku Iéciv

Zatimco ovlivnéni PK Iéc¢iv v dusledku poklesu GFR je vice prostudovano, dopad zmén
tubularnich procesu ¢i dalSich vyse uvedenych faktor( ovliviiujicich PK a nutnost navazujicich

zmén v davkovani léCiv u pacientd s rendlni insuficienci je prozatim malo prozkouman (Lea-
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Henry et al., 2018). Mezi tyto faktory patfi i ztrata bilkovin modi. Proteinurie mdze ovlivnit PK

|é¢iv nékolika mechanismy (Hartinger et al., 2022; Joy et al., 2009):

1. u létiv s vysokou vazbou na plazmatické bilkoviny muZe proteinurii navozend

hypoalbuminémie vést ke zvySeni volné frakce |éCiva, ktera je ve zvySené mife metabolizovana

2. teoreticky lze také uvazovat o zvysSené eliminaci frakce lé¢iva vazané na plazmatické

bilkoviny pfi jejich ztraté ledvinami, tyto zmény vSak nebyly studovany
3. proteinurie vede k pfimé renalni ztraté Iéciv charakteru bilkovin

4. hypoalbuminémie vede k uniku tekutin do extraceluldrniho prostoru, hyperhydrataci

pacienta a tim ke zvySeni Vd

Léciva charakteru monoklonalnich protilatek nejsou diky velikosti molekuly odstrafiovdana GFR
ani nahradnimi ocistovacimi metodami (kromé plazmaferézy), u renalni insuficience bez
vyznamné proteinurie se tedy zmén v jejich eliminaci neobavdme, u rendlnich onemocnéni
provazenych vyraznymi ztratami bilkovin moci vSak musime vzit v Uvahu i riziko urychleného
vylucovani téchto IéCiv a selhani terapeutického efektu (Gomez Mendez et al., 2019; Hartinger
et al., 2022). Toto nabyva obzvlasté na vyznamu napf. v pfipadé rituximabu, ktery je pouzivan

v terapii hned nékolika glomeruldrnich onemocnéni (Tab. 3).

Detekce a adekvatni hodnoceni proteinurie je mozno provést pomoci 24-hodinového sbéru
moci, tato metoda je vSak naro¢nd na provedeni, zejména u ambulantnich pacient(.
Jednodussi a spolehlivou metodou je rovnéZz hodnoceni poméru protein/kreatinin v modi
(protein/creatinine ratio, PCR), jehoZz hodnota koreluje s rendlnimi ztratami moci (Montero et

al., 2012).
1.2.3 Farmakokinetika rituximabu

Rituximab (RTX) je chimérickd monoklonalni protilatka zamérena na CD-20 transmembranovy
antigen pfitomny na B-lymfocytech. Vazbou na tento protein spousti bunécnou a
komplementem zprostfedkovanou imunitu, kterd vede k depleci CD-20 pozitivnich bunék. Je
poddvan intravendzné ¢i subkutdnné, po s.c. podani dochazi k dosaZzeni systémové cirkulace
cestou lymfatickych cév, pficemz ve studiich na zvifatech byla pozorovéna 1,9x vyssi BAV po
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pfidani hyaluronidazy. Vyslednd BAV po s.c. podani je v rozmezi 50-100 % (jelikoZz béhem
absorpéni faze dochazi k proteolytické degradaci ¢i fagocytdze) a maximalni koncentrace
(Cmax) je dosazeno za 2-8 dni (Golay et al., 2013; Hartinger et al., 2022). Stejné jako u jinych
monoklondlnich protilatek je Vd RTX relativné nizky, |éCivo se vaZe na CD-20 B-lymfocyty
v plazmé, lymfatickych uzlinach a kostni dfeni. Neprochazi hematoencefalickou bariérou, pro
[é¢bu lymfom( CNS je tedy nutné intratekdlni podani. Distribuce do tkani je pomal3a, probiha
transceluldarné (pomoci transcytézy) nebo konvektivné paracelularnim prinikem. Distribuce
tak zavisi na rychlosti konvektivniho transportu, vazbé na cilova mista a rychlosti degradace
|é¢iva. PK nejlépe popisuje dvoukompartmentovy model. Publikovany byly ridzné hodnoty Vd
v zavislosti na pouzité metodé PK analyzy (3,1- 9,6 L (Golay et al., 2013; Micromedex
(elektronickd databdze))), Vd je signifikantné zvySen u muz(, pacientd s ANCA asociovanou
vaskulitidou (AAV), revmatoidni artritidou a lymfomy. Vysokd nadorova zatéz predstavuje
situaci s vy$sim poctem cilovych mist (CD-20 antigenu), coz vede k vétsi vazbé RTX ve tkdnich.
Tento fenomén lze interpretovat jako zvySeni zdanlivého Vd nebo zvySeni CL volného RTX,
jednd se viak spiSe o redistribuci do cilového mista uc¢inku (Golay et al., 2013; Hartinger et al.,

2022).

Terminalni eliminacni polocas u hematoonkologickych pacientd a osob s autoimunitnimi
onemocnénimi nepostihujicimi ledviny je pfiblizné 3 tydny, k degradaci dochazi primarné v
retikuloendotelidlnim systému. Plazmaticky polocas (T1/2) mizZe byt zkracen pfi pfitomnosti
vysokého poctu B-lymfocytl v disledku extenzivni vazby na cilovy antigen CD-20; v pribéhu
terapie tak Ize pozorovat rychlejsi eliminaci po prvnim podani nez po aplikaci nasledujicich
davek (Golay et al.,, 2013; Hartinger et al.,, 2022), tento fenomén je pravdépodobné
vyznamnéjsi u hematoonkologickych malignit v dlsledku vyznamné vys$siho poctu B-lymfocyt(,

nez je tomu u autoimunitnich onemocnéni.

Kromé ovlivnéni CL nadorovou zatézi je PK RTX ovlivnéna i dalsimi faktory: ke zkraceni T1/2
RTX m{zZe vést napt. vysoka hladina I1gG v krvi, delSi expozice IéCivu (a lepsi terapeuticky efekt)
byl pozorovan v terapii DLBCL u Zen oproti muziim; u déti byla pozorovana pozitivni korelace
mezi CL a télesnym povrchem. Ke zvyseni CL dojde rovnéz v pfitomnosti tvorby protilatek proti

rituximabu nebo v pritomnosti zanétlivych procest vedoucich k nespecifickému zvyseni CL
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plazmatickych bilkovin (Golay et al., 2013; Hartinger et al., 2022). Vzhledem k velikosti
molekuly monoklondlnich protilatek nebyvaji tato lé¢iva vyznamné ovlivnéna hemodialyzou,
naopak, v disledku hemokoncentrace po probéhlé procedure byly pozorovany mirné zvysené
hladiny (Jillella et al., 2002). Naproti tomu plazmaferéza, jejimzZ cilem je odstrafiovat protilatky
a imunokomplexy, mlze hladiny lé¢iva vyznamné ovlivnit, a to zejména v ptipadé, Ze je
provedena pred dokoncenim distribu¢ni faze v kratkém casovém uUseku po podani léciva
(Azzopardi et al., 2013). Teoreticky tak mGzeme predpokladat, Ze s.c. podani mize byt vtomto

ohledu vyhodnéjsi.

Pokud jde o ovlivnéni patologickymi stavy, ke zvySeni CL RTX vede neselektivni proteinurie, jak
ukazuje korelace mezi CL a tiZi proteinurie u pacientll s membrandzni nefropatii ¢i detekce RTX
v moci pacientl s rendlni insuficienci spojenou s proteinurii (Counsilman et al., 2015; Fogueri
et al., 2019; Stahl et al., 2017). Samotna proteinurie vsak zcela nevysvétluje variabilitu T1/2 u
rozlicnych autoimunitné podminénych onemocnéni. Vzhledem k popsanym vyznamnym
rozdilm v T1/2 (napf. 11,5 dne u membrandzni nefropatie oproti 23 dnim u ANCA asociované
vaskulitidy) (Hartinger et al., 2022) nabyva na vyznamu individualizovany pfistup k ddvkovani

zajistujici dostate¢nou terapeutickou odezvu a zabranujici selhani |éCby.
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1.3 Vliv plazmaferézy na farmakokinetiku léciv

Plazmaferéza (terapeutickd vyména plazmy, therapeutic plasma exchange, TPE) je mimotélni
ocCistovaci metoda, pri které dochazi k oddéleni plazmy od krevnich elementl a jejimu
odstranéni. Nasledné je odstranény objem doplnén koloidnimi a/nebo krystaloidnimi roztoky.
Cilem je odstranéni patologickych latek v plazmé (autoprotilatek, imunokomplexd, toxin(
vazanych na plazmatické bilkoviny aj.) (Bednafik, 2011; Cheng et al., 2017), nezamyslenym
dlisledkem vSak muze byt i ovlivnéni hladin podavanych léciv. V zavislosti na jejich PK
vlastnostech vsak bude dopad TPE na zménu jejich hladin nejednotny a pro absenci
randomizovanych kontrolovanych studii panuje v této oblasti nejistota (Cheng et al., 2017).
Predpoklada se, Ze provedeni TPE mlze vyznamnéji ovlivnit koncentraci léCiv s vysokou vazbou
na plazmatické bilkoviny (nad 80 %) a malym Vd (pod 0,2 L/kg), ktera zUstavaji do znacné miry
distribuovdna v intravaskuldrnim prostoru. Na druhou stranu I|éfiva s vyznamnou
extravaskuldrni distribuci nebo s vysokou CL a rychlou eliminaci z organismu budou
pravdépodobné ovlivnéna méné. Na vysledné zméné se vSak kromé vlastnosti |éCiv bude
podilet i fada individualnich faktor( souvisejicich s provedenim dané procedury i s klinickym
stavem pacienta, vyznamnou roli bude mit napf. ¢as mezi podanim Iéciva a provedenim TPE,
jelikoz zahajeni procedury pred ukonéenim distribuéni faze, pfi které 1éCivo pronika z plazmy

do perifernich tkani, zvySuje mnozstvi odstranéného léciva (Puisset et al., 2013).

K vétsi eliminaci také dojde pri opakovani TPE i zvySeni objemu odstranéné plazmy; k ovlivnéni
eliminace muZe prispét téz hepatalni i rendlni insuficience prodluZujici T1/2 |éciva apod. (Tab.

4).

Opomenuti téchto faktor( vede ke znacnym rozdilim v publikovanych vysledcich, pricemz se
vétsinou jedna o kasuistiky popisujici odstranéni 1é¢iv v pripadé preddvkovani, casto téz v
kombinaci s pouzitim dalsich eliminaénich opatfeni. Udaje o koncentraci lé¢iva v odstranéné
plazmé pritom ¢asto nejsou k dispozici, ackoliv by pomohly zpresnit informace o tom, jak se na
poklesu hladiny léciva podilela samotnd TPE. Tyto omyly nebo nedlslednosti se potom
propaguji i do nasledné vznikajicich prehledt literatury (Cheng et al., 2017; Ibrahim & Balogun,
2012; Mahmoud et al., 2021).
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Tab. 4. Faktory ovliviujici vliv terapeutické vymény plazmy na koncentrace IécCiv
(Cheng et al., 2017; Ibrahim & Balogun, 2012; Mahmoud et al., 2021)

vlastnosti léciva | vazba IéCiva na plazmatické bilkoviny

distribu¢ni objem

vicekompartmentova kinetika (rychlost pfesunu do/z periferniho kompartmentu,
rebound effect po ukoncéeni TPE)

clearance a plazmaticky polocas

prabéh TPE délka trvani a frekvence TPE

objem odstranéné plazmy a rychlost vymeény

typ objemové nahrady

¢as mezi podanim léciva a zahajenim TPE

klinicky stav zména PK |éciva pFi pfeddvkovani

nutriéni stav pacienta

insuficience eliminacnich organi

dalsi odchylky od fyziologickych funkci (napt. hypotenze, dehydratace, kriticky stav)
dalsi soubézné eliminacni a detoxifikacni procedury

Zkratky: PK — farmakokinetika, TPE — terapeutickd vyména plazmy

Zatimco u fady chronicky uzivanych lé¢iv bude pravdépodobné vliv TPE na PK méné vyznamny,
predpoklad vyznamného odstranéni plazmaferézou spliuji napf. l1é¢iva typu monoklonalnich
protilatek. Popsan byl signifikantni pokles hladiny RTX u pacient(i s provedenou TPE 24-72 hod.
po jeho podani (Azzopardi et al., 2013). Riziko ovlivnéni CL se vSak netyka jen biologické IéCby,
ale nabyva na vyznamu i tzv. konvencnich léciv s Uzkym terapeutickym rozmezim. Z davodu
mnoha faktord podilejicich se na zméné koncentrace a alteraci Ucinku léciv vlivem TPE je
vhodné u téchto latek sledovat Ucinnost a bezpecnost 1é¢by pomoci TDM a/nebo pfislusnych
laboratornich testli (Mahmoud et al., 2021). K IéCivlim, u nichZ se pfi provedeni plazmaferézy
uplatiuje fada mechanism( vedoucich k riziku neadekvatné nastavené terapie, patfi mj. i

antikoagulancia.
1.3.1 Ovlivnéni antikoagulacni Iécby plazmaferézou

| v pfipadé, Ze nedojde k vyznamnym zméndm samotnych plazmatickych hladin Ié¢iv v
disledku TPE, je nutno pamatovat na riziko mozné zmény jejich terapeutické hodnoty v
dlsledku odstranéni molekul, na néz jsou tato léciva cilena. To se tyka napf. antikoagulacni
lé¢by, nebot s odstranénim plazmy dochazi mj. i k poklesu endogennich koagulacnich i
antikoagulacnich faktor( (véetné antitrombinu, na ktery se vazi nepfima antikoagulancia), a

zejména v pripadé, Ze je pro nasledné doplnéni objemu pouzZit roztok 5% albuminu, nikoliv
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cerstva mrazend plazma, je pozorovano prodlouzeni béznych koagulacnich testl (INR, aPTT)
(Hodulik et al., 2019; Shunkwiler et al., 2018), coZz muze zvysit riziko krvaceni u pacient(l na

antikoagulacni 1écbé.

Pacient podstupujici TPE muzZe byt chronicky antikoagulovan, at jiz z dlvodu prevence ¢i lécby
tromboembolické nemoci i prevence cévni mozkové prihody a systémové embolie pfi fibrilaci
sini. V obou indikacich se staly v poslednich letech |éCivy prvni volby tzv. nova (nebo téz prima)
antikoagulancia (NOAC, DOAC). Jedna se o peroralni pfipravky s podanim 1-2x denné, jejichz
mechanismem ucinku je bud’ pfima inhibice trombinu (dabigatran) nebo faktoru Xa (apixaban,
rivaroxaban, edoxaban). Rostouci zkuSenosti ukazuji, Ze jejich bezpecnost a ucinnost je
srovnatelna s warfarinem. Napf. pro pacienty s obezitou toto plati i pfi zachovani fixni davky
(Martin et al., 2021; Thangjui et al., 2022) a pfi upravé davky za stanovenych podminek je Ize
s vyhodou pouZit i u pacientl s nizkou télesnou hmotnosti, vy$sim vékem, pritomnymi
lékovymi interakcemi i rendlni insuficienci (do hodnot clearance kreatininu (CLCr) 30
(dabigatran), resp. 15 mL/min. (-xabany)). Informace o moZnosti podani téchto léCiv pacientlim
podstupujicim TPE jsou vSak velmi omezené, dosud nebyly provedeny studie zamérené na
bezpecnost a ucinnost terapeutického podani NOAC v pribéhu TPE. Publikovdno bylo pouze
nékolik kasuistik, pricemz samotna TPE byla pouzita zpravidla s cilem eliminace NOAC a
ukonéeni jejich antikoagulacniho efektu (Francisco et al., 2021; Kumar et al., 2018; Lam et al.,

2015).
1.3.2 Farmakokinetika pfimych peroralnich antikoagulancii

NOAC byla vyvinuta se zamérem prekonat nékteré z nedostatk( warfarinu, kterymi jsou napfr.
uzké terapeutické okno, vysoka variabilita v odpovédi na |Iécbu dana lékovymi interakcemi,
interakcemi s potravou a genetickym polymorfismem, nutnost pravidelného monitorovani a
pomaly nastup i odeznéni ucinku (Ingrasciotta et al., 2018). V soucasné dobé jsou tato |éciva
prvni volbou pro prevenci Zilniho tromboembolismu (TEN) po ortopedickych vykonech, pro
prevenci cévni mozkové prfihody a systémové embolie (CMP/SE) u pacient( s nevalvularni
fibrilaci sini (FiS) a k Ié¢bé hluboké Zilni trombdzy a plicni embolie (DVT/PE) a prevenci jejich

rekurence. Zakladni PK vlastnosti shrnuje tabulka 5, o¢ekdvané plazmatické koncentrace NOAC
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jsou uvedeny v tab. 6. Pfes podobné hodnoty T1/2 jsou NOAC podavany ve dvou davkovacich
rezimech, 1x denné (edoxaban, rivaroxaban), ¢i 2x denné (apixaban, dabigatran). U IéCiv
s podanim 1x denné tak pfirozené dochdzi vramci davkovaci intervalu k vétsi fluktuaci

plazmatickych hladin. Hlavnimi kovaridtami ovliviiujicimi PK NOAC jsou lékové interakce a

renalni funkce.

Tab. 5. Zakladni farmakokinetické vlastnosti NOAC
(Ashley & Dunleavy, 2019; Boriani et al., 2021; Byon et al., 2019; Kubitza et al., 2007; Micromedex (elektronickd
databdze); Mueck et al., 2014; Reilly et al., 2014; Rocca et al., 2018; Steffel et al., 2021; Upreti et al., 2013)

1A2, 2C8, 2C9,

(aktivni metabolity)

konjugace, CYP3A4

apixaban dabigatran edoxaban rivaroxaban
BAV (%) 50 3-7 (cps) 63-72 66-100
vliv jidla ne ne zanedbatelny zvySeni BAV u davky
15-20 mg
Tmax (hod.) 1,5-4 1-3 1-2 2-4
vazba na PB (%) | 87 35 55 92-95
vd (L) 21 50-70 107 50
rendlni/non- 27/73 80/20 50/50 35/65
rendlni CL (%)
biotransformace | CYP3A4 (25 %), CYP | glukuronidace hydrolyza, CYP3A4 (18 %), CYP

202 (14 %),

4 CmaxaAUCo 31
a23% pro>120kg

<100 kg, 0 53 %
oproti > 100 kg

4 Co021% pro
2100 kg oproti 50 -
<100 kg,

vzestup Vd o

0,77 %/kg nad 80 kg

zadné klinicky
vyznamné zmény
Cmax a Cmin pro >
120 kg

2C19, 2J2) <4% hydrolyza
(aktivni metabolity)
dialyzovatelnost | ne ano ne ne
T1/2 (hod.) 7-16 12-17 10-14 5-13
vliv télesné M CmaxaAUCo027 | M C 021 %pro N Cmaxccao40% | zadné klinicky
hmotnosti a20% pro<50kg | <50 kg oproti 50- pro <60 kg, vyznamné

zmény Cmax a AUC
v rozmezi 50 - 120
kg

Zkratky: AUC — plocha pod ktivkou, BAV — biodostupnost, C — koncentrace, CL — clearance, Cmax — maximalni
koncentrace, Cmin — minimalni koncentrace, PB — plazmatické bilkoviny, Tmax — cas dosaZeni maximalni
koncentrace, T1/2 — plazmaticky polocas, Vd — distribuéni objem

PK interakce se uplatniuji u vSech NOAC cestou efluxniho transportéru P-glykoproteinu, ktery
ovliviiuje biodostupnost pti absorpci v GIT, u rivaroxabanu se uvadi vyznamna role tohoto
transportéru pfi rendlni tubularni sekreci, kterd vede ke zvySeni CL (Mueck et al., 2014).

Apixaban a rivaroxaban jsou také castecné metabolizovany izoenzymem CYP3A4, pfri
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soubézném podani se silnymi induktory nebo inhibitory tohoto izoenzymu tedy musime
pamatovat na riziko ovlivnéni PK NOAC i touto cestou (Databdze lékii SUKL; Micromedex

(elektronickd databdze); Steffel et al., 2021).

Pfi zhorSeni rendlnich funkci dochazi ke zpomaleni eliminace NOAC, nejvyznamnéji bude
ovlivnéna expozice dabigatranu (Turpie et al., 2017), PK model pfedpoklada vzestup v expozici
léCivu o 11 % pri poklesu clearance kreatininu (CLCr) o 10 mL/min (Stangier, 2008) a
plazmaticky poloc¢as se prodluzuje az na 28 hod. (Ashley & Dunleavy, 2019). Zatimco Upravy
davek pfi zhorSeni rendlnich funkci jsou ¢astou klinickou situaci a SmPC udava jasna kritéria
pro redukci ddvky NOAC na zdkladé CLCr, mensi pozornost je vénovdna zvySené renalni CL
s potencidlnim dopadem na sniZeni hladin NOAC; pres popsany pokles hladin edoxabanu u
pacient s CLCr >95 mL/min. informace o mozném snizeni Ucinku, na rozdil od FDA, v ¢eském

SmPC chybi (Databdze Iéki SUKL; Micromedex (elektronickd databdze); Turpie et al., 2017).

Pacienti s aktivnim jaternim onemocnénim a cirhézou predstavuji potencidlné dalsi skupinu
s alterovanou PK NOAC. U pacient0 s cirhdzou stupné Child-Pugh B (C-P B) je kontraindikovan
rivaroxaban, jelikoZ po podani jednorazové ddvky 10 mg doslo k vice neZz dvojnasobnému
zvyseni expozice léCivu (Kubitza et al., 2013). Naopak expozice dabigatranu byla ve skupiné
pacientd s C-P B srovnatelnad s hodnotami namérenymi u zdravych dobrovolnikd, zpomaleni
aktivace proléciva na samotny dabigatran nebylo klinicky relevantni a nasledna glukuronidace
nebyla ovlivnéna, Uprava davky tedy neni potifebna (Stangier et al., 2008). Cirhdza stupné C-P
A-B neméla vyznamny efekt na PK apixabanu (Frost et al., 2021), ani na PK edoxabanu (Mendell

et al.,, 2015).

Mezi faktory ovliviiujici PK NOAC patfi rovnéz zmény télesné hmotnosti (viz tab. 5), tyto jsou
povaZovdany za nevyznamné do hranice 120 kg, resp. BMI 40 kg/m?, na zakladé dosavadnich
zkusenosti je doporuceno v indikaci [écby DVT/PE podavat rivaroxaban a apixaban i pacientlim
prevysujicim tyto parametry (Martin et al., 2021); p¥i podani v indikaci prevence CMP/SE u FiS
je doporuceno u pacient s BMI > 40 kg/m? a/nebo 120 kg ovéFit dostateénou expozici pomoci
TDM (Steffel et al., 2021), stejné jako u pacientli po BV, kde se jako nejvhodnéjsi IéCivo jevi tc.
apixaban (Martin et al., 2021; Martin et al., 2017).
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Tab. 6: O¢ekavané plazmatické koncentrace NOAC (ng/mL)
(Byon et al., 2019; Douxfils et al., 2018; Mueck et al., 2014; Reilly et al., 2014; Testa et al., 2019; Verhamme et al., 2016)

DVT lécba prevence CMP/SE u NVAF
|écivo, davka Cmax Cmin Cmax Cmin
1-3 hod. po podani 10-16 h’oq. Po 1-3 hod. po podani 10-16 h’oq. po
dabigatran podani podani
prumér (25.-75. percentil) medidn (10.-90. percentil)
150mg 2xdenné 175 (117-275) 60 (39-95) 175 (74,3-383) 91 (39,8-215)*
110mg 2xdenné 126 (52-275) 64,7 (28,2-155)
2-4 hod. po podani 20-28 h,O(il' po 2-4 hod. po podani 20-28 h,°‘3" Po
rivaroxaban podani podani
medidn (5.-95. percentil) medidn (5.-95. percentil)
20mg 1xdenné 270 (189-419) 26 (6-87) 249 (184-343) 44 (12-137)
15mg 1xdenné 229 (178-313) 57 (18-136)
2-4 hod. po podani pred podanim 2-4 hod. po podani pred podanim
apixaban
medidn (5.-95. percentil) medidn (5.-95. percentil)
5mg 2xdenné 132 (59-302) 63 (22-77) 171 (91-321) 103 (41-230)
2,5mg 2xdenné 67 (30-153) 32 (11-90) 123 (69-221) 79 (34-162)
1-3 hod. po podani pred podanim 2 hod. po podani 24 hod. po podani
edoxaban
medidn (25.-75. percentil) primér (min.-max.)
60mg 1xdenné 234 (149-317) 19 (10-39) 300 (60-569) 39 (13-110)
30mg 1xdenné 164 (99-225) 16 (8,3-32) 169 (10-400) 38 (7-147)

Zkratky: Cmax — maximalni koncentrace, Cmin — minimalni koncentrace, CMP — cévni mozkova pfihoda, DVT —
hluboka Zilni trombdza, NVAF — nonvalvularni fibrilace sini, SE — systémova embolie

Ke stanoveni hladin dabigatranu se v nasich klinickych podminkach pouziva dilu¢ni trombinovy
Cas, tedy rychlost premény fibrinogenu na fibrin ovlivnéna mnozstvim pfitomného trombinu,
jehoz je dabigatran pfimym inhibitorem. Preferovanou metodou pro posouzeni
antikoagulacniho ucinku a kvantitativni stanoveni xabanU je kalibrovany test anti-Xa aktivity,
pficemz namérené hodnoty anti-Xa (tj. mira inhibice faktoru Xa dodaného do vzorku) jsou
Fadové vyssi ne? pii terapii LMWH (Databdze ki SUKL). V obou pfipadech jsou z vysledkd
pfislusnych testi vypocteny plazmatické hladiny NOAC odpovidajici mife inhibice trombinu,

resp. faktoru Xa.
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Pokud bychom tedy zvazovali zakladni PK vlastnosti NOAC ve vztahu k TPE, nizsi vazba na
plazmatické bilkoviny a vétsi Vd v pfipadé dabigatranu a edoxabanu spiSe vedou k predpokladu
mensi ndchylnosti k odstranéni béhem této procedury, naopak apixaban a rivaroxaban s vyssi
vazbou na plazmatické bilkoviny a mensim Vd jsou v tomto ohledu rizikovéjsi. | jejich Vd a T1/2
vsak prfevysuji znamé PK parametry pro nefrakcionovany heparin ¢i nizkomolekularni hepariny
(LMWH), které jsou u pacientl podstupujicich TPE rovnéz vyuzivany (Hodulik et al., 2019;
Shunkwiler et al., 2018).

Jak ovsem bylo uvedeno, hladinu NOAC ovliviiuje celad rada faktor(l, a prestoze tato |éciva
prokazala v registracnich studiich non-inferioritu ve srovnani s warfarinem ¢i LMWH i bez
uplatnéni metod TDM, je mérfeni hladin NOAC postupem, ktery dobfe umoziuje zvladnuti

terapeuticky obtiznych klinickych situaci, mezi které patti i provedeni TPE.
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1.4 Vyuziti farmakokinetiky k hodnoceni adherence k farmakoterapii

Znalost PK lé¢iva Ize vyuZit nejen k individualizaci terapie a zvySeni bezpecnosti a Uéinnosti, ale

také k ovéreni adherence pacienta ke stanovenému lé¢ebnému rezimu.

Jednou ze standardnich metod kontroly adherence je hodnoceni pfitomnosti pfedepsanych
[é¢iv v séru nebo moci pacienta metodou kapalinové chromatografie s hmotnostni
spektrometrii (LC-MS). NejCastéji je v soucasné dobé tato analyza provadéna bez interpretace
zmérenych hladin, tedy s cilem pouze kvalitativniho zachytu pfritomnosti (nebo v pfipadé non-
adherence absence) sledovaného |éciva ve vzorku (Groenland et al., 2021). Stanovujici
laboratof pritom uvadi ocekdvané hodnoty prevzaté z literatury (zpravidla zcela bez
prihlédnuti k ¢asu od podani |éCiva a zméreni hladiny), pficemz pro danou metodu je uvadén
potvrdit jeho pritomnost; a dale limit kvantifikace (lower limit of quantification, LLOQ), ktery
predstavuje minimalni koncentraci, pfi niz lze s urcitou pfesnosti téZz urcit mnozstvi daného
léCiva (nejcastéji v ng/mL, resp. mcg/L) (Groenland et al., 2021). V pfipadé preskripce fixnich
kombinaci se pak nékdy v praxi k hodnoceni adherence vyuZiva jen stanoveni pfitomnosti
jednoho Iéciva nebo jeho metabolitu s nejvyhodnéjsimi PK vlastnostmi (Kustovs et al., 2023)

(napt. stanoveni amlodipinu ve fixni kombinaci perindopril / indapamid / amlodipin).

Pacient je na zakladé zhodnoceni touto metodou pak oznaéen za adherentniho k 1é¢bé, pokud
stanovované |écivo (nebo zndmy detekovatelny metabolit) dosdhnou alespon LLOQ nebo LOD,
v opac¢ném pripadé je povaZovan za non-adherentniho. V principu tato kvalitativni analyza s
jistotou odhali pouze zcela non-adherentni pacienty a neni vhodna pro léciva s kratkym T1/2,
kdy i pres dusledné pravidelné uzivani mlze na konci davkovaciho intervalu dojit k poklesu
hladiny |éciva jiz pod limit detekce. Komplikovanéjsi situace, kdy dochazi k nepravidelnému,
prerusovanému uziti Iéku, nebo k jeho cilenému uziti kratkodobé pred navstévou lékare (tzv.
maskovana nebo téZ white-coat adherence) tak zlistanou zejména v pfipadé nepravidelného
uziti 1é¢iv s dlouhym T1/2 nezachyceny, prestoze by mohly byt dobfe odhaleny pomoci PK

analyzy.
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Pokud do hodnoceni adherence neni PK analyza zahrnuta, lze ofekdvat, Ze se zvysujici se
presnosti analytickych metod v budoucnu bude pfi pouZiti pouze kvalitativni analyzy narustat
pocet prdvé téchto castecné adherentnich pacientll, ktefi budou chybné povazovani za
pacienty dodrzZujici stanoveny |écebny reZim (Groenland et al., 2021). Popsdna je napf. nizka
adherence k diuretikiim a betablokator(im zjisténa metodou zpracovani udaji o vyzvednutych
balenich, zatimco pfi analyze moci nebo plazmy vykazovaly tyto skupiny |éCiv naopak adherenci
vysokou (Ritscher et al., 2019). Tento rozpor zvyraznuje nedostate¢nou vypovédni hodnotu
pouhého kvalitativniho stanoveni a nutnost hledani novych pfistupl ke zhodnoceni
namérenych koncentraci. Zaroven, jak jiz bylo zminéno, v zavislosti na PK vlastnostech |éCiva
muzZe byt naopak pacient neprdvem hodnocen jako non-adherentni, nezohlednime-li napft.
kratky T1/2 léciva a delsi dobu odbéru ve vztahu k posledni podané davce. Z tohoto dlvodu
také u nékterych |éciv stanovujeme s vyhodou prfitomnost jejich metabolitd s delsimi T1/2
(napf. metabolit spironolaktonu kanrenon, metabolit losartanu nebo metabolity inhibitor(
angiotenzin-konvertdazy, tzv. -prilaty). Stanoveni metabolitu pak mlze byt vyhodné také v
pfipadé, Ze pfi metabolismu |éCiva hraje vyznamnou roli geneticky polymorfismus (klozapin,
venlafaxin), a pomér parentni latky a metabolitu pomUlzZze rozhodnout, doslo-li k nastoleni
ustaleného stavu (desmethylamiodaron) (Flanagan et al., 1982; Rostami-Hodjegan et al., 2004;

Suwata et al., 2019).
1.4.1 Kvantitativni hodnoceni hladin léCiv k posouzeni adherence

Dalsi zpresnéni a lepsi vyuZiti metod LC-MS tak mUzZe prinést kvantitativni zhodnoceni
koncentrace |éCiva, tedy posouzeni namérené hodnoty ve vztahu k o¢ekdvanym koncentracim
vypocitanym na zakladé PK parametr(. V praxi vSak pro fadu lé¢iv nemame k dispozici
dostate¢né PK udaje. Nejprozkoumanéjsimi latkami jsou lé¢iva s Uzkym terapeutickym
rozmezim, u kterych se provadi béiné TDM (napt. antiepileptika karbamazepin, fenytoin,
valproat aj., dale digoxin, lithium, teofylin, aminoglykosidova a glykopeptidova antibiotika).
Radu béZné uzivanych lé¢iv viak davkujeme v ramci doporuéenych dennich davek primarné
podle terapeutické odezvy, monitorovani hladin IéCiv u nich neprovadime a PK je tak popséna
vyrazné méné. Literarni Udaje o predpoklddanych sérovych koncentracich mnoha Iééiv tak

pochazeji z PK studii na malém poctu zdravych dobrovolnik(i v rdmci klinického zkouseni a
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nemuseji odpovidat redlnym hodnotam u pacientd, u nichz se PK daného Iéciva miZze z dlivodu
véku, alterace eliminacnich funkci, pfitomnych komorbidit nebo |ékovych interakci muze

vyznamneé lisit.

V pfipadé, Zze pozadujeme kontrolu plazmatické koncentrace |éciva, je pak po zpracovani
vzorku laboratofi zpravidla vydan vysledek s referenénim rozmezim, které bez podrobné
znalosti o puvodu tohoto rozmezi mUze interpretaci ndlezu spiSe zkomplikovat. Prikladem je
publikace Schulze et al., jejimZ primarnim ucelem je pomoci toxikologim v posouzeni, zda
namérend hladina léciva dosahuje terapeutickych ¢&i potencidlné toxickych hladin. Za
terapeutické koncentrace jsou tak povazovany hodnoty, které byly pozorovany pfi
terapeuticky efektivnich davkach, pticemz nebyly pozorovany zadné nebo jen nevyznamné
nezadouci ucinky (Schulz et al.,, 2020). Tato rozmezi v nékterych pfipadech udavaji
nékolikandasobna rozmezi hodnot (napf. pro valsartan 800-6000 ng/mL, tedy 7,5nasobek, pro
bisoprolol 10-100 ng/mL, tedy desetinasobek, pro lerkanidipin dokonce 0,1-10 ng/mL, tedy
stondsobek), jsou pro jednotliva |éCiva uvedena bez Udaji o podané ddvce Ci Casovém intervalu
mezi aplikaci davky a provedeném méreni a pro ucely kvantitativniho hodnoceni adherence
jsou tedy nevhodna (Tab. 7). Presto jsou tato publikovand rozmezi podkladem nékterych praci,

které usiluji o posouzeni adherence k Ié¢bé pomoci kvantifikace podanych antihypertenziv.

Napf. Wagmann et al. vyuzili referencnich rozmezi (Schulz et al., 2020) k vypoctu individudlnich
rozmezi ve vztahu k podané davce, ¢asu od dosazeni Cmax a predpokladanému poklesu na
zdkladé T1/2 a nasledné dle téchto individualizovanych rozmezi posuzovali adherenci k
bisoprololu, kandesartanu, kanrenonu, karvedilolu, metoprololu, olmesartanu, torasemidu a
valsartanu. Autofi uvedli, Ze tato metoda pomohla odhalit 15 % non-adherentnich pacientl ve
srovnani s kvalitativnim hodnocenim moci vykazujicim 100 % adherenci, pfesto vsak mj. i
vzhledem k tomu, Ze uziti Iék( nebylo monitorovano, nepodala odpovéd na to, zda je zejména

v hodnoceni ¢aste¢né adherence presnéjsi (Wagmann et al., 2021).
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Tab. 7. Publikované informace o ocekavanych hladinach antihypertenziv a hypolipidemik

Cmax 224 + 82 (losartan)
Cmax 212 = 73 (metabolit)

3-4 (metabolit)

6-9 (metabolit)

lécivo (Schulz et al., 2020) namérené hladiny dle dalsich Tmax (hod.)* T1/2 (hod.)* literarni zdroje
(ng/mL) literarnich zdroja (ng/mL)
amilorid 17-26 10 mg SD: Cmax 20,6 + 10,0 2-4 6-9. (Jones et al., 1997)

RI: az 143,5 (Micromedex (elektronicka databdze))*
amlodipin 3-15 5 mg MD: Cmax 8.1 -10.3 (vék) 6-12 30-52 (Micromedex (elektronickd databdze))*
atorvastatin 7-10 (-250) 40 mg MD: Cmax 13-25,2 1-2 14 (Micromedex (elektronicka databdze))*

80 mg MD: Cmax 54,6
betaxolol 5-50 40 mg: 3 hod. po podani 73,2 + 18,3 2-6 12-22 (Micromedex (elektronicka databdze))*
3-8 11-24,5 (Balnave et al., 1981)
bisoprolol 10-100 10 mg MD: Cmax 52, Cmin 11 2-4 9-12,4 (Kirch et al., 1987)

(Micromedex (elektronicka databdze))*
doxazosin 10-150 MD: 4 mg ER: 10,1; 8 mg ER: 25,8 2-3 (IR); 8-9 (ER) 15-22 (Micromedex (elektronicka databdze))*
eplerenon 1000-1700 MD 100 mg: 1556-1874 1,5-2 3-6 (Ravis et al., 2005)

(Micromedex (elektronicka databdze))*
ezetimib 5-45 SD 10 mg: 1-2 vicecetné 22 (Databdze léki SUKL)*

3,5-5,5 (4-12 hod. po podani) sekunddrni peaky 4— (Simard & Turgeon, 2003)
MD 10 mg: 5,11-13 and 23-25 (Kosoglou et al., 2005)
Cmax 131 (1 hod. po podani) (Soulele & Karalis, 2019)
Cmax 70,1 + 49 (3 hod. po podani)
felodipin 1-12 MD 5 mg ER: 2-6 11-16 (IR) (Micromedex (elektronickd databdze))*
Cmax 1,8-2,4 26,7-33,2 (ER)
furosemid 2000-5000 (-10000) | i.v. SD 20 mg: Cmax 2861 1-1,5 1,3-2 (Micromedex (elektronicka databdze))*
p.o. SD 20 mg: Cmax 552 4-6 (RI)
hydrochlorothiazid | 40-450 (-2000) 100 mg: Cmax 498-898 1,5-2,5 2-15 (Micromedex (elektronicka databdze))*
chlortalidon 150-300(-1400) SD 200 mg: 6300 1,5-6 40-60 (Micromedex (elektronicka databdze))*
indapamid 130-250 SD 5 mg: Cmax 260 0,5-2 14-24 (Micromedex (elektronicka databdze))*
kandesartan 80-180(-400) MD 2-16 mg: 4 9-12 (Hubner et al., 1997)
mladsi vék: 17,1-119,2 (Micromedex (elektronickd databdze))*
starsi vék: 25,6-179
lerkanidipin 0,1-10 10 mg: Cmax 3,30 + 2,09 1,5-3 8-10 (Databdze Iékg SUKL)*
20 mg: Cmax 7,66 = 5,90
losartan - mtb <200(-650) MD 50 mg: 1 (losartan) 2 (losartan) (Micromedex (elektronickd databdze))*




Tab. 7. Publikované informace o ocekavanych hladinach antihypertenziv a hypolipidemik - pokracovdni

lécivo (Schulz et al., 2020) namérené hladiny dle dalsich Tmax (hod.)* T1/2 (hod.)* literarni zdroje
(ng/mL) literarnich zdroja (ng/mL)

metoprolol (20-)35-500(-600) MD 100 mg: 1,5-2 (IR) 3-9 (IR) (Lucker et al., 1990)

Cmax: 38 (ER) 10 (ER) 3-7 (ER) (Zamir et al., 2022)

Cmax 162 (IR) (Micromedex (elektronicka databdze))*
moxonidin 1-2(-4) SD 0,2 mg: 1,29 £ 0,32 0,5-3 2,2-2,3 (Weimann & Rudolph, 1992)

MD 0,2 mg 2x denné: (Databdze léki SUKL)*

1,33+0,31
nebivolol 1-20(-60) MD 5 mg:9,1 (D-)a 19 ( L-nebivolol) 1,5-4 12-19 (Micromedex (elektronicka databdze))*
nitrendipin (5-)10-50 20 mg: Cmax 5-40 1-2 2-24 (Micromedex (elektronicka databdze))*
perindoprilat 80-150 SD 4 mg: Cmax 60 1 (perindopril) 0,8-1 (perindopril) (Micromedex (elektronicka databdze))*

SD 8 mg: Cmax 160 3-7 (perindoprilat) 3-10 (perindoprilat)
ramiprilat 1-40 SD 10 mg: 40.6 +/- 14.0 do 1 hod. (ramipril) 1-5 (ramipril) (Meyer et al., 1987)

MD 5 mg, HF: Cmax 26,6 2-4 hod. (ramiprilat) | 13-17 (ramiprilat) (Micromedex (elektronicka databdze))*
rilmenidin 3-6 SD1mg:3,49+1,79 1,5-2 8 (Aparicio et al., 1994)

MD 1 mg, RI: CLCr 15-80 mL/min: 2,5-3 34-45 (RI) (Genissel & Bromet, 1989)

Cmax 9,78 +1,11 (Databdze léki SUKL)*
rosuvastatin 6-20 MD 10-80 mg: 6,02-46,2 3-5 19 (13-20) (Micromedex (elektronicka databdze))*
spironolakton - 50-250(-500) MD 50 mg 2xdenné: 1-3 (lécivo) 1,3-1,4 (Iécivo) (Micromedex (elektronickd databdze))*
metabolit Cmax 146-250 2-4 (metabolit) 8,9-23 (metabolit)
(kanrenon) Cmin 50-70
telmisartan 6-225(-1200) SD 20-120 mg: Cmax 17-1442 0,5-1 24 (Micromedex (elektronicka databdze))*
trandolaprilat 0.43-3 MD 2 mg: 0,5-2 (trandolapril) 0,6-1, (trandolapril) (Conen & Brunner, 1993)

Cmax 4,7 (CLCr>80 mL/min) 2-12 (trandolaprildt) | 16-24 (trandolaprildt) | (Micromedex (elektronickd databdze))*

Cmax 9,9 (CLCr <30 mL/min)
urapidil 100-200 30 mg ER: Cmax 116 (104-232) 4-6 4,7 (3,3-7,6) (Prichard et al., 1989)

(Databdze léki SUKL)*

valsartan 800-6000 SD 160 mg: Cmax 3300 0,7-4 6 (Micromedex (elektronicka databdze))*
verapamil (10-)20-250(-400) MD 120 mg a 6 hod.:C 125-400 1-2 (IR) 4-12 (Reynolds et al., 2005)

MD 240 mg SR: Cmax 164 7-11 (ER) (Micromedex (elektronicka databdze))*

* stav k 03/2022

Zkratky: C — plazmaticka koncentrace, CLCr — clearance kreatininu, Cmax — maximalni koncentrace, Cmin — minimalni koncentrace, ER — tablety s prodlouzenym

uvolfiovanim, HF — chronické srdecni selhani, IR — tablety s okamzZitym uvolfiovanim, MD — multiple dose; Rl — rendlni insuficience, SD — single dose, Tmax — doba

do dosazeni maximalni koncentrace




Ritscher et al. hodnotili koncentrace bisoprololu, metoprololu, nebivololu, kanrenonu a
hydrochlorothiazidu ve vztahu k publikovanym referenénim rozmezim dle Schulze (Schulz et
al., 2012) a individualné vypoctené ocekavané udolni koncentraci vztazené k podané ddvce a
zohlednujici fadu PK parametr(l u 20 pacientl. Pfi kontrolovaném podani byly vSechny
namérené koncentrace (udolni a dvé hodiny po podani) nad ocekdavanym spodnim limitem,
nicméné neceld ¢tvrtina vzorkd neobsahovala koncentraci lé¢iva odpovidajici publikovanym
terapeutickym rozmezim, dle autorl tedy tato rozmezi mohou sice odrazet farmakologicky
ucinné koncentrace, ale pro hodnoceni adherence jsou méné vhodna nez napft. dolni limit

ocCekavané udolni koncentrace (Ritscher et al., 2019).

Jednou z dalSich moznosti pro kvantitativni hodnoceni pritomnosti |éCiva v séru tak mize byt
napf. vypocet predpoklddané minimalni plazmatické koncentrace (resp. rozmezi
predpokladanych hodnot) v ustdleném stavu na zdkladé znamych individudiné dopocitanych
PK parametr IéCiva a davkovaciho rezimu a jeji porovnani se skute¢né zmérenou hladinou. U

adherentniho pacienta by namérena hodnota neméla byt nizsi nez takto urceny limit.

Ani tato metoda vSak nemusi byt zcela spolehliva, napf. Groenland a kol. provedli meta-analyzu
PK studii pro amlodipin, hydrochlorothiazid a valsartan. Na zakladé 45 zahrnutych studii
dospéli k zavéru, Ze zjisténé hodnoty jsou natolik heterogenni, Ze spolehlivé voditko pro

hodnoceni adherence neposkytuji (Groenland et al., 2021).

Kristiansen et al. na skupiné 25 pacientl lé¢enych atorvastatinem po kontrolovaném podani a
nasledném preruseni léEby stanovili cut-off hodnoty pro souhrnnou koncentraci parentni latky
a jejich 5 metabolitl (atorvastatin laktonu, 2-hydroxyatorvastatinu, 2-hydroxyatorvastatin
laktonu, 4-hydroxyatorvastatinu a 4-hydroxyatorvastatin laktonu), pficemz zjistili, Ze celkova
namérena koncentrace s jistotou odlisi ¢astecné adherentni pacienty, ktefi neuzili l1éCivo v
poslednich 3 dnech. VyuzZiti méreni koncentrace metabolitd je pfitom z davodu
interindividualni variability metabolismu atorvastatinu klicové a spolehlivéjsi nez hodnoceni
jednotlivych analyt(, tato studie vSak opét pracovala pouze s konceptem ocekavané minimalni

koncentrace (Kristiansen et al., 2019).
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Dalsi zpresnéni hodnoceni adherence na podkladé kvantitativnihno hodnoceni namérenych
hladin Ié¢iv mUzZe prinést vytvoreni PK modell pro jednotliva hodnocena IéCiva, pfipadné jejich
metabolity. Vyhoda tohoto postupu spociva mj. i ve skuteénosti, Ze je aplikovatelny na hladiny,
které jsou nabrané kdykoliv béhem davkovaciho intervalu a nikoliv jenom pro hladiny udolni,
jak prokazali autofi Karvaly et al., ktefi vyuzili koncentraci atorvastatinu a jeho metabolit k
vytvoreni PK modelu pro souhrnnou koncentraci atorvastatinu a atorvastatin-laktonu; a dale
pro atorvastatin a jeho pét metabolitl. Tento pfistup umoznujici hodnoceni adherence v
libovolném case, pouze se znalosti doby mezi uzitim a odbérem, je pro klinickou praxi
vyhodnéjsi a pfinasi tak pro hodnoceni adherence vétsi flexibilitu a presnost(Karvaly et al.,

2021).

PFi vytvareni PK modelu je pfitom nutné zachytit a charakterizovat pokud mozno viechny
faktory, které se podili na variabilité hladiny daného IéCiva (Tab. 8). To klade pfirozené naroky
na velikost souboru pacient(, ze kterého je model odvozovan a kvalitu nasledné populacéné-

farmakokinetické analyzy.

Napf. Sima et al. na zakladé zahrnuti PK principd do analyzy adherence k terapii perindoprilem
detekovali Uspésné nejen pacienty s Uplnou non-adherenci (26,1 %), ale i maskovanou non-
adherenci (dalSich 21,7 %). S vyuzitim hladin adherentnich pacientl vytvofili PK model
oCekavané CL perindoprilatu, aktivniho metabolitu perindoprilu s vyznamnou renalni eliminaci.
CL perindoprilatu korelovala dle ocekavani negativné s odhadovanou glomerularni filtraci
(eGFR), pficemz vypocet zalozeny na cystatinu C mél lepsi prediktivni hodnotu (Sima et al.,

2017).

Rostami-Hodjegan et al. se zabyvali monitoraci adherence ke klozapinu. Do PK modelu zahrnuli
davku, vék, pohlavi, kuracky status (ovliviiujici aktivitu CYP 1A2 a tim metabolismus klozapinu),
télesnou hmotnost a standardni metabolicky pomér klozapin/norklozapin v ustaleném stavu.
Vytvorené nomogramy pak zobrazuji pravdépodobnost dosazeni mérenych sérovych
koncentraci léCiva pfi dané denni ddvce pro 40 leté 80 kg muze ¢i 70 kg Zenu, kuraky ¢i nekuraky

(Rostami-Hodjegan et al., 2004).
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Tab. 8. Priklady ovlivnéni farmakokinetiky nékterych antihypertenziv vékem, stavem eliminacnich funkci a dalSimi
faktory (Databdze léki SUKL; Hocht et al., 2010; Micromedex (elektronickd databdze); Peeters et al., 2019)

vék e prodlouZeni T1/2 a vyssi plazmatické koncentrace amlodipinu a dalsich CCB

e mozna zména aktivity esteraz a tim tvorby aktivnich metabolitt ACEi,
prodlouzeni T1/2 (vlivem RI)

e pokles CL a zvySeni AUC valsartanu, pravdépodobné pfi poklesu bilidrni exkrece,
zvySeni Cmax a AUC kandesartanu

e zvySeni AUC doxazosinu

e zvySeni AUC eplerenonu

e prodlouzeni T1/2 rilmenidinu, urapidilu

e zvySeni BAV a T1/2 verapamilu

renalni insuficience e zvySend AUC ACEi adekvatné se zhorSenim RF
e zpomaleni CL acebutololu, betaxololu, bisoprololu, atenololu
e zvySeni AUC a T1/2 u moxonidinu, rilmenidinu

hepatalni e zvySeni AUC doxazosinu

insuficience e zvySeni expozice losartanu i jeho akt. metabolitu

e zvySeni BAV a prodlouzZeni T1/2 u karvedilolu, nitrendipinu

e prodlouzeni T1/2 rilmenidinu, urapidilu, verapamilu

e zvySeni BAV a AUC telmisartanu

e zvySeni expozice trandolaprilu a trandolaprildtu

e |écCiva s vysokym jaternim extrakénim koeficientem: karvedilol, nebivolol,
propranolol, verapamil, felodipin

geneticky e CYP2D6: betablokatory (karvedilol, propranolol, metoprolol, nebivolol)
polymorfismus e CYP2C9: ARB (losartan, kandesartan, irbesartan)
e CYP3AS5: CCB (amlodipin, verapamil)

Iékové interakce e ovlivnéniindukci (rifampicin, fenytoin..) nebo inhibici (azolova antimykotika,
HIV protedzové inhibitory, verapamil...) CYP3A4: doxazosin, eplerenon,
lerkanidipin

jiné e pokles CL lisinoprilu a benazeprilu pfi HF

e pokles absorpce furosemidu u pacientd s HF nebo nefrotickym syndromem

e zvySeni Cmax a T1/2 bisoprololu u HF

e ovlivnéni absorpce metoprololu, propranololu a atenololu pfi soubézném
podani antacid

Zkratky: ACEi — inhibitory angiotensin konvertujiciho enzymu, ARB — blokatory receptort pro angiotensin I, AUC
— plocha pod kfivkou, BAV — biodostupnost, CCB — blokatory kalciovych kanald, CL — clearance, Cmax — maximalni
koncentrace, HF — srdec¢ni selhani, HIV —virus lidské imunodeficience, Rl — renalni insuficience, T1/2 — plazmaticky
polocas

Jednim z léciv, kde je teoreticky mozno na zdkladé PK analyzy hladin parentni latky a

metabolitu dobfe analyzovat adherenci, je spironolakton.
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1.4.2 Farmakokinetika spironolaktonu

Spironolakton se po perordinim podani dobre vstfebava, o¢ekdvand biodostupnost je 73 %
(Overdiek & Merkus, 1987), pfi opakovaném podani 100 mg denné po dobu 15 dni byla u 13
zdravych muz( zjisténa maximalni koncentrace 80 + 20 ng/mL, Tmax 2,6 + 1,5 hod. aT1/2 1,4
+0,5 hod (prdmér, SD) T1/2 1,4 + 0,5 hod (priimér, SD) (Databdze lékii SUKL; Gardiner et al.,
1989). Podani s jidlem zvysuje jeho absorpci (Cmax a AUC) bez dopadu na Tmax a T1/2
(Overdiek & Merkus, 1986). LéCivo samotné podléha extenzivni metabolizaci, pficemz vznika
fada metabolit(l, z nichZ kanrenon je povazovdan za hlavni terapeuticky aktivni latku, i kdyz na
celkovém Ucinku se podileji i dal$i metabolity (Databdze Iékii SUKL; Gardiner et al., 1989).
Parentni latka i metabolity jsou z vice nez 90 % vazany na plazmatické bilkoviny, metabolity
jsou vylucovany ze 47-57 % ledvinami (Ashley & Dunleavy, 2019). Vzhledem ke kratkému T1/2
parentni latky je hodnoceni adherence pomoci méfeni hladin samotného spironolaktonu
nevhodné, protoze jiz v nékolikahodinovém odstupu od poziti Ié¢iva bychom mohli pacienta
pro rychly pokles plazmatickych koncentraci obvinit z non-adherence neopravnéné. Proto je
tfeba vyuzit koncentrace kanrenonu, u néhoz je udavan T1/2 16,5 + 6,3 hod. (Databdze léku
SUKL; Gardiner et al., 1989), resp. 17,8-22,6 hod. (Overdiek & Merkus, 1987) a pfi hodnoceni
adherence kterapii je jeho koncentrace méné ovlivnéna dobou mezi pozitim léCiva a
kontrolnim odbérem hladiny (Peeters et al., 2022). K prodlouZeni T1/2 kanrenonu muze dale
prispét jaterni insuficience (prodlouzeni az na 59 hod.) ¢i chronické srdecni selhani (19-48
hod.), stejné jako vyssi vék (pravdépodobné v disledku snizeného metabolismu; 35 hod.),
publikované studie jsou vSak starSiho data a tehdejsi vyuziti fluorimetrického stanoveni hladiny
kanrenonu nadhodnocovalo, proto je posouzeni ziskanych hodnot problematické (Overdiek &
Merkus, 1987). U pacientu s renalni insuficienci a kone¢nym selhanim ledvin (ESRD) nebyla PK
spironolaktonu a kanrenonu studovana (Sica, 2005), limitem podani léCiva je v tomto pripadé

zpravidla riziko hypokalémie.
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2. Hypotézy a cile prace
V priibéhu postgradualniho studia jsem se zaméfila na vyuZiti moznosti PK vypoctl v klinické
praxi pti péci o individudlni pacienty.

Stanovené hypotézy:

1. Zapojeni PK principi do péce o pacienty ve specifickych situacich (napf. u obéznich, po
bariatrickych vykonech, s mimotélnimi ocistovacimi metodami apod.) vede k vétsi G¢innosti a

bezpecnosti farmakoterapie.

2. Farmakokinetika rituximabu je ovlivnéna fadou kovariat specifickych pro urcité typy
pacientd. Expozice rituximabu je tak u rznych pacientli odlisSna a je mozno ji odhadnout pfi

znalosti klinicky méritelnych kovariat.

3. Zahrnuti PK analyzy do interpretace zmérenych hladin chronicky uZzivanych antihypertenziv
u pacientu s rezistentni hypertenzi mlze zpresnit hodnoceni non-adherence, zejména odhalit

maskovanou non-adherenci, kterou nelze posoudit prostym zachytem méfitelné hladiny.
Cilem prace bylo:

1. VyuZiti poznatkl o zméndach PK u pacient(l s obezitou podstupujicich BV s pfihlédnutim
ke vlivu lékovych interakci a vyuziti metod TDM pro individualizaci terapie (pfiloha 1).

2. Vytvoreni PK modelu popisujiciho PK RTX u pacientd s rlznymi typy glomerularnich
onemocnéni pro stanoveni optimalniho davkovani (pfiloha 2).

3. Integrace PK analyzy do prace klin. farmaceuta pfi multidisciplinarni spolupraci v péci o
pacienta podstupujiciho TPE (ptiloha 3).

4. Vyuziti PK vypoctl a vytvoreni dvoustupriové metody pro zhodnoceni adherence ke
spironolaktonu na zakladé mérenych hladin spironolaktonu a jeho metabolitu

kanrenonu (pfiloha 4).
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3. Metody

Pouzité metody jsou in extenso popsany v pfilozenych publikacich. Zde uvadim pouze jejich

strucné shrnuti.
Analytické metody:

Pro analyzu hladin psychofarmak a naslednou individualizaci terapie v pfipadé provedeného
bariatrického vykonu byla vyuZita metoda kapalinové chromatografie standemovou
hmotnostni spektrometrii (LC-MS/MS). Tato metoda byla vyuZita rovnéz pro analyzu hladin

antihypertenziv pfi hodnoceni adherence k chronické terapii (pfilohy 1+4).

Pro analyzu hladin RTX a protilatek proti RTX u pacientl s glomerulopatiemi byla vyuZita
analytickd metoda ELISA (Enzyme-Linked ImmunoSorbent Assay, LISA-TRACKER ELISA kits,

Theradiag, Croissy Beaubourg, France) (pfiloha 2).

Pro analyzu hladin apixabanu byla vyuZita metoda chromogenniho kalibrovaného testu anti-
Xa, pfi némz je faktor Xa inaktivovan apixabanem pfitomnym ve vzorku a rezidualni mnozstvi

faktoru anti-Xa je tak nepfimo umérné pfitomnému mnozstvi apixabanu (pfiloha 3).
Farmakokinetickd analyza:

V ramci kazuistiky zkoumajici BAV psychofarmak u pacientky po bariatrické operaci byly
porovnavany zmény podill koncentrace odebrané ve standardnim case/davky v rGznych
Casovych intervalech po vykonu. Dale byl studovdan metabolicky pomér o-

desmethylvenlafaxin/venlafaxin (pfiloha 1).

V ramci kazuistiky zkoumajici efekt TPE na hladiny apixabanu byl pocitan polocas pomoci
vzorce T1/2 = [In(C2)-In(C1)]/At a porovnavan s polo¢asem uvadénym v literature. Zaroven
bylo vypocitano odstranéné mnoiZstvi apixabanu pri jednom sezeni TPE na zakladé koncentrace

apixabanu v odstranéné plazmé (pfiloha 3).

Na zakladé namérenych hladin RTX byl vytvofen jednokompartmentovy populacni
farmakokineticky model pomoci software Monolix Suite software version 2021R2 (Lixoft SAS,

Antony, France), ktery pti zohlednéni klinickych kovariat (predevsim diagnéza a proteinurie)
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s vysokou presnosti popisuje pribéh hladin RTX u pacient( s rozlicnymi glomerulopatiemi.
Pomoci Monte Carlo simulaci byly vytvoreny predpokladané profily pribéhu koncentraci RTX

v Case pro odlisné skupiny diagndz s rliznou miru proteinurie (ptiloha 2).

Na zakladé literarnich udaji byla vytvorena simulace prabéhu koncentraci spironolaktonu a
kanrenonu, pomoci jednokompartmentového modelu, s absorpci parentni latky dle kinetiky 1.
fadu a eliminaci parentni latky a metabolitu také dle kinetiky 1. Fadu. Na zakladé namérenych
koncentraci spironolaktonu a jeho méfeného metabolitu kanrenonu u vysoce adherentnich
pacientd s primarnim hyperaldosteronismem byl vytvofen nomogram s ocekdavanymi
koncentracemi kanrenonu 6 hodin po uziti davky pfi rizném davkovani spironolaktonu (doba
standardniho odbéru v Centru pro hypertenzi lll. Interni kliniky VFN). Na zakladé této simulace
a nomogramu byl vytvoren dvoustupnovy postup detekce non-adherentnich pacientd, ktery
pomohl v neselektované skupiné pacientl s rezistentni hypertenzi odhalit pacienty s tzv.

maskovanou adherenci (pfiloha 4).
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4. Vysledky

Ziskané vysledky jsou in extenso popsany v pfilozenych publikacich. Na tomto misté jsou

stru¢né uvedeny hlavni vysledky.

V rdmci individualizované péce o hospitalizované i ambulantni pacienty (pfilohy 1+3) byly
vypracovany prehledy o zméndach PK ve specifickych klinickych situacich, kde je provedeni PK
analyzy pfinosem. ReSerSe tykajici se zmén PK u bariatrickych pacientd byla publikovdna
v impaktovaném casopise (Dvorackova et al.,, 2024). Znalosti ziskané resSerSni praci byly
nasledné aplikovany v konkrétnich situacich k dpravé ¢i ovéfeni bezpecné a Gcinné
farmakoterapie jak pti provedeni TPE, tak pfi zménach PK navozenych BV s naslednym
poklesem hmotnosti. Byly detailné analyzovany a popsany 2 kazuistiky s dokladovanym
vyuzitim farmakokinetické analyzy k upravé davek a vedeni terapie v téchto slozitych klinickych

situacich a publikovany v odborném tisku.

Ve studii hodnotici PK RTX u pacientd s glomeruldrnimi onemocnénimi (pfiloha 2) byl na
zakladé 445 sérovych koncentraci od 185 pacientll zpracovan PK model, jez popisuje
interindividualni variabilitu v PK RTX na zakladé péti identifikovanych kovariat: télesné
hmotnosti, poméru celkova bilkovina/kreatinin (PCR) jako ukazatele proteinurie, typu
diagnodzy, délky terapie a rozvoje protilatek proti RTX. Na zakladé zjisténi, Ze u pacient( s tzv.
obtizné |écitelnymi diagndzami (MN, FSGS, LN aj.) na rozdil od diagnéz se standardni odpovédi
na lé¢bu (AAV a MCD) dochazi ke zvySeni CL RTX na 1,4ndsobek (Obr. 1), byly pro tyto pacienty
navrzeny upravené individualizované davkovaci rezimy. Zatimco pro diagndzy se standardni,
velice dobrou a spolehlivou odpovédi na Ié¢bu (AAV — indukéni i udrzovaci terapie, MCD -
udrZovaci terapie) byl ponechan davkovaci rezim dle SmPC: indukéni terapie 375 mg/m? 1x
tydné po dobu 4 tydn(, nasledovana po 16 tydnech udrZovaci terapii 500 mg 1x tydné po dobu
2 tydnd a déle 500 mg kaZdych Sest mésict (Databdze léki SUKL), pro obtiiné lécitelné
diagnozy (MN, FSGS, LN aj.) bylo doporuceno prihlédnout k aktualni PCR a u pacientd s PCR
<0,05, 0,05-0,3 a >0,3 zkratit obdobi mezi indukéni a udrzovaci terapii na 15, 13, resp. 8 tydnd,
a interval pro udrzovaci terapii zkratit po dvodnich dvou tydnech z plvodnich Sesti mésicli na

5,4, resp. 2 mésice (Tab. 9). Dojde tak k dodrZeni stejného procenta ¢asu nad klicovou
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koncentraci RTX >10 mg/L (Breedveld et al., 2007) u vSech diagndz, tzn. u obtizné lécCitelnych
diagndz, které se vyznacuji alterovanou farmakokinetikou RTX, dojde k vyrovnani expozice, a

je tak vylouceno riziko poddavkovani pacientd RTX jako mozna pficina neefektivity terapie.
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Obr. 1 Monte Carlo simulace profili sérové koncentrace rituximabu v ¢ase po podani dle davkovaciho schématu
uvedeného v Souhrnu Udaji o pfipravku na zakladé studijni populace rozdélené na podskupiny s diagnézami
standardné odpovidajicimi na lé¢bu (n=25000) a s obtizné lécitelnymi diagndézami (n=26250). A. Modra cara
predstavuje median a 4 modré pasy percentily (5-27,5 %; 27,5-50 %; 50-72,5 % a 72,5-95 %) rozdéleni 90 %
simulovanych koncentraci. Cervena &ara predstavuje klicovou hraniéni koncentraci Gspésné 1é¢by (10 mg/L).

B. Obé skupiny zndzornéné spolecné pro ucely pfimého srovnani; standardné lécitelné diagndzy znazornény
Cervené (percentily modre) a obtizné |éCitelné Cerné (percentily Cervené).

Tab. 9. Doporucené davkovani rituximabu pro ANCA-asociovanou vaskulitidu dle Souhrnu Udaji o pfipravku a
navrhovana individualizace ddavkovacich schémat pro obtizné Iécitelné diagndzy na zakladé poméru
protein/kreatinin.

SRDg DTTDg, DTTDg, DTTDg,
PCR <0,05 PCR <0,05-0,3 PCR >0,3

indukéni terapie 375 mg/m? 1x tydné& po dobu 4 tydnd
interval mezi 16 tydna 15 tydna 13 tydna 8 tydni

indukéni a
udrzovaci terapii

udrzovaci terapie 500 mg tydné po 500 mg tydné po 500 mg tydné po 500 mg tydné po

dobu 2 tydnd, dobu 2 tydnd, dobu 2 tydn, dobu 2 tydnq,
nasledné 500 mg nasledné 500 mg nasledné 500 mg nasledné 500 mg
kazdych 6 mésicl kazdych 5 mésicl kazdé 4 mésice kazdé 2 mésice

Zkratky: DTTDg — obtizné lécitelné diagndzy, PCR — pomér protein/kreatinin, SRDg — diagndzy se standardni odpovédi na lé¢bu
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Ve studii posuzujici adherenci pacientl k terapii spironolaktonem (pfiloha 4) byl na zdkladé
literarnich PK udajd ovéfen pomoci simulace predpoklad, Ze pfi pravidelném uZivani
spironolaktonu sérové koncentrace jeho metabolitu, kanrenonu, vidy presahuji koncentrace

parentni latky (Obr. 2, 3).
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Obr.2. Simulace profilG sérovych koncentraci spironolaktonu (Seda krivka) a kanrenonu (Cernad krivka) po
peroralnim podani spironolaktonu v davce 50 mg kazdych 24 hodin na zakladé populacnich farmakokinetickych
udajd. Cerné body predstavuji o¢ekavané hladiny spironolaktonu (ng/ml) a kanrenonu (ng/ml) v ustaleném stavu
6 hodin po podani spironolaktonu.

Dale byl na zakladé odebranych hladin kanrenonu u 21 adherentnich pacientech s denni
dadvkou 12,5 — 100 mg spironolaktonu vytvoren nomogram ocekdvanych koncentraci
kanrenonu. Byla pozorovana silnd korelace (r> = 0,6742) mezi davkou spironolaktonu
normalizovanou na télesnou hmotnost a koncentraci kanrenonu 6 hod. po podani, ktera
umoznila urcit s 95% pravdépodobnosti jako non-adherentni ty pacienty, jejichz hodnoty

spironolaktonu nedosahovaly dolni hranice pfedpokladaného rozmezi sérovych hladin (Obr.

4).
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Obr. 3 Detail simulace ¢asovych profilG sérovych koncentraci spironolaktonu (¢erna kfivka) a kanrenonu (Seda
krivka) v prvnich 8 hodinach po peroralnim podani jedné davky spironolaktonu 100 mg na zakladé literarnich
Udaju (Gardiner et al., 1989).
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Obr. 4. Vztah mezi normalizovanou denni davkou spironolaktonu a sérovymi hladinami kanrenonu 6 hodin po
podani spironolaktonu. Teckované ¢ary vymezuji 90% interval spolehlivosti.

Tato dolni hranice je definovana jako MPCL = 102,4 x SD — 35,86, kde MPCL predstavuje
minimalni predpokldadanou koncentraci kanrenonu (ng/mL) a SD normalizovanou davku

spironolaktonu (mg/kg).
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Nasledné jsme s vyuZitim dvoustupriového hodnoceni, tj. hladiny kanrenonu 1) prevysujici
hladinu spironolaktonu a 2) dosahuijici alesport minima predpokladané koncentrace odhalili ve
skupiné 71 pacientd s rezistentni arteridlni hypertenzi 53 (74,6 %) adherentnich, 9 (12,7 %)
zcela non-adherentnich pacientd a 9 (12,7 %) pacientd s maskovanou non-adherenci, tj.
celkem 25,4% non-adherentnich pacientll, pricemz tradi¢ni metodou detekce pritomnosti
léciva a/nebo jeho metabolitu bychom odhalili pouze polovinu (12,7 %). Déle, 13 pacientl
(18,3 %) mélo sice nedetekovatelné hladiny spironolaktonu, ale koncentrace kanrenonu

potvrdila dobrou adherenci k [é¢bé.
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5. Diskuse

Zakladni udaje o PK IéCiv z klinickych studii zpravidla nikdy plné nepostihnou variabilitu PK u
celého spektra pacientu s pfidruzenymi komorbiditami a v rGznych klinickych situacich. Realna
klinickad praxe ukazuje, Ze v nékterych pfipadech at jiz vlivem diagnézy samotné, ¢i alteraci
jedné ¢i vice fazi PK (napf. absorpce vlivem alterace GIT, distribuce vlivem vyznamnych
antropometrickych odchylek, metabolismu a exkrece vlivem onemocnéni eliminacnich organ
Ci zapojenim instrumentalni eliminacni metody) dochazi k odchylkdm od udajl publikovanych
v SmPC. Castym alibistickym postupem je potom kontraindikace téchto pacient(i pro [é¢bu
danym lécCivem pro nedostatek informaci, pfipadné podavani standardni davky vsem
pacientim bez zohlednéni téchto kovariat (,,one size fits all” pfistup). Pokracujici vyzkum v této
oblasti naopak vede ke zpfesnéni a individualizaci ddvkového rezimu a tim ke zlepSeni péce o

pacienta.

Pokud jde o zmény PK u pacientl po provedenych BV, jsou podminény velikosti zachované
absorp¢ni plochy, zménami v enterohepatdlni cirkulaci, svou roli hraje také produkce zaludeéni
kyseliny, zmény exprese metabolizacnich enzymu a intestindlnich transportér(i a podilet se
mUzZe i alterovana intestinalni motilita (Kingma et al., 2021; Montana et al., 2022). Zasadni je
rovnéz prehodnocovani farmakoterapie v pravidelnych ¢asovych intervalech (Lau et al., 2023),
jelikoZ v ¢ase od vykonu dochazi rovnéz ke komplexnim zméndm, zahrnujicim pooperacni
adaptaci GIT, pokles télesné hmotnosti i kompenzaci nékterych chronickych onemocnéni, a
tyto faktory mohou mit v ¢ase od vykonu rlizny dopad na zmény PK i terapeutické hodnoty
chronicky uzivanych léciv. Na pfipadu pacientky s vyznamnym poklesem hmotnosti po RYGB a
s chronicky uzivanym karbamazepinem, silnym induktorem CYP3A4 a P-glykoproteinu jsme
zdokumentovali také nezanedbatelny vliv pfitomnych lékovych interakci na PK soubéiné
uzivanych léciv, které pravdépodobné prevysovaly vliv samotnych zmén v peroralni absorpci

po BV a byly spojeny i s klinickym dopadem ovliviiujicim kvalitu spanku.

Publikované prehledy tykajici se zmén PK u pacientl podstupujicich TPE se skladaji vétsinou
z kasustik nebo sérii kasustik, ¢asto v souvislosti s nezamyslenym ¢i umysinym preddvkovanim,

mnohdy se jednd o pacienty s fadou komorbidit a polypragmazii. Mezi jednotlivymi pripady
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také nachazime odlisnosti v provedeni samotné TPE a v metoddch hodnoceni vlivu TPE na PK.
Z tohoto dUvodu je nutno jen velmi obezietné prendset zavéry téchto pozorovani do praxe a
predpoklddat automaticky jejich aplikovatelnost v pripadé pacienta v odlisné klinické situaci.
Pokud jde o vliv TPE na expozici NOAC, dosavadni publikovana literatura se zatim omezuje
pouze na jednotlivd kasuistickd sdéleni. Ve dvou kasuistikdch popisujicich pacienty s
chronickym uzitim apixabanu podstupujici TPE se jednalo o pacienty s krvacenim a TPE byla
v situaci nedostupnosti specifického antidota provedena s cilem odstranéni NOAC (Francisco
etal., 2021; Lam et al.,, 2015). V jednom pfipadé nebyla kontrola hladiny apixabanu provedena
vibec a predpoklad vyznamného odstranéni apixabanu byl odvozen ztestu anti-Xa
kalibrovaného na nefrakcionovany heparin, resp. LMWH (Lam et al., 2015). Ve druhém pftipadé
byl popsan pokles plazmatickych hladin apixabanu, ale bez blizSich informaci o ¢asovém
intervalu mezi jednotlivymi mérenimi nelze dopad samotné procedury TPE, resp. podil bézné
eliminace zhodnotit (Francisco et al., 2021). Obdobné v kasuistice popisujici pravdépodobné
odstranéni rivaroxabanu s cilem minimalizovat krvaceni a umozZnit transplantaci ledviny
pacientovi s ESRD nebyly uvedeny Zadné namérené hladiny léciva, pouze pokles anti-Xa
(Kumar et al., 2018). Na zakladé téchto kasuistik ¢i teoretickych predpoklad( pak néktefi autofri
uvadéji, ze NOAC patfi mezi léCiva s vyznamnym odstranénim béhem TPE (Cheng et al., 2017;
Mahmoud et al., 2021). Nase zkuSenost s poddnim apixabanu u pacienta bez znamek kumulace
|éCiva a bez znamé insuficience eliminacnich organli vsak tento predpoklad nepotvrzuje, coz je
podtrhuje dulezitost individudlniho posouzeni dané klinické situace, provedeni TDM a PK
analyzy v pfipadé, Ze posuzujeme vliv TPE na PK léliva s uzkym terapeutickym oknem.
Komplexnost faktor( podilejicich se na zméndch expozice NOAC pfi provedeni TPE a nutnost
peclivého individudliniho monitorovani je pak dokreslena i kasuistickym sdélenim Pfluga a
Schellingera o pozorovaném rebound fenoménu plazmatickych hladin dabigatranu, k nizZ doslo
opakované pfi provadéni série TPE i pres Casné vysazeni léCiva a podani antidota
idarucizumabu, coZz autofi prace pfipisuji moziné predchazejici akumulaci [éciva

v extravaskularnim kompartmentu pfi pfitomné rendlini insuficienci (Pflug & Schellinger, 2020).

Analyza hladin RTX prokazala, Ze u pacientl s glomerulopatiemi je PK Iéciva Casto alterovan3,

nicméné dobre predikovatelna pfi zahrnuti lehce zjistitelnych klinickych kovariat, predevsim
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vrve

pfitomnosti, stupném a charakterem proteinurie, ale také diagnézou samotnou,
pravdépodobné v dlsledku rozdilného charakteru probihajiciho autoimunitniho procesu. Tato
zjisténi vedla knavrZeni individualizovaného davkovaciho intervalu zohlediujiciho typ
glomerulopatie a tizi proteinurie. PK RTX je ovlivnéna také télesnou hmotnosti, coz je
standardné zohlednéno v indukéni terapii, kde je davka stanovena na télesny povrch. S délkou
trvaniterapie se CL sniZuje, zatimco rozvoj protilatek proti RTX CL urychluje; tyto faktory nebyly
do navrienych davkovacich schémat zahrnuty, jelikoZz je nelze pfi planovani terapeutického
rezimu predvidat, u pacientl s vyznamné zkracenym T1,2 je vS8ak vhodné na rozvoj protilatek
pomyslet, pfi jejich detekci efekt terapie peclivé monitorovat a pfipadné zvolit alternativni

[é€bu jinymi anti-CD20 molekulami (napf. ofatumumab, obinutuzumab).

Ke zlepSeni péce o pacienta vede kromé Uprav davkovani léciv ve specifickych situacich také
kontrola adherence kterapii s navazujici konzultaci vedouci k nalezeni feSeni kjejimu
zlepsovani, nebot pres vSsechny moznosti moderni mediciny se Sirokou skalou ucinnych léCiv je
optimalniho terapeutického cile dosazeno pouze v pfipadé, Ze pacient dany lé¢ebny rezim
dodrzuje tak, jak bylo zamysleno. K hodnoceni adherence je k dispozici fada metod, at
nepfimych (dotazniky, informace o preskripci a vydeji, smart aplikatory apod.) ¢i pfimych
(kontrolované podani léku, poZivatelné senzory nebo méreni koncentraci 1€kl a/nebo jejich
metabolitd v krvi ¢i moci) (Anghel et al., 2019; Mason et al., 2022; Osman et al., 2022). Kazda
z téchto metod ma své vyhody i limity, pficemzZ posledni z uvedenych se fadi mezi nejpresnéjsi
metody, presto vSak pouhé stanoveni méfitelné koncentrace dané latky bez PK vypoctu
zohlednujiciho realny predpoklad ve vztahu k podané ddvce, ¢asu, habitu a eliminacnich funkci

pacienta ¢i dalSich vyznamnych kovariat muze vést k zavadéjicim zavéram.

Vyuziti PK vypocta v oblasti hodnoceni adherence k [é¢bé ukazuje, Ze je u mnoha lé¢iv mozné
odhalit i pacienty s maskovanou non-adherenci, tj. nepravidelnym uzitim, ¢asto v souvislosti
s planovanou ndavstévou lékare. VyuZiti PK vlastnosti spironolaktonu a jeho metabolitu
kanrenonu umoznilo odhalit zhruba ¢tvrtinu non-adherentnich pacientt s rezistentni arterialni
hypertenzi. Toto pozorovani je v souladu se systematickym review a meta analyzou Lee et al.

(Lee et al.,, 2022), ktefi zjistili, Ze prevalence non-adherence k antihypertenzni terapii se
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pohybuje v rozmezi 27-40 %, v zavislosti na pouzité metodé. Studie hodnotici adherenci pouze
pomoci detekce Iéciva a/nebo jeho metabolitu bez zohlednéni PK pfitom vykazovaly nizsi
prevalenci non-adherence, coz mohlo byt mj. zplsobeno prdvé zkreslenim v dlsledku
nepravidelného uZivani (Abegaz et al., 2017; Lee et al., 2022). Dvoustupriové hodnoceni
adherence s vyuZitim PK vlastnosti spironolaktonu a kanrenonu naopak umozniuje pfimou
detekci té skupiny pacient(, ktera uZila |éCivo pouze jednou ¢i nepravidelné a nedoslo k
nastoleni ustaleného stavu reprezentujiciho chronické pravidelné uziti. Zpfesnéni hodnoceni
non-adherence je rovnéz dulezitym faktorem zachovani dlivéry ve vztahu pacient — oSettujici
lékatr, nebot kromé potencidlu odhaleni vétsiho mnoiZstvi pacientl s maskovanou non-
adherenci také predchazi neopravnénému zarazeni pacientl mezi non-adherentni. K takové
situaci muze dojit v pfipadé, Ze hladiny léciva neodpovidaji arbitrarné stanovenym rozmezim
z rlznych literarnich zdrojli, presto vSak s pomoci znalosti PK danych |éciv a PK vypoctl
nachazime pro tyto zdanlivé odchylky vysvétleni, at uz z divodu nestandardniho ¢asu odbéru,
podané davky, habitu pacienta ¢i zmény v biodostupnosti, metabolizaci nebo exkreci vlivem

alterace GIT ¢i zmény funkce eliminacnich organ.
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6. Zavér

V ramci svého studia jsem se zamérila na moznosti multidisciplinarni spoluprace a uplatnéni
klinického farmaceuta i farmakologa v ramci kazdodenni klinické praxe na nékolika klinikach
VSeobecné fakultni nemocnice v Praze. Béhem tohoto obdobi jsem spolupracovala na
vypracovani prehledd o zménach farmakokinetiky u pacientd s obezitou, resp. u pacientd po
BV, které byly publikovany v odbornych ¢asopisech. Tyto informace jsem nasledné aplikovala
v konkrétni klinické situaci pfi spolupraci s Obezitologickym centrem lll. Interni kliniky VFN a
mohou slouZzit pfi dal$i spolupraci s obezitology a dalSimi oSetfujicimi Iékafi. Obdobné bylo
postupovano v pfipadé studia vlivu TPE na PK IéCiv, zejména antikoagulancii. Tyto informace
byly pouzity v individudlni péci o pacienta v ramci konzilidrni spoluprdce s Nefrologickou a

Neurologickou klinikou VFN.

Zaroven jsem se vramci spoluprdce s Nefrologickou klinikou VFN podilela na vytvoreni
populaé¢niho modelu popisujiciho farmakokinetiku RTX u jednoho z nejvétsSich v soucasnosti
publikovanych soubor( pacientl s glomerulonefritidami. Studium zmén PK RTX vedlo
k poznatku, Ze pacientis tzv. obtizné |éCitelnymi diagndzami (MN, LN a FSGS) jsou pfi zachovani
dosavadnich ddvkovacich schémat relativné poddavkovani, coz ma pravdépodobné dopad na
horsi terapeutickou odpovéd' a toto zjisténi vedlo k navrzeni individualizovanych davkovacich
schémat u pacientd s glomeruldrnimi onemocnénimi na zdkladé jejich konkrétni diagnézy a

tize proteinurie pro dosazeni lepsi efektivity 1é¢by.

Analyza hladin spironolaktonu a jeho metabolitu kanrenonu v ramci hodnoceni adherence u
pacientd v Centru pro hypertenzi lll. Interni kliniky VFN vedla k vytvoreni dvoustupriového
postupu hodnoceni téchto hladin u pacientl srezistentni hypertenzi a k potvrzeni
predpokladu, Ze zapojeni PK vypoctli do analyzy adherence vede k jejimu zpresnéni. Vytvoreni
PK modell i pro dalsi chronicky uzZivana léciva, zejména antihypertenziva a hypolipidemika, by
v budoucnu mohlo umoznit lepsi kontrolu dlouhodobé terapie a vést kraciondlnéjSimu

hodnoceni efektu |écCby.

VyuZiti PK vypoctl otevird moznosti pro spolupraci klinickych farmaceutl a farmakologt v péci
o hospitalizované i ambulantni pacienty napfi¢ medicinskymi specializacemi, vede k vétsi
bezpecnosti i efektivité a je cennym nastrojem individualizace farmakoterapie v mnoha

oblastech klinické praxe.
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SUMMARY

Changes in absorption and bioavailability of drugs have
been described after bariatric surgery, especially shortly
after the procedure. When a significant drug—drug
interaction also occurs, it is difficult to predict the final
combined effect of the surgery and the interaction.

In this article, we present a case report of a patient

with chronic psychiatric poly-medication including
carbamazepine, a strong cytochrome P450 3A4
(CYP3A4) inducer. Significant changes in serum drug
concentrations were observed during the 6 months after
the surgery, including increased levels of quetiapine and
trazodone, that cannot be attributed to the post-surgical
alteration of absorption from the gastrointestinal tract.
The influence of fluctuating carbamazepine levels on
concomitant medication seemed to outweigh the effect
of reduced absorption after surgery. This report highlights
the need for careful pre-surgical evaluation of the
patient's pharmacotherapy and pre- and post-operative
therapeutic drug monitoring to prevent destabilisation of
chronic conditions.

BACKGROUND

Complex changes after bariatric surgery (BS) may
alter pharmacokinetics of orally administered
drugs with subsequent change in their plasma
levels. While some of the mechanisms (such as
decrease in absorption, expression of intestinal
metabolic enzymes and transporters) apply imme-
diately after BS and are followed by subsequent
restoration due to the post-surgical adaptation
over time, other changes (such as liver blood flow,
glomerular filtration rate and weight loss) develop
gradually. Therefore, we must consider the
changes in pharmacokinetics as time-dependent.'
The situation may become even more complicated
when the affected drug also acts as a perpetrator
in drug-drug interactions. Carbamazepine is an
example of such a compound that showed altered
absorption after BS while strongly inducing drug
metabolic enzymes.® If the absorption of such
a potent inducer is decreased after BS, also the
drug—drug interaction diminishes and subse-
quently levels of object drugs may increase. The
magnitude of the changes in the interaction due
to altered perpetrator absorption is difficult to
predict as the concentration dependency on the
enzyme inducibility is insufficiently described.

CASE PRESENTATION
Roux-en-Y gastric bypass (RYGB), a bariatric
procedure, was planned for a woman in her early

," Ondfej Slanat." Martin Matoulek?

50s. Before the surgery, her weight and height
were 114 kg and 160 cm, respectively, with a life-
time maximum weight of 135 kg. Besides obesity
she was chronically treated for bronchial asthma,
hypothyroidism after total thyroidectomy and
knee osteoarthritis. Since 2008, she has been
treated by a psychiatrist for mixed personality
disorder, overeating, and bipolar disorder. In
addition, for the last 7 years she has been stable
on a combination of venlafaxine (VEN), carba-
mazepine (CBZ), trazodone (TRA) and quetiapine
(QUE). Before the surgery, a clinical pharmacist
was contacted due to concerns about the impact of
RYGB on the absorption of her psychiatric drugs.
Chronic medication before RYGB is summarised
in table 1.

INVESTIGATIONS

On admission to the hospital, the patient signed
informed consent forms wherein she agreed,
inter alia, that her anonymous data could be
used for research purposes including a publica-
tion. An approval for publication was obtained
by the VEN Ethics Committee under the registra-
tion number 27/24 S-IV. All drug samples were
drawn in the morning before the administration
of morning doses. The drug concentration anal-
ysis was performed in the Toxicology Laboratory
of the Institute of Forensic Medicine and Toxi-
cology, General University Hospital, First Faculty of
Medicine, Charles University, Prague, by means of
liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

Serum concentrations of CBZ, QUE, TRA and
VEN and its active metabolite O-desmethylvenla-
faxine (ODV) were measured before the procedure
(Day —8) to determine the effective concentrations
at which the patient was stable. Subsequent drug
level measurements were planned postoperatively
after resumption of oral intake on day 5; and 1 and
6 months after RYGB. CBZ was measured addition-
ally on day 2 (table 2, figure 1). Alterations in drug
intake after RYGB were suggested (such as crushing
tablets) but during later outpatient consultations,
the patient reported no change in her chronic
pattern of drug use.

TREATMENT

In the early postoperative period, the patient’s VEN
and QUE serum concentration almost doubled; and
since in the case of VEN, the normal therapeutic
range was exceeded, the daily dose of VEN was
reduced on day 8 to 225 mg.
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Table 1 Medication list before and 6 months after the RYGB Table 2  Therapeutic drug monitoring data in time after bariatric
procedure surgery
Before RYGB 6 months after RYGB Days from RYGB -8 2 5 34 175
Oral Oral Weight (kg) 107 107 106.5 100.5 80
Levothyroxine 200 g thl QD Levothyroxine 200 ug thl QD Albumin (g/L) 445 30.0 46.5
Tramadol 37.5/paracetamol 325mg tblup ~ Tramadol 37.5/paracetamol 325mg 1 thl Bilirubin (umol/L) 78 10.8 7.0 8.4 85
;° 2 :blT'D TP 2"’"7 ‘i"""y P ALT (ukat/L) 029 058 065 034 059
ceclofenac 100 mg tl as neede ceclofenac 100 mg t as neede!
(usually daily)* (usually every other day)* AST (pkat/L) 036 0.53 076 0.48 059
Quetiapine 200mg thl QD at night Quetiapine 100mg thl QD at nightt GGT (pkat/L) 1.07 115 228 0.97 1.09
Trazodone 300 mg thl QD at night Trazodone 300 mg thl QD at night ALP (pkat/L) 232 177 1.94 263 2.74
Carbamazepine 200 mg tbl 2-1-1 Carbamazepine 200 mg tbl 2-1-1 S-creatinine (mol/L) n 59 57 63 75
Venlafaxine 150 mg cps 1-1-0 Venlafaxine 150 mg cps 1-0-0+75mg 0-1-0 Carbamazepine (pg/mL) 6.7 6.1 6.0 32 9.8
Fexofenadine 180 mg tbl QD as needed Fexofenadine 180 mg tbl QD as needed Ref. 4-10 pg/mL*
Omeprazole 20mg cps QD Dose (mg/kg) 7.5 7.5 1.5 8.0 10.0
Inhalatory Inhalatory C/D 0.90 0.82 0.80 0.40 0.98
Budesonide/formoterol 320/9 ug twice daily  Budesonide/formoterol 320/9 ug twice daily Quetiapine (ng/mL) 7.8 15.5 29.8 <LLOD
Salbutamol 100 pg as needed Salbutamol 100 pg as needed Ref. 100-500 ng/mL*
Intranasal Intranasal Dose (mg/kg) 1.9 1.9 2.0 1.25
Mometasone 0.1 mg twice daily Mometasone 0.1 mg twice daily /D 417 8.25 14.97 NA
*Patient repeatedly instructed that the use of NSAID should be minimised. Trazodone (ng/mL) 197 333 959 159
+TDM provided and based on level below the lower limit of detection, dose returned after a Ref. 700-1000 na/mL*
consultation with psychiatrist to 200 mg (see text). L (o]
cps, capsule; QD, once a day; RYGB, Roux-en-Y gastric bypass; tbl, tablet; TID, three times a Dose (mg/kg) 2.8 2.8 3.0 3.75
day. /D 70.26 11822 32127 4240
Venlafaxine (ng/mL) 204 376 711 278
OUTCOME AND FOLLOW-UP PR 28 2622 28
At h ) h ient’s OUE d duced C/D 72.76 13348  31.76 99.29
t 1 month post-surgery, the patient’s QUE dose was reduce Venlafaxine+ODV (ng/ml) 335 523 1082 548
to 50% (100 mg in the evening) due to the patient’s complaints *
. . . . Ref. 100-400 ng/mL
regarding excessive sedation. During regular follow-up at 6
. . Dose (mg/kg) 2.8 2.8 2.2 2.8
months postoperatively, her serum drug concentrations
returned to preoperative values for CBZ and TRA, elevated @y L Wiy Adee el
ODV/venlafaxin ratio 0.64 0.39 0.52 0.97

for VEN+ODVand decreased to unmeasurable levels for
quetiapine (table 2, figure 1). The patient complained about
recurring insomnia and the QUE dose was increased again to
200 mg with clinical improvement. Her other medication was
left unchanged, based on a decision by the patient’s psychia-
trist, considering the patient’s stable condition (table 1).

DISCUSSION

CBZ is a highly lipophilic cytochrome P450 3A4 (CYP3A4) and
P-glycoprotein (P-gp) substrate and undergoes enterohepatic
recirculation; all these factors may be altered because of RYGB.
A marked decrease in CBZ levels in the first month after RYGB,
followed by normalisation of levels 6 months postoperatively
were observed in our case study. Similarly, decreased CBZ levels
have been described in 4 of 8 patients taking the controlled-
release formulation after sleeve gastrectomy® and variable levels
of CBZ measured 9-81 weeks after BS were described in another
four patients.”

There is insufficient data on the changes of QUE and TRA
exposure after RYGB. A decrease in plasma concentration of
trazodone was observed in 3 of 4 RYGB patients’ and a decrease
of quetiapine concentration in one patient after BS.® CBZ is a
potent inducer of the metabolism of other administered drugs,
primarily through CYP3A4. An 80% reduction of C__and a
7.5-fold increase in the clearance of QUE’™ ; and a reduction in
plasma concentrations of TRA and its active metabolite m-chlo-
rophenylpiperazine by 76% and 60%, respectively, have been
described when these drugs are co-administered with CBZ.'
However, our case study indicates that strong metabolic induc-
tion can outweigh potential reduction in drug bioavailability
after RYGB. Observed alterations in drug pharmacokinetics

Time between drug intake and sampling: carbamazepine 12—14 hours, quetiapine
and trazodone 10-12 hours, venlafaxine 19-21 hours.

*Therapeutic range according to Hiemke et a/."

C/D, concentration (mg/L) to dose (mg/kg) ratio; LLOD, lower limit of detection (2
ng/mL); ODV, O-desmethylvenlafaxine; RYGB, Roux-en-Y gastric bypass.

were clinically significant while subsided 6 months after the
surgery, likely as a consequence of postsurgical gastrointestinal
tract adaptation.

There is a large inter-individual pharmacokinetic (PK)
variability of VEN after BS with no uniform trend for drug
level changes after surgery.®'! ' VEN is metabolised through
CYP2D6 and among others also by a CYP3A4 pathway,'? there-
fore an interaction of VEN with CBZ cannot be completely
ruled out, although its impact may not be significant because
both VEN and ODYV, major metabolite produced through
CYP2D6, are active as antidepressants and the sum of both
serum levels should be evaluated for clinical purposes.”> We
observed a decrease in the ODV/VEN ratio postoperatively
with an increase after 6 months to an even higher value in
comparison to the preoperative ratio. Disproportionate
changes in CYP2D6 and CYP3A4 activity and change in VEN
and ODV distribution (with relatively higher lean body weight
after weight loss) may have played their part.'

Substantial drug-drug interactions between CBZ-QUE and
CBZ-TRA were the likely cause of the relatively high doses
administered but resulted in quite low measured preoperative
concentrations. Subsequent increase of QUE and TRA levels
caused by decreased CBZ-induction of the enzymatic activity
led to clinically relevant over-sedation of the patient and the
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Figure 1

need for QUE dose reduction. Several months later, the patient
experienced insomnia possibly due to improved CBZ absorp-
tion after intestinal adaptation following BS resulting in unmea-
surable QUE levels. As both TRA and VEN influence serotonin
reuptake, opposite changes in their serum concentrations might
have offset the total antidepressant effect but may have affected
the patient’s sleep due to a different pharmacodynamic activity
affecting this domain.

Our report has several limitations: the drug intake was self-
reported by the patient and we were not able to provide later
therapeutic drug monitoring, although changes in drug exposi-
tion were described in the literature also beyond the period of
6 months.?® Also, changes in albumin level might influence drug
exposure to some extent and in this case, a temporal drop in
time of surgery was noticed and no measurement 1 month after
BS was provided.

Percentage change in concentration/dose ratio from the baseline before the surgery.

Our aim in publishing this case report is to draw atten-
tion to the complexity of factors that may influence serum
drug concentrations and to underscore the need for careful
monitoring of drug levels after BS. The frequency of the
measurements will depend on the type of BS, drug thera-
peutic index, elimination half-life (eg, expected steady state),
comorbidities and clinical response (eg, suspicion of inade-
quate effect or adverse effects). Repeated controls during the
first 6 months and adjusted intervals according to observed
variability in laboratory findings and clinical status seem to
be reasonable.

Contributors AP, JH: conceptualisation, data curation; formal analysis,
investigation. MM: conceptualisation, investigation, funding acquisition,
methodology, resources, supervision. 0S: conceptualisation, funding acquisition,
methodology, resources, supervision AP: the guarantor.
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Learning points

= This case report shows that transient characteristics of
pharmacokinetics change after BS due to physiological
changes such as alterations in GIT function, metabolic activity
and liver blood flow. This indicates the need for thorough
clinical evaluation and therapeutic drug monitoring in
the postoperative period, especially in patients with other
confounding factors.

= Therapeutic drug monitoring is a valuable tool for
understanding and management of short- and long-term
influences of BS on drug pharmacokinetics, especially for
drugs with a narrow therapeutic range.” "

= The complexity of drug exposure alterations in a patient after
RYGB with involvement of drug—drug interactions required
a multidisciplinary approach including a clinical pharmacist
who cooperated with clinicians and the laboratory
department. The clinical pharmacist provided repeat
consultations to the patient, during hospitalisation and in the
outpatient clinic, focused on drug adherence and drug-related
problems.
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ARTICLE INFO ABSTRACT
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Objectives: Rituximab is being increasingly prescribed for the treatment of autoimmune glomerular diseases.
While it is highly effective for some diseases, the response is less predictable for others, which may be due to
differing requirements in terms of the dosing according to the disease type and variations concerning exposure to
the drug.

Methods: We compiled novel rituximab dosing schedules according to pharmacokinetic analysis of data gathered
from rituximab treated patients in a tertiary referral nephrology centre between May 2020 and June 2023. The
population-pharmacokinetic analysis was based on the rituximab dosing, the patients’ characteristics, rituximab
levels and anti-rituximab antibodies.

Results: The analysis, which was based on data from 185 patients, clearly highlighted differing rituximab dosing
requirements for patients with ANCA associated vasculitis and minimal change disease compared to those with
membranous nephropathy, focal-segmental glomerulosclerosis and lupus nephritis. This corresponded to the
good treatment response of the first two diseases and the unreliable efficacy for the others. The model predicts
the rituximab pharmacokinetics with high degree of accuracy when body weight, proteinuria, type of glomer-
ulonephritis, treatment length and anti-rituximab antibodies formation are used as covariates. We proposed a
dosing schedule with shortened dosing intervals for difficult-to-treat diagnoses with high proteinuria.
Conclusion: In order to ensure reliable and comparable exposure of rituximab with respect to the full range of
glomerular diseases, the dosing schedule should be adjusted for membranous nephropathy, focal-segmental
glomerulosclerosis and lupus nephritis. This is largely, but not solely, due to the enhanced level of unselective
proteinuria in these diseases.

1. Introduction B-cell depletion induced by RTX [2,3]. In most cases, B-cell depletion

occurs shortly after the induction treatment phase but lasts for variable

Rituximab (RTX) comprises an effective treatment modality for pa-
tients with autoimmune glomerular diseases. Nevertheless, the various
glomerular diseases respond differently to RTX treatment, i.e. excellent
efficacy for ANCA associated vasculitis (AAV) and minimal change
disease (MCD), a variable response concerning membranous nephrop-
athy (MN), focal-segmental glomerulosclerosis (FSGS) and lupus
nephritis (LN) and no effect for IgA nephropathy (IgAN) [1]. At least in
certain glomerular diseases the treatment efficacy correlates with the

* Corresponding authors.

periods of time. Early CD19+ cell repopulation typically occurs three
months following the administration of RTX to patients with MN [4] as
compared to significantly more favorable later repopulation in AAV
patients [5]. B-cell repopulation typically occurs once the RTX level falls
to beneath the critical value of 10 mg/L, which is required for RTX
mediated complement activation, as has been demonstrated in both
clinical and in vitro studies [6-9] . Therefore, the differences in terms of
efficacy may at least partly be caused by the altered pharmacokinetics of
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RTX in various autoimmune diseases. A short RTX half-life of around
11.5 days has been described in patients with MN [4,10], whose ther-
apeutic response is far less reliable than that of patients with AAV and
children with nephrotic syndrome (NS) for whom an RTX half-life of 23
days has been reported [5,11]. Nevertheless, there remains a significant
lack of data on RTX pharmacokinetics concerning MCD in adults, LN and
FSGS [1].

Studies on the pharmacokinetics of RTX and other monoclonal an-
tibodies (MABs) usually employ two-compartmental models with cen-
tral plasmatic and peripheral tissue compartments. Clearance occurs
from either the central or from both compartments [10,12-15]. The
values of the RTX volume of distribution (Vd) and clearance (CL) vary
according to the respective study [1,12,16], which is due most probably
to the variability of both the diseases involved and the studied patient
populations, as well as differences between the methodologies and
analytical methods applied.

Previous studies of differing patient populations have reported the
various covariates of RTX pharmacokinetics, especially concerning the
CL. According to one small clinical study [10], the CL for MN was
relatively rapid and positively correlated with the level of proteinuria
(PU). Moreover, RTX was detected in the urine of patients suffering from
nephrotic syndrome (NS) [17]. Concerning patients with
hemato-oncological diseases, the number of target antigens (tumor
burden) positively correlated with the RTX clearance [18]. It is thought
that this so-called antigen sink may be much less important in autoim-
mune diseases due to the significantly lower number of B-cells. In vitro
data further proved that the impact of rituximab is dependent on the CD
20 expression level [9], which, again, may be less important in auto-
immune diseases for which the CD 20 expression is, most likely, less
pronounced than in various tumor cell lines. Moreover, the anti-drug
antibodies (ADA) that form in some patients treated with MABs may
play an important role in accelerating their CL. The effect of ADA is,
however, unpredictable and may significantly influence also the ability
of MABs to bind the target antigen [19]. Other, less important, CL
covariates comprise the overall IgG level [12], gender (lower RTX
clearance in women) [12,20], body surface area (BSA) [21] and
inflammation, which enhances the non-specific turnover of plasma
proteins, including MABs [22]. The Vd is larger in males [20,23] and
correlates with the body surface area (BSA) in children [21].

We aimed to construct a single population pharmacokinetic model
for the description of RTX pharmacokinetics in patients with various
glomerular diseases so as to determine the impacts of selected candidate
covariates, including the type of disease, on the pharmacokinetics of
RTX.

2. Methods
2.1. Study design and data acquisition

The paper describes a prospective study on RTX pharmacokinetics.
All the patients receiving RTX treatment on an inpatient or outpatient
basis at the Nephrology department of the General University Hospital,
Prague between May 2020 and June 2023 were included in the study.
Upon admission to the hospital or during the first outpatient visit, the
patients signed informed consent forms. The study was organized in
accordance with the ethical standards of the respective institutional
and/or national research committee and with the 1964 Helsinki decla-
ration and its later amendments. The study was approved by the Ethics
Committee of the General University Hospital (no. 112/21).

The decision to treat patients with RTX was, in all cases, discussed at
clinical meetings per the routine practice of the department and
generally applied to relapsing and/or refractory patients, the diagnoses
of whom included membranous nephropathy (MN), ANCA associated
vasculitis (AAV), minimal change disease (MCD), focal-segmental glo-
merulosclerosis (FSGS), and lupus nephritis (LN) and others. All the RTX
doses were administered intravenously. The routine dosing schedule at
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the center comprises two infusions with 1 g of rituximab administered
two weeks apart, with the potential to continue the administration of
maintenance/repeated doses (mostly 1 g per a dose) every 4-6 months
(with modifications based on the clinical status, clinical response, pro-
teinuria, level of autoantibodies, B cell depletion, RTX levels etc.).
Concerning AAV, the routine practice was to continue the administra-
tion of maintenance preemptive RTX doses with 1 g of RTX every 6
months up to 2 years. The dosing schedules were less rigid for the other
diseases and were adapted to individual cases. With respect to MCD, all
the patients were pretreated with routine immunosuppression so as to
reduce the proteinuria prior to RTX dosing, which was generally
administered once remission had been achieved.

Standard patient visits included the examination of the RTX and anti-
RTX antibodies levels together with an evaluation of the treatment
response. Data on the age, sex, body weight (BW), height, administered
medical product (i.e. Mabthera, Truxima or Rixathon), diagnosis, RTX
levels, anti-RTX antibody levels, relative CD19+ cell counts, PU pre-
sented as the protein to creatinine ratio (PCR), C-reactive protein (CRP),
leukocyte counts, creatinine levels and IgG levels of the patients was
obtained from the hospital information system. The patients’ RTX
dosing schedules were also recorded, i.e. all the RTX doses administered
during one course of treatment. Cases in which some doses had been
administered prior to the initiation of the study were also included in the
database provided that treatment had not been interrupted for more
than one year. If treatment had been interrupted for more than one year,
the first dose following the interruption was regarded as the first dose of
the new treatment course (Fig. 1). Treatment courses that ended more
than one year prior to entry to the study were recorded as “previous RTX
therapy” without the dosing details. Patients who had only unquantifi-
able levels of RTX (i.e. < 2 mg/L) were excluded from further analysis.

2.2. Pharmacokinetic analysis

The RTX levels and anti-RTX antibodies were measured according to
the manufacturer’s instructions using LISA-TRACKER ELISA Kkits
(Theradiag, Croissy Beaubourg, France) with limits of detection of
2 mg/L for unbound RTX and 5 pg/L for anti-RTX ADAs. The RTX serum
concentration-time profiles were analyzed applying the nonlinear
mixed-effects modeling method. The model parameters were assumed to
be log-normally distributed and were estimated by means of the
maximum likelihood applying the SAEM (Stochastic Approximation
Expectation Maximization) algorithm in Monolix Suite software version
2021R2 (Lixoft SAS, Antony, France). The population pharmacokinetic
model was created in three stages:

2.2.1. Base model

One- and two-compartment models with first-order and Michaelis-
Menten elimination kinetics were tested for the structural model. The
log-normally distributed inter-individual variability terms with the
estimated variance were tested for each pharmacokinetic parameter.
Proportional, additive and combination error models were tested with
respect to the residual error model. The most appropriate model was
selected based on the minimum objective function value (OFV), the
adequacy of the goodness-of-fit (GOF) plots, and the low relative stan-
dard errors (R.S.E.) of the estimated pharmacokinetic parameters.

2.2.2. Covariate model

The age, body weight (BW), height, relative CD19" count at the
outset of RTX treatment, the median values of the leukocyte counts, the
serum immunoglobulin G levels and the urinary protein to creatinine
ratios (PCR) of the patients during the studied period were tested as
continuous covariates; the gender, medical product used (i.e. Mabthera,
Truxima or Rixathon), previous RTX therapy (see Fig. 1) and type of
glomerulopathy were tested as categorical covariates; the occurrence of
anti-RTX antibodies and the duration of rituximab therapy (scaled by
years) were tested as time-varying categorical covariates of the
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Fig. 1. Scheme of the study. Blue lines — individual patients with the times of RTX administration. Red marks — doses that were included in the analysis. Orange
marks - treatment courses that ended more than one year prior to the start of the study (recorded as “previous RTX therapy”). All the previous doses of the schedule
were included in the analysis provided therapy was not interrupted for more than one year.

pharmacokinetic parameters. A preliminary graphical assessment and
univariate association using Pearson’s correlation test of the effects of
the covariates on the estimated pharmacokinetic parameters was made.
Covariates with P<0.05 were considered for the covariate model. The
stepwise covariate modeling procedure was subsequently followed.
With respect to the selection of the model, an OFV decrease of more than
3.84 points between the nested models (P<0.05) was considered sta-
tistically significant, assuming a y>-distribution. Additional model se-
lection criteria 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 the absence of bias in the GOF
plots.

2.2.3. Model evaluation

The GOF plots were used to evaluate the adequacy of the model. The
observed concentrations were plotted against the individual and popu-
lation predictions, while the normalized prediction distribution errors
(NPDE) were plotted against the time and population predictions. The
predictive accuracy of the final model was evaluated applying a visual
predictive check (VPC), concerning which 1000 replicates of the original
dataset were simulated applying the final model parameter estimates,
and the simulated distribution was compared with that determined from
the observed data. The 90% prediction intervals for the 10th, 50th and
90th percentiles of the simulations were calculated from all the repli-
cates and presented graphically. The quality of the fit of the covariate
model was evaluated using the various pharmacokinetic parameters and
random effects (expressed as the conditional distribution) versus the
covariate plots. A bootstrap analysis was performed to evaluate the
stability of the model, wherein 250 replicates of the original data were
generated and the parameter estimates for each of the 250 samples were
re-estimated using the R package Rsmlx for Monolix Suite (Lixoft SAS,
Antony, France) in the final model. The median and 95% confidence
intervals (CI) obtained for each of the parameters estimated for the
bootstrap samples were compared with the estimates in the final model.

The rituximab elimination half-life (t; /2) was calculated from the Vd
and CL values applying the following formula: t; 2 = 0.693xVd/CL.

2.3. Monte Carlo simulations

The theoretical distribution of the RTX serum concentration-time
profiles (250 replicates of all the individuals in the dataset, i.e. 46250
simulations) following the simulated administration of RTX at the
approved dosing regimen for AAV according to the Summary of the
Product Characteristics (SmPC) was generated based on the final pop-
ulation model using Monte Carlo simulations in Simulx software version

2021R2 (Lixoft SAS, Antony, France). The SmPC recommends the
following posology: 375 mg/m? of body surface area administered in the
form of an intravenous infusion once weekly for 4 weeks as the induction
of remission therapy phase followed by maintenance treatment which
should be initiated no earlier than 16 weeks after the final RTX infusion
from the induction schedule. Maintenance treatment consists of two
500 mg intravenous infusions separated by two weeks followed by a
500 mg intravenous infusion every 6 months thereafter. The distribution
of the RTX pharmacokinetic profiles for this dosing schedule was
simulated both for the whole population and for subpopulations classi-
fied according to the covariates determined.

Based on previous evidence, an RTX level of > 10 mg/L was
considered the breakpoint value for treatment success since this level is
crucial for the induction of complement-dependent cytotoxicity [8,9]
and the maintenance of B-cell depletion [16]. Therefore, the percentage
of time that the RTX level is above 10 mg/L during the dosing interval
(%T>10 mg/L) was considered the PK/PD target. The %T>10 mg/L
required for treatment success was derived from AAV and MCD sub-
group (standard-response diagnoses, SRDg) and applied to the MN, LN,
FSGS and others subgroup (difficult-to-treat diagnoses, DTTDg). The
dosing regimen was regarded as having been successful if 95% of the
patients reached the PK/PD target.

3. Results
3.1. Study population

Of the total of 252 patients that were enrolled in the study, 67 were
excluded because they did not have any RTX levels within the detection
range of the kit. Therefore, 185 patients were subjected to further
evaluation. A summary of the demographic, clinical and laboratory
characteristics of the patients is provided in the “whole population”
column in Table 1. A total of 445 RTX serum concentrations were
included in the PK analysis (1-7 per patient, 2.4 per patient on average).
Only 5 levels were recorded less than 12 days following the adminis-
tration of RTX; therefore, the distribution phase was largely omitted in
the analysis and the model evaluated only the terminal elimination
phase.

3.2. Pharmacokinetic analysis

The one-compartment model with linear elimination kinetics was
found to best fit the RTX concentration-time data, whereas the propor-
tional error model was determined as most accurate for the description
of the residual and interpatient variability. The pharmacokinetic model
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Table 1

Demographic, clinical and laboratory characteristics of the patients.

Biomedicine & Pharmacotherapy 175 (2024) 116655

Demographic parameter Whole population (N = SRDg DTTDg P-value (comparison of SRDg and
185) (N =100) (N = 85) DTTDg)
Age (years) 55 (18-89) 57 (18-88) 53 (20-89) 0.9195
Body weight (kg) 81 (38-140) 80 (38—140) 84 (45-133) 0.4011
Height (cm) 173 (146—197) 172 (146—196) 175 (150-197) 0.2181
BMI (kg/mz) 28.81 (16.89-45.18) 26.74 26.89 0.8265
(16.89-45.18) (17.47-42.45)
BSA (m?) 1.96 (1.27-2.63) 1.92 (1.27-2.63) 2.01 (1.44-2. 47) 0.2886
Sex (M/F) 103/82 51/49 52/33 0.1650
Anti-RTX antibodies 25 (13.5%) 9 (9%) 16 (18.82%) 0.0514
leukocyte count (10°/L) 8.3(3.2-19.2) 8.5(3.8-16.2) 8.2 (3.2-19.2) 0.0716
PCR (g/mmol) 0.05 (0-2.38) 0.01 (0-0.36) 0.2 (0-2.38) <0.0001
1gG levels (g/L) 7.51 (2.46-19.85) 7.79 (2.85-19.85) 7.24 (2.46-69.50) 0.0898
Initial CD19+ relative count 9.10 (0.10-42.20) 9.10 (0.10-33.20) 9.10 (1.10-42.20) 0.8239
Duration of RTX therapy (days) 413 (4-3156) 488 (13-3156) 297 (4-1456) 0.0077
Prior therapy (finished more than a year before first dose of study 25 (13.5%) 17 (17%) 8 (9.4%) 0.1324
course of treatment)
Diagnosis
AAV 77 (41.6%) 77 (77.0%) 0 -
MCD 23 (12.4%) 23 (23.0%) 0
MN 41 (22.2%) 0 41 (48.2 %)
FSGS 15 (8.1%) 0 15 (17.6%)
LN 18 (9.7%) 0 18 (21.2%)
others 11 (5.9%) 0 11 (12.9%)

The data is expressed as the median (range) or the number (percentage). The Mann-Whitney and the Chi-square tests were applied for the comparison of the continuous
and categorical parameters, respectively. SRDg — standard response diagnosis subgroup (AAV and MCD); DTTDg - difficult-to-treat diagnosis subgroup (MN, FSGS, LN
and others); BMI - body mass index; BSA — body surface area; PCR — urinary protein/creatinine ratio;

was parametrized in terms of the Vd and CL. Based on the covariate
model analysis of all the tested variables, the Vd positively correlated to
the BW, while the CL positively correlated to the BW and PCR. The
duration of RTX therapy was identified as being a covariate of the RTX
CL; however, since a noticeable decrease in the CL was evident only
between years 2 and 3 of therapy, and practically no further changes in
the CL occurred within a therapy period of > 3 years, we decided to
classify this covariate in terms of 2 categories only (below and above 2
years of therapy). The CL was observed to be enhanced in patients who
developed anti-RTX antibodies and in those suffering from MN, LN,
FSGS and the other considered diagnoses compared to patients treated
for AAV and MCD. This clearly mirrors the clinical effectivity of the
treatment, i.e. it is generally very effective with concern to AAV and
MCD and less effective for the other diagnoses [1]. Since the differences
in the pharmacokinetics between AAV and MCD were not significant, we
analyzed the data on the patients suffering from these glomerulopathies
as a single group of standard response diagnoses (the SRDg subgroup).
Similarly, no significant differences were determined between the di-
agnoses of the rest of the study patients; therefore, we analyzed the data
from patients suffering from MN, FSGS, LN and other diseases as a single
group of difficult-to-treat diagnoses (the DTTDg subgroup). These
groups were largely similar with respect to the demographic and other
considered parameters, with the exception of the PU level, which was
observed to be significantly higher for the DTTDg subgroup, and the
length of treatment, which was significantly shorter for the DTTDg
subgroup (Table 1). The other tested covariates (the leukocyte count,
initial CD19+ count, RTX medicinal product, sex and height) exerted no
influence on the RTX pharmacokinetics. The final set of equations for the
description of the relationships between the RTX pharmacokinetic pa-
rameters and their covariates were as follows:

Log (Vd) = log (Vd_pop) + p_Vd_BWxBW + n_Vd;

Log (CL) = log (CL_pop) + B_.CLBWxBW + B_CL PCRXPCR +
B_CL_DTTDg [if DTTDg] + p_CL_ADA [if ADA] + p_CL_DUR [if DUR] +
n_CL/F;

where pop represents the typical value of the parameter, j3 represents the
effect of the covariate on the parameter, n represents the random effect

variable, BW is the body weight, DUR is the duration of rituximab therapy,
PCR is the protein to creatinine ratio, DTTDg is difficult-to-treat diagnoses
(MN, LN, FSGS and others) and ADA is the occurrence of anti-RTX
antibodies.

Therefore, the RTX PK parameters can be estimated based on the
patients’ demographic and clinical features using the following
equations:

Vd = Vd_pop x ef-V4-BW>BW

CL = CLpnp x eﬁiCLiBWxBW X e1}7CL7PCR><PCR x e[LCLiDTTDg(if DTTDg)

_CL_ADA(if ADA) x e[LCLiDUR(if DUR>2years)

x eP

A summary of the population pharmacokinetic estimates and boot-
strap results from the final model is provided in Table 2. The diagnostic
GOF plots for the final covariate model did not indicate any major de-
viations (Supplementary figures 1 and 2). As shown in Table 2, the R.S.E.
(maximum 20%) revealed that all the pharmacokinetic parameters in
the model were estimated precisely. All the median parameter values
from the bootstrap procedure were consistent (maximal difference of
13%) with the values obtained from the final model fit, thus indicating
the reliability of the parameter and random-effect estimates. The VPC
plot of the final model revealed that the predictions were consistent with
the observations, thus confirming the validity of the pharmacokinetic
model to the concentration-time data (Supplementary figure 3). The
individual pharmacokinetic parameters and random effects versus the
covariate plots confirmed the quality of the fit of the covariate model
(Supplementary figure 4).

Table 3 provides a summary of the PK parameter values calculated
according to the final model for the whole population and the subgroups
of patients divided according to the diagnosis. The table clearly illus-
trates the similarity between AAV and MCD and MN, FSGS and LN. In
contrast, the differences between the SRDg and DTTDg were significant
as was determined via the evaluation of the model.

If we consider a patient with a BW of 80 kg and a PCR of 0.05 (the
rounded median values for the BW and PCR for our research popula-
tion), the typical Vd is 14 L and the typical CL 0.30 L/day and 0.42 L/



J.M. Hartinger et al.

Table 2
Estimates of the final RTX population pharmacokinetic model and the bootstrap
results based on 250 simulations.

Final model Bootstrap analysis

Parameter Estimate R.S.E. (%) Median (95% CI)

Fixed effects

Vd_pop (L) 7.22 14.8 7.65 (7.51-8.06)
B_Vd_BW (kg) 0.0083 20.0 0.0076 (0.0070-0.0079)
CL_pop (L/day) 0.14 12.4 0.16 (0.15-0.16)
B_CL_BW (kg) 0.0089 15.9 0.0083 (0.0080-0.0087)
B_CL_DUR [if >2 years] -0.17 2.06 -0.18 (-0.19-0.17)
B_CL_DTTDg [if DTTDg] 0.35 16.6 0.34 (0.33-0.35)
B_CL_PCR 0.74 17.8 0.78 (0.72-0.80)
B_CL_ADA [if ADA] 0.14 1.43 0.13 (0.12-0.14)
Standard deviation of the random effects

Q. vd 0.17 17.8 0.15 (0.14-0.15)

QCL 0.27 8.41 0.27 (0.27-0.28)

Error model parameters

Proportional 0.37 4.71 0.36 (0.357-0.363)

Vd - volume of distribution; CL — clearance; BW — body weight; DUR - duration
of RTX therapy >2 years; DTTDg — difficult-to-treat diagnoses (membranous
nephropathy, lupus nephritis, focal-segmental glomerulosclerosis and others);
PCR - protein to creatinine ratio; ADA — occurrence of anti-rituximab antibodies;
CI - confidence interval; RSE - relative standard error; pop - typical value of the
parameter; p — covariate effect on the parameter; Q — standard deviation of the
random effects.

Table 3
Main pharmacokinetic parameters of the whole population and of the subgroups
divided according to the diagnosis.

Diagnosis vd [L] CL [L/day] t1/2 [days]

ALL (N=185) 13.81 (12.80-15.49) 0.41 (0.31-0.54) 24.4 (18.6-31.1)
SRDg (N=100) 13.63 (12.32-15.52) 0.33 (0.27-0.39) 29.0 (25.1-35.7)
DTTDg (N=85) 14.21 (13.11-15.41) 0.54 (0.43-0.67) 18.6 (14.8-22.7)
AAV (N =77) 13.75 (12.57-16.05) 0.33 (0.27-0.40) 28.3 (25.2-35.9)
MCD (N = 23) 12.74 (11.72-14.44) 0.30 (0.26-0.35) 30.6 (22.9-33.1)
MN (N=41) 14.49 (13.67-15.59) 0.62 (0.45-0.78) 18.5 (13.0-21.7)
FSGS (N=15) 14.13 (13.77-16.47) 0.54 (0.42-0.67) 18.6 (15.8-22.8)
LN (N=18) 12.92 (12.05-13.97) 0.47 (0.40-0.54) 18.8 (17.5-21.8)

Other (N=11) 14.59 (12.92-14.95) 0.45 (0.38-0.59) 20.6 (17.7-24.1)

The data is expressed as the median (IQR). SRDg — standard response diagnoses;
DTTDg - difficult-to-treat diagnoses; AAV — ANCA associated vasculitis; MCD —
minimal change disease; MN - membranous nephropathy; FSGS - focal-
segmental glomerulosclerosis; LN — lupus nephritis

day for the SRDg and DTTDg, respectively, i.e. an almost 1.5-fold higher
CL in patients with DTTDg than in patients with SRDg. If a patient de-
velops anti-RTX antibodies during therapy, the total CL increases to
0.35 L/day and 0.48 L/day for the SRDg and DTTDg patients, respec-
tively, thus representing a 15% increase for both subgroups. In contrast,
if therapy continues for more than 2 years, the total CL decreases to
0.25 L/day and 0.35 L/day in the SRDg and DTTDg patients, respec-
tively, thus representing a 16% reduction.

3.3. Monte Carlo simulations

Fig. 2 illustrates the theoretical distribution of the RTX serum
concentration-time profiles following the administration of the dosing
regimen approved for AAV according to the SmPC for the whole of the
study population based on Monte Carlo simulations (250 replicates of
the dataset, i.e. 46250 simulations). After splitting the simulation into
the SRDg and DTTDg subgroups (Fig. 3), we determined that the decline
in the RTX levels following dosing was significantly faster with respect
to the DTTDg subgroup (which corresponded to a 1.4-fold higher CL for
this subgroup). This factor may explain the poorer response to treatment
on the part of patients with such diagnoses. Concerning the SRDg
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subgroup, the percentage of time with RTX levels above the considered
breakpoint value of 10 mg/L during the induction therapy and main-
tenance treatment phases was 71% and 17%, respectively, while for the
DTTDg subgroup, the respective values were just 42% and 9%. Fig. 4
illustrates the theoretical distribution of the RTX serum concentration-
time profiles (in semi-log scale form for better resolution purposes)
during the maintenance treatment phase according to the SmPC for the
population split according to the main determined covariates (diagnosis,
PCR and BW). The simulation shows that the PCR comprised the
dominant covariate in terms of the rate of decline in the RTX levels for
the DTTDg subgroup. Therefore, the dosage for the DTTDg subgroup can
be individualized according to the PCR. The percentage of time that the
RTX level remained above 10 mg/L during the induction therapy phase
was 55%, 50% and 32% for the DTTDg patients with PCR values of <
0.05, 0.05-0.3 and > 0.3, respectively, whereas during the maintenance
treatment phase, the respective values for PK/PD target attainment in
patients with PCR values of < 0.05, 0.05-0.3 and > 0.3 were 14%, 12%
and 6%. Thus, in order to achieve the PK/PD target for the DTTDg
subgroup, maintenance treatment should be initiated on day 103 (i.e. 15
weeks), on day 93 (i.e. 13 weeks) and on day 59 (i.e. 8 weeks) following
induction therapy for patients with PCRs of < 0.05, 0.05-0.3 and > 0.3,
respectively, and the dosing interval should be shortened during the
maintenance treatment phase to 147 days (i.e. 5 months) for patients
with PCR of < 0.05, to 129 days (i.e. 4 months) for patients with PCR of
0.05-0.3 and 65 days (i.e. 2 months) for patients with PCR of > 0.3. The
suggested dosing schedules are listed in Table 4.

We decided not to include the duration of RTX therapy and the
occurrence of anti-RTX antibodies in the treatment-individualization
proposal since these covariates cannot be foreseen at the outset of
treatment. The duration of therapy affects the total rituximab CL only
slightly (a 16% reduction) and is, therefore, of clinically low signifi-
cance. However, the influence of the formation of ADA on the RTX
therapy is not necessarily limited only to pharmacokinetic alterations (a
15% increase in the RTX total CL), but may also hamper the RTX
pharmacodynamic effect. Therefore, if the therapy fails to be effective
and ADAs are formed, it is advisable to switch to an alternative therapy.

4. Discussion

We performed a prospective observational study of RTX pharmaco-
kinetics with concern to 185 patients with various glomerular diseases.
We constructed a population pharmacokinetic model based on RTX
levels as measured during standard patient visits and detected 5 clinical
covariates that influence RTX pharmacokinetics: the BW, diagnosis,
PCR, therapy duration and anti-RTX ADA formation. This model served
to reliably describe 83% of the inter-individual variability for Vd and
73% of the inter-individual variability for CL, which demonstrated that
RTX pharmacokinetics are highly predictable, at least for the studied
sample of patients.

The five diagnoses that were identified for substantial numbers of
patients in the population were divided into 2 subgroups that evinced
distinctly different treatment responses to RTX, i.e. the standard
response diagnoses subgroup with AAV and MCD that reliably respond
to treatment and the difficult-to-treat diagnoses subgroup with MN,
FSGS and LN [1]. This classification was clearly reflected in the RTX
pharmacokinetics, i.e. the SRDg subgroup evinced significantly lower CL
and longer t; /5 than the DTTDg subgroup. It could be argued that this
was caused primarily by the level and selectivity of PU since MN, which
was diagnosed in roughly half of the patients in the DTTDg subgroup, is
characterized by massive unselective PU while AAV, which was diag-
nosed in the majority of the SRDg group, is not usually accompanied by
significant PU, and PU in MCD is largely limited to albuminuria and,
therefore, does not lead to a loss of IgG, including RTX, into the urine.
Moreover, RTX is usually administered to MCD patients at our hospital
following pretreatment with corticosteroids, at which time the PU is
already significantly reduced. Despite all these factors, however, we
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Fig. 2. The Monte Carlo simulation of the rituximab serum concentration-time profiles following the administration of the approved dosing regimen according to the
Summary of Product Characteristics based on the whole of the study population (250 replicates, i.e. 46250 simulations). The blue line represents the median, and the
four blue bands represent the percentiles (5-27.5%, 27.5-50%, 50-72.5% and 72.5-95%) of the 90% simulated concentration distribution. The red line represents

the considered breakpoint value for the treatment success of 10 mg/L.
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Fig. 3. The Monte Carlo simulation of the rituximab serum concentration-time profiles following the administration of the approved dosing regimen according to the
Summary of Product Characteristics based on the study population as split into the standard response diagnosis (n=25000) and difficult-to-treat diagnosis (n=26250)
subgroups. A) The blue line represents the median, and the four blue bands represent the percentiles (5-27.5%, 27.5-50%, 50-72.5% and 72.5-95%) of the 90%
simulated concentration distribution. The red line represents the considered breakpoint value for the treatment success of 10 mg/L. B) Both groups depicted in a
single graph for direct comparison purposes; the SRDg is depicted in red and the DTTDg is depicted in black.

determined the significant impact of the diagnosis on the clearance of
RTX following the inclusion of the PCR in the model. Therefore, in
addition to losses of RTX into urine, the diagnosis itself and, most likely,
the differing characteristics of the autoimmune processes in various
diagnoses influence the processing and clearance of RTX.

In addition to the PU and the diagnosis, the BW and the treatment

duration exerted significant but modest impacts on the RTX pharma-
cokinetics. The formation of ADA was observed to be the final significant
covariate. RTX only rarely induced infusion reactions even when
administered relatively rapidly [24]; however, it is still immunogenic,
and we determined that as many as 13.5% of the patients were ADA
positive. This is less than was described by Boyer-Sauvet et al. in their
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for the treatment success of 10 mg/L.

Table 4

The dosing of RTX for the SRDg — recommended dosing schedule according to
the SmPC for AAV and the proposed individualization of the dosing schedules for
the DTTDg according to the PCR.

SRDg* DTTDg with  DTTDg with  DTTDg with
PCR < 0.05 PCR PCR > 0.3
0.05-0.3
Induction 375 mg/m? 375 mg/m? 375 mg/m? 375 mg/m?
treatment BSA once BSA once BSA once BSA once
weekly for 4 weekly for 4 weekly for 4 weekly for 4
weeks weeks weeks weeks
Interval 16 weeks 15 weeks 13 weeks 8 weeks
between
induction and
maintenance
therapy
Maintenance 500 mg once 500 mgonce 500 mgonce 500 mg once
therapy weekly for 2 weekly for 2 weekly for 2 weekly for 2
weeks weeks weeks weeks
followed by followed by followed by followed by
a 500 mg a 500 mg a 500 mg a 500 mg
every 6 every 5 every 4 every 2
months months months months

SRDg - standard response diagnoses; DTTDg — difficult-to-treat diagnoses; PCR —
urinary protein/creatinine ratio; BSA — body surface area
* dosing according to the SmPC for AAV

study on MN in which they observed that 23% of patients were ADA
positive [25]. The difference may have been due to the fact that our
study group comprised patients with various glomerulopathies that may
have a differing propensity for the formation of ADA. We also observed a
trend toward the enhanced, but not statistically significant, formation of
ADA in the DTTDg subgroup (Table 1). This trend may have been caused
by a combination of the characteristics of the various diseases and the
fact that the detection of anti-RTX ADA is possible only following the
near-complete elimination of RTX, which renders it more difficult to
detect ADA in patients with slower RTX elimination rates, i.e. the SDDg
group.

We found that the production of ADA significantly influenced the
RTX pharmacokinetics and led to a 15% increase in the CL. Therefore, all
the patients with faster than expected CLs and shorter than expected
RTX half-lives may be suspected of being possibly affected by the for-
mation of ADA. Since ADAs may influence the RTX pharmacokinetics
even before they become detectable, these patients should be examined
for ADA following the elimination of RTX. Since ADAs may possess a
neutralizing capacity, which means that they bind to the variable
domain of MAB, ADAs may act to prevent RTX from targeting antigen
and thus hamper its efficacy [19]. Due to the unpredictable effect of
ADA, patients who develop anti-RTX ADA should be carefully monitored
and in the case of the treatment failure, a switch to an alternative
treatment, including alternative anti-CD20 molecules, should be
considered [25].
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Based on the results of our model, we hypothesized that the unreli-
able response to treatment DTTDg group may have been due, at least in
part, to the rapid rate of RTX clearance, which rendered standard RTX
dosing insufficient. We developed novel dosing schedules for the DTTDg
patients based on the level of the PCR (Table 4) that served to maintain
the RTX concentration above the critical value of 10 mg/L so as to match
the levels observed for the SRDg group. The threshold of 10 mg/L was
chosen since it correlated with B-cell repopulation as reported in pre-
vious studies [16] and due to the fact that this concentration is required
to trigger the complement-derived cytotoxic effect of RTX, which is
considered to be its most important mode of action [6-9].

With concern to the analysis presented herein, the one-
compartmental model sufficiently described the RTX pharmacoki-
netics. This is in contrast with a range of previous studies on RTX
pharmacokinetics chose to employ two-compartmental models [10,
12-15]. The choice of the model corresponded to our sampling strategy.
Since the RTX levels were in all cases drawn together with the samples
for the evaluation of the treatment efficacy (CD19" counts, disease
specific auto-antibodies, etc.), only 5 levels were drawn before the 12th
day following RTX administration, a factor that prevented us from
describing the distribution phase. Nevertheless, we believe that this
issue does not represent a major drawback of the study since the overall
exposure and time to the decline to the critical RTX level is driven pri-
marily by the pharmacokinetics during the terminal elimination phase
rather than during the relatively short distribution phase. Therefore,
potential alterations during the distribution phase are unlikely to be of
any major clinical significance for the treatment efficacy. Nevertheless,
the fact that we did not include the levels drawn during the distribution
phase in our analysis probably resulted in us estimating significantly
longer RTX half-lives than most previously reported clinical studies that
included distribution phase levels in their analysis of the CL. This would
also explain why our estimate of a median half-life of 29 days for the
SRDg group is longer than the half-life described by other authors for
AAV and NS in children [5,11] and why we calculated a half-life of 18.6
days for the DTTDg group while other authors measured a mere 11.5
days in MN patients [4,10].

We believe this is the first study to involve the direct comparison of
the pharmacokinetic characteristics of RTX in various diseases via the
application of a single analytical method for the RTX levels and the anti-
RTX antibodies levels determination. Therefore, technical issues con-
cerning the differences between the RTX and ADA detection methods,
which remain an important source of the variability of other clinical
studies published to date, did not hamper our analysis. Our study,
however, does have a number of drawbacks. Firstly, it is a purely
observational study and, as such, suggested dosing schedules should be
considered as no more than proposals that require further clinical
confirmation. Some of the diseases were represented by a relatively
small number of patients (FSGS, LN), which may have led to inaccura-
cies in the characterization of minor differences in the PK. Nevertheless,
we believe that these issues were not of major clinical significance. In
addition, we were unable to examine the neutralization potential of
ADA; thus, we were able to determine their influence on the pharma-
cokinetics but not on the pharmacodynamics of RTX.

5. Conclusion

Our study involved the creation of a robust population pharmaco-
kinetics model for the description of the 5 covariates that are responsible
for the major part of the inter-individual variability of RTX pharmaco-
kinetics: BW, PCR, diagnosis, length of treatment and ADA formation.
The model led to the assumption that patients who suffered from MN, LN
and FSGS were relatively under-dosed compared to patients with AAV
and MCD. Since this factor may have been the reason for the less
favorable treatment responses, we suggest the shortening of the dosing
intervals for patients with unreliably responding diseases so as to
enhance the treatment efficacy. The details of the suggested dosing
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schedule should be further refined via the conducting of prospective
trials.
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Therapeutic plasma exchange (TPE) is used as an effective treatment modality for a variety of autoimmune disor-
ders. Apart from its desired effect of removing pathological blood components, it also can remove coagulation
factors and drugs. Currently, there is an insufficient amount of information regarding the use of direct oral antico-
agulants in this setting. In this article, we present a case report of a patient with myasthenia gravis and chronic
anticoagulation with apixaban who underwent a series of TPE while continuing apixaban treatment. We observed
that only 10 % of daily dose was removed by the procedure and plasma levels of apixaban corresponded with
expected range. TPE was not associated with shortened drug plasma half-life. We did not observe any significant
alteration of apixaban pharmacokinetics during the period of TPE therapy, as well as no thrombotic or bleeding
events. This case report supports the use of apixaban in patients treated by TPE, nevertheless, to firmly establish

apixaban efficacy and safety profile in this clinical setting further research is needed.

1. Introduction

Managing chronic anticoagulation in patients requiring therapeutic
plasma exchange (TPE) might be challenging, due to the fact that
both plasma concentrations of an anticoagulant agent and coagu-
lation factors may be influenced. Alterations in laboratory coagu-
lation parameters (anti-Xa, aPTT, INR, antithrombin) have been
described, particularly when albumin is used as a replacement
fluid (Shunkwiler et al. 2028; Hodulik et al. 2019; Michalickova
et al. 2022). Predicting the combined effects of anticoagulation
and TPE is complicated. Especially with direct oral anticoagulants
(DOAC:S), data on the effect of the procedure on drug exposure is
limited and can be estimated from their pharmacokinetic properties
only (Table 1). So far, only two case reports describing attempts to
remove apixaban by TPE have been published with limited infor-
mation regarding drug pharmacokinetics that do not allow drawing
any serious conclusions (Lam et al. 2015; Francisco et al 2021). We
present a case of a patient undergoing plasma exchange treatment
while continuing chronic therapy with apixaban with extensive

Table 1: Pharmacokinetics of DOACs (Micromedex)

plasma concentration monitoring for safety/efficacy reasons. We
also discuss our observation in the context of previously published
case reports of DOAC treatment during TPE.

2. Case description

The 76-year-old patient (male, 171 cm, 76 kg) was admitted
for newly developed dysphagia in a previously ocular form of
myasthenia gravis. Due to the insufficient effect of corticotherapy
(chronically 10 mg of prednisone per day, escalated gradually
within nine days before admission to 30 mg per day), it was
decided to perform TPE. In the past, the patient experienced two
episodes of pulmonary embolism, for which he was chronically
anticoagulated with apixaban at a dose of 5 mg twice daily. His
concomitant medication consisted of pyridostigmine, predni-
sone, pantoprazole, ezetimibe and paracetamol (acetaminophen).
Patient’s medical history included mild hepatic steatosis and
chronic nephropathy with cysts of the right kidney, but at the time

Dabigatran Apixaban Edoxaban Rivaroxaban
Bioavailability 3-7% 50 % 63.1 % 100 % with food
Protein binding 35 % 87 % 55 % 92-95 %
ax 2h 3-4h 1-2h 2-4h
vd 50-70 L 21L 107 L 50L
Clearance 80/20 % 27173 % 50/50 % 35/65 %
renal/non-renal
Elimination half-life 12-17h 12h 11.5h 5-11.7h
15-34.1 h (RI) 15.8 h (low body weight) 11-13 h (elderly)
8.8. h (obesity) 8.7-9.5 (RI)
14.6-17.6 (RI)
Dialysability in part, with rebound effect | no no no
Abbreviations: RI - renal impairment; T~ time to peak drug concentration; Vd — volume of distribution
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Table 2: Apixaban drug monitoring in the course of TPE therapy

Day TPE number Anti-Xa (IU/mL) Apixaban (ng/mL) Time from previous | Calculated Time from the end
dose (h) T, m* of previous TPE (h)
0 - 108 15
1 1 1.41 138 3 13.2 right before
0.98 109 7.5 2.5
2 -
3 2
4 R
5 3
6 - 2.25 274 3 6.3 25
1.55 167 7.5 29.5
7 4 2.44 (discharge) 288" (discharge) 3.5 right after
2.52 (blood) 363 (blood)
- 2.35 326 3 25
9 5

 half-life was calculated according to formula T1/2 = In(2)/[(In(C1)-In(C2))/At]
§ further recalculated to 365 ng/mL (see the text)
T,, - plasma half-life, TPE — therapeutic plasma exchange

of admission, laboratory findings were within normal range. Five
consecutive centrifugal TPE sessions were provided on alternate
days. Simultaneously, prednisone dose was increased to 40 mg
per day and on day 5, azathioprine 25 mg per day was added to
therapy with a plan to gradual increase the dose to a target dose
of 50 mg twice daily. Apixaban was continued in the same dosing
during the treatment with monitoring of plasma levels and coagu-
lation parameters (incl. thrombin generation). Apixaban levels and
timing of TPE sessions are listed in Table 2.

An apixaban level of 108 ng/mL was reported before admission
to our hospital (day 0), approx. 15 hours after the last dose (the
patient omitted one dose because of swallowing difficulty), the
next two doses before the first TPE were administered via nasoga-
stric tube (crushed). During the fourth TPE (day 7) apixaban level
in the TPE discharge was measured to be 288 ng/mL (Table 2). As
the discharge comprised not only from discharged plasma (2769
mL) but also from fluid used for flushing of the circuit, the final
volume was 3508 mL and the calculated apixaban concentration
in removed plasma before dilution was 365 ng/mL which is the
same concentration as was in the plasma of the patient at the end
of the TPE session. This makes the absolute amount of apixaban
eliminated by TPE only approximately 1 mg, which is one tenth
of daily dose and therefore is of minor clinical significance. The
Figure depicts apixaban dosing during the hospitalization as well
as timing of TPE sessions and apixaban plasma levels.

400+
A
A
300
g A
[~
&
E 200
g o
- )
<
1004 © ¥
T T T i T T T T T
0 24 48 72 9 120 144 168 192 216
TIME [h]
Fig.:  Apixaban doses, levels and timing of TPE. Orange crosses — doses of apix-
aban (5 mg BID); grey bars — TPE; red triangles — plasma levels of apixaban
3-3.5 hours after administration; open circles — plasma levels drawn in differ-
ent time
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Thrombin generation (TG) was measured in plasma and TPE
waste (Table 3). TG in patient’s plasma was influenced by apix-
aban exposure; and delayed thrombin peak, lower peak values and
thrombin AUC were observed using both RCL and RCH assays
(see Methods for details). This corresponds with values expected
in patients anticoagulated by apixaban 5 mg twice daily. Measure-
ment of TPE waste showed no measurable thrombin levels, prob-
ably due to lack of proteins necessary for its generation (Marlu et
al. 2021).

The patient was dismissed on day 11 completely free of dysphagia,
but on day 14, myasthenia gravis symptoms worsened again, with
dysphagia and neck extensor muscle weakness. He was readmitted
to the hospital and therapy with IVIG was introduced. During TPE
therapy and until day 14, no signs of bleeding or thrombosis appeared.

3. Methods

Upon admission to the hospital, the patient signed informed
consent forms wherein he agreed, inter alia, that his anonymous
data could be used for research purposes including the publication
of the research results. An approval for publication was obtained
by the local ethical committee under the number 200/23 S. TPE
with centrifugation was performed (Spectra Optia version 11,
Terumo BCT) with citrate anticoagulation, 5 % albumin was used
as a replacement fluid. Details of each procedure are described
in Table 4. To monitor the effect of apixaban, we used the chro-
mogenic assay of anti-FXa test with BIOPHEN® Heparin LRT
(Hyphen Biomed, Neuville-sur-Oise, France) and anti-FXa cali-
brated assay using apixaban calibrator kit (Technoclone GmbH,
Vienna, Austria). Monitoring of thrombin generation (TG) is
based on monitoring the thrombin formation with a fluorogenic
substrate using the Ceveron® Alpha analyzer (Technoclone
GmbH, Vienna, Austria). TG in platelet-poor plasma was initiated
using a recombinant human tissue factor (rhTF) in this assay.
The maximum concentration of thrombin (peak thrombin in nM)
generated and the endogenous thrombin potential (ETP; calculated
from the area under the concentration — time curve (AUC)) were
used for the analysis. TG analysis was performed using the assay
kit for thrombophilia tendency testing Technothrombin® TGA RC
Low (RCL) with a low concentration of phospholipid micelles
containing approximately 5 pmol rhTF in Tris-Hepes-NaCl buffer
and the anticoagulant activity assay kit Technothrombin® TGA RC
High (RCH) with a high concentration of phospholipid micelles
containing approximately 5 pmol rhTF in Tris-Hepes-NaCl buffer
on an automated Ceveron® alpha analyzer with a TGA fluorometric
module in accordance with the manufacturer’s instructions.
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Table 3: Fibrinogen and thrombin generation measurements

Day TPE FBG FBG TGARCL | TGA TGARCL | TGARCLAUC | TGA TGA TGA TGA RCH time from time from the
number (g/L) antigen tLag RCL Peak (nM/L*min) RCH RCH RCH Peak | AUC previous end of previous
(g/L) (min) tPeak (nM/L) tLag tPeak (nM/L) (nM/L*min) apixaban TPE (h)
(min) (min) (min) dose (h)
6 - 1.33 1.14 3.7 17.5 38.4 925.5 45 12.8 68.5 986 3 25
1.96 1.17 2.7 9.7 94.1 1436.7 3.7 8.9 139.6 1439.3 7.5 29.5
7 4 0.66* 0.77* 20.4% 23.8% 0* 0% 15.1% 26.9% 0% 0* 35 right after
0.55 0.50 3.0 153 354 890.7 4.7 11.9 70.1 992

* measurements in TPE discharge

AUC - thrombin area under the curve, FBG — fibrinogen, Ref. — reference range, TGA RCL - Technothrombin® TGA RC-low (RCL) (Technoclone GmbH, Vienna, Austria) with a low concentration of
phospholipid micelles assay kit, TGA RCH — Technothrombin® TGA RC-high (RCH) (Technoclone GmbH, Vienna, Austria) with a high concentration of phospholipid micelles assay kit, tLag — thrombin

generation time lag, tPeak — time to thrombin peak, TPE — therapeutic plasma exchange

Table 4: Characteristics of therapeutic plasma exchanges — details of individual procedures

TPE number/day of the treatment 1/day 1 2 /day 3 3/day5 4 /day 7 5/day 9
Weight (kg) 76.7 75.9 76.2 75.4 75.7
Exchange volume (ml) 2985 2990 3005 2769 2915
Duration of TPE (min) 135 136 133 165 121
Blood flow (ml/min) 40-60

4. Discussion

This is the first case report focused on pharmacokinetics of
repeated dosing of apixaban during TPE treatment. Due to the
insufficient published data to guide apixaban therapy during TPE,
several apixaban levels were measured in plasma as well as in
the discharge. After the fourth TPE session, the concentration in
the waste discharge fluid and plasma were similar and we quan-
tified apixaban amount eliminated via TPE to be only 1 mg. This
observed removal of apixaban represented 10% of the drug daily
dose during TPE (that removes around 3 L of plasma) which is of
minor clinical significance. The eliminated amount was consistent
with the distribution characteristics of apixaban as it has a volume
of distribution of ~ 21 L after an i. v. bolus (Byon et al. 2019). The
decrease in apixaban concentrations during TPE did not exceed
the decrease observed in the non-TPE period, as shown by the
calculated T, values of 13.2 h vs. 6.3 h during the TPE procedure
or outside it, respectively. When TPE was performed between
dose administration and drug concentration measurement after 3
h, obtained plasma concentrations were not significantly different
from concentration after non-TPE period. In the general popula-
tion, median (5th to 95th percentile) Cand C ; apixaban values
obtained in clinical trials in patients with VTE are 132 (59-302) ng/
ml and 63 (22-177) ng/ml, respectively (Byon et al 2017, 2019).
In our case, C,; levels were slightly above the expected values for
a5 mg BID dose. The only seemingly decreased C,, concentration
(138 ng/mL) was noted on the first day, prior to the first TPE,
which was likely due to a previously omitted dose and possibly
also the administration of previous two doses via nasogastric
tube, which might not deliver the full amount of crushed drug.
Laboratory monitoring of anticoagulant activity also indicated that
despite TPE, the patient was adequately anticoagulated throughout
the observation period.

To our best knowledge, there are currently only two case reports
describing the use of apixaban in patients undergoing TPE. In both
cases, TPE was provided with an intent to accelerate elimination
of apixaban in patients with bleeding. Lam et al. (2015) reported a
case of an 82-year-old patient with hemorrhagic pericardial effu-
sion during apixaban treatment whose anti-Xa levels decreased
from 0.76 to 0.22 IU/mL after TPE (calibrated for UFH) or 0.84
to 0.35 (calibrated for LMWH). Time between measurements
was 8 hours, a 2-hour TPE with 3 L of fresh frozen plasma was
provided at the end of this interval. Unfortunately, no drug concen-
trations have been obtained and anti-Xa levels not calibrated to
apixaban have been shown to be highly unreliable for apixaban
pharmacodynamic effect. Francisco et al. (2021) described a case
of a 63-year-old female treated with apixaban, who underwent an
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emergent surgery for bowel obstruction, followed by bleeding.
Two TPEs with plasma as replacement fluid were provided, during
the first procedure, apixaban level dropped from 172 to 108 ng/
mL, a day later after the second TPE, a level of 87 ng/mL was
measured. However, such a decline in plasma concentrations
could have been expected even without TPE and authors do not
provide information about the apixaban level right before TPE nor
the exact time interval between measurements which makes any
reliable pharmacokinetic analysis impossible. Based on Lam’s
case report or purely on theoretical assumptions some reviews on
drug removal by TPE are suggesting effective apixaban removal
(Mahmoud et al. 2021; Cheng et al, 2017) which is contrary to our
findings.

Information regarding other xabans and the impact of TPE on their
pharmacokinetics is sparse. Kumar et al. (2018) described prob-
able rivaroxaban removal by TPE, which was provided to mini-
mize risk of bleeding and allowing faster kidney transplantation to
a 65-year-old male with ESRD, treated for atrial fibrillation with
20 mg rivaroxaban per day with the last dose being administered
12 hours before admission. After 90-min. TPE with replacement
of 3 L fresh frozen plasma, anti-Xa dropped from 0.4 to 0.21 1U/
mL (calibrated for LMWH), no rivaroxaban levels were provided.
To our knowledge, there are no described case reports regarding
edoxaban treatment and pharmacokinetics during TPE.

Two case reports described effect of TPE on dabigatran: Kamboj
et al. (2012) described a patient of an unspecified age and renal
functions, chronically treated with dabigatran, aspirin and inter-
mittent NSAIDs use, who developed acute esophageal bleeding.
After TPE, hemoglobin and hematocrit were stabilized but since
the procedure was preceded with prothrombin complex admin-
istration and platelet transfusion and no data for either replace-
ment fluid, dabigatran levels or coagulation tests after TPE were
provided, an impact of TPE on dabigatran pharmacokinetics
is hard to assess. Pflug and Schellinger (2020) described a case
of a 76-year-old man receiving TPE for Guillain-Barré-Strohl
syndrome. Chronically used dabigatran was withdrawn before the
series of TPE, but unmeasurably high dabigatran level (>460 ng/
mL) with bleeding and need for idarucizumab administration was
noted after the second procedure. 24 hours after idarucizumab
administration the rebound phenomenon occurred after the third
TPE session (142 ng/mL) with subsequent small increase in
dabigatran level after another 12 hours (163 ng/mL) requiring
another dose of the antidote. Even after the second administration
of idarucizumab followed by unmeasurable dabigatran level, labo-
ratory finding during next days still indicated partial rebound of
the drug presence in blood (32, 47, 39 and 29 ng/mL). A possible
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state of overdose in a non-specified renal impairment might have
contributed to excessive dabigatran body tissue stores in the case
described by Pflug and Schellinger. These stores might have been
mobilized after TPE and also an effect of TPE on idarucizumab
cannot be ruled out although time between antidote administration
and TPE exceeded 24 hours. The small increase in the dabigatran
levels after the first measured rebound concentration suggests slow
fading out of the antidote effect.

As with other information regarding drug removal during TPE
(Mahmoud et al. 2021; Cheng et al. 2017; Ibrahim et al. 2012), also
all these previously published case reports describe a situation of
an overdose, sometimes with the use of other supportive measures.
It is therefore impossible to draw conclusions from these findings
regarding the therapeutic use of DOACs during TPE for patients
with appropriate drug levels and no impairment of elimination
functions.

5. Conclusion

DOACS theoretically represent relatively superior anticoagulants
for patients undergoing TPE in comparison with UFH or LMWH,
because their mechanism of action is independent of antithrombin
levels that may be altered after TPE sessions. They also possess
relatively larger volumes of distribution than parenteral anticoagu-
lants which suggests a possibly smaller impact of plasma exchange
on their anticoagulant effect. This is in line with our observations
as we observed no alteration of apixaban pharmacokinetics
during TPE treatment. Our findings are in contrast to the previous
published case reports with apixaban and TPE that obviously have
several methodological drawbacks. Since we performed thorough
pharmacokinetic analysis of our data and we obtained plasma
levels repeatedly to confirm our assumptions, we believe that
our results are reliable. The treatment was effective and without
complications which suggests that patients chronically treated
with apixaban may continue in therapy during TPE. Nevertheless,
more studies are needed for firm proof on efficacy-safety profile of
DOAC:S in this setting.
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Novel approach to adherence assessment based on parent drug and metabolite
pharmacokinetics: pilot study with spironolactone
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Aim. The aim of this study was to evaluate adherence to spironolactone in a group of unselected patients with arterial
hypertension by analysis of measured serum spironolactone and canrenone concentrations according to a proposed
two-step decision scheme based on pharmacokinetic considerations.

Materials and Methods. Simulation of serum concentration-time profiles of spironolactone and canrenone based
on population pharmacokinetic parameters described in literature and a body weight-normalized spironolactone
dose / canrenone level nomogram derived from a group of adherent patients with conservatively treated primary
hyperaldosteronism, were used to create a two-step decision scheme. 71 outpatients treated with spironolactone
for resistant hypertension with spironolactone and canrenone serum concentrations measured between 2018 and
2021 were analyzed according to the proposed scheme. We compared our proposed methodology to the standard
approach for adherence testing.

Results. With the most sensitive traditional approach to adherence assessment through detectable serum concentra-
tions of spironolactone and/or canrenone, 9 (12.7%) non-adherent patients were identified. With our two-step assess-
ment of adherence, we were able to identify 18 (25.4%) non-adherent patients.

Conclusion. Consideration of the pharmacokinetic properties of parental drug and its metabolite led to improved sen-
sitivity in non-adherence detection in patients with arterial hypertension. This approach enables better interpretation
of measured spironolactone and canrenone serum concentrations and should be used in clinical practice.
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INTRODUCTION adherence to treatment should be considered in patients
who fulfil the criteria for resistant hypertension.
Adherence to medication is the extent to which a per- Several methods of measuring non-adherence have

son’s behaviour taking medication corresponds with the  been developed, and of these, chemical analysis of urine
agreed recommendations of a health care provider. Non-  and/or blood samples are currently considered the most
adherence, the opposite, can be described as failure to  accurate*. A more precise method using therapeutic drug
achieve this goal and can be caused by many factors on  monitoring (TDM) and pharmacokinetic simulations has
the patient’s or health care provider’s part. Non-adherence  been proposed, to reduce the disadvantage of single drug
may be intentional (caused, for example, by insufficient  concentration measurements’. However, this method is
trust in the necessity of a medication, by negative ex- limited to drugs with a half-life long enough so that the
perience with side effects or associated with economic  steady-state concentrations are significantly higher than
barriers) or unintentional (for example, as a result of for-  levels after single dose administration. If the parent drug
getfulness, lack of clear communication and understand-  does not meet this condition, it may be more accurate to
ing or inability to follow complicated drug regimens) use this approach for its metabolite (either active or inac-
(ref.!). A high prevalence of suboptimal adherence to an-  tive) with a longer half-life.

tihypertensive treatment has been described in patients Spironolactone’s bioavailability is estimated to be
with essential hypertension (EH) (ref.?) and results in  about 73% after an orally administered dose® and is en-
undesirable consequences: increased morbidity and mor-  hanced when co-administered with food®. The parent drug
tality as well as healthcare costs®. For this reason, poor is subjected to extensive metabolism, of which canrenone
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(non-sulfur-containing metabolite) is thought to be pri-
marily responsible for spironolactone’s therapeutic ef-
fects, although other sulphur-containing metabolites add
to its mineralocorticoid activity®!°. Spironolactone and its
metabolites are more than 90% bound to plasma proteins
and metabolites are excreted by the kidneys (47-57%) and
in the faeces. Spironolactone’s metabolites are subject to
the enterohepatic circulation'’. In a multiple dose study of
13 healthy males taking 100 mg of spironolactone for 15
days, for spironolactone was measured Coou 80 + 20; to.
2.6 + 1.5 and half-life 1.4 £ 0.5 (mean, SD), and for can-
renone c_ 181 + 39; t 4.3 £ 1.4 and half-life 16.5 £ 6.3
(mean, SD) (ref.!!?). Other studies focused on canrenone
determined itst 2-3.2 h and half-life 17.8-22.6 h. The
pharmacokinetics appear to be linear up to 200 mg dose
of spironolactone ®. In a group of patients with resistant
hypertension, sex as well as age, BMI and eGFR had no
significant influence on concentration of spironolactone
or canrenone and canrenone concentration was less influ-
enced by time period between drug intake and sampling®.
Because of a very short elimination half-life of the parent
drug, serum concentrations of canrenone might be better
predictors of patients’ adherence, especially in an outpa-
tient setting, in situations where time of ingestion is only
estimated as reported by a patient.

In this study, we aimed to develop of a method for spi-
ronolactone adherence evaluation based on measurement
of both the parent drug and its metabolite canrenone se-
rum concentrations, that would be easy to apply during
adherence assessment in regular clinical practice.

METHODS

Study design

This is a retrospective observational study using se-
rum concentrations of spironolactone and canrenone in
adult patients with resistant arterial hypertension who
were examined during a visit to an outpatient hyperten-
sion clinic between January 2018 and October 2021 for
adherence testing. The study was approved by the Ethics
Committee of the General University Hospital in Prague
under the No. 227/21 S-IV and follows the principles of
the latest Declaration of Helsinki. All subjects provided
written informed consent during their visit. Patients with
insufficient demographic and clinical data were excluded.

Patients were divided into two groups. Group 1 con-
sisted of conservatively treated patients with a confirmed
diagnosis of primary hyperaldosteronism, previously
shown by means of spironolactone and canrenone se-
rum concentrations as highly adherent to their therapy'.
This group data served for assessment of the relation-
ship between spironolactone dose and canrenone level.
Unselected patients examined in relation to severe arterial
hypertension not responding to previous treatment were
included in Group 2. They were either diagnosed with EH
during subsequent visits or arterial hypertension of unde-
termined aetiology due to a loss of follow up. This group
was assessed for adherence to spironolactone therapy.
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Bioanalytical assay

Blood samples were refrigerated until the time of anal-
ysis (within 24 h). The drug concentration analysis was
performed in the Toxicology Laboratory of the Institute
of Forensic Medicine and Toxicology by means of liquid
chromatography-tandem mass spectrometry (LC-MS/
MS). The chromatographic separation was performed on
a 1200 RRLC (Agilent, Waldbronn, Germany), consist-
ing of a degasser, binary pump, autosampler and column
compartment with controlled temperature. The mass
spectrometry analysis was performed using a 3200 Q-trap
triple quadrupole/linear ion trap mass spectrometer with
a TurbolonSpray source (MDS Sciex, Ontario, Canada).
LC-MS/MS with electrospray ionisation method was
used for the simultaneous determination of spirono-
lactone and its active metabolite, canrenone in human
serum. Serum samples were prepared by liquid-liquid
extraction with tert-butyl methyl ether. Spironolactone,
canrenone and internal standard (isotopic labelled can-
renone-d6) were separated on a Phenomenex (Kinetex
C18 (50 mm x 2.Imm ID 2.6u 100 A) column, protect-
ed by a C18 security guard ULTRA cartridge (UHPLC
2 x 2.1 mm ID CI18). A chromatographic run based on
a gradient elution with 10 mM ammonium formate with
0.2% formic acid (A) and methanol (B) at a flow rate of
0.5 mL/min was performed 7 min. The quantification of
spironolactone and canrenone was determined in a posi-
tive ion multiple reaction monitoring (MRM) mode using
[M+H]+ ions m/z 417.1 — 341.1 for spironolactone, m/z
341.1 — 107.0 for canrenone and m/z 347.1 — 107.0 for
the internal standard canrenone-d6. An extensive method
validation was carried out in accordance with FDA guide-
lines. Calibration curves of spironolactone and canrenone
were linear over the range 1-200 ng/mL (R>0.99). QC
samples were prepared at 30 and 100 ng/mL. The intra-
and inter- accuracy and precision were within = 15% ac-
ceptance limit across all concentrations. LOD=0.5 ng/
mL, LOQ=1 ng/mL (ref.'>").

Development of a two-step approach for analysing
spironolactone treatment adherence

Step 1. Serum concentration-time profiles of spirono-
lactone and canrenone after per oral administration of
spironolactone in dose of 50 mg every 24 h to a 70 kg
man were simulated using Simulx software version 2021
(Lixoft SAS, Antony, France). For simulation, parent-
metabolite model with one compartment for both parent
drug and metabolite, first order absorption for parent
drug, and first order elimination of both parent drug and
metabolite, and unidirectional transformation from parent
drug to metabolite was applied. Population PK param-
eters of both spironolactone and canrenone weres set as
follows: spironolactone bioavailability (F) = 70%, spirono-
lactone absorption rate constant (K ) = 0.294 h, spirono-
lactone volume of distribution (Vd) = 612 L (8.74 L/kg),
spironolactone elimination rate constant (K ) = 0.533 h',
spironolactone to canrenone conversion = 20%, parent-
metabolite rate constant = 0.694 h'!, canrenone Vd = 94 L
(1.34 L/kg) and canrenone K_=0.042 h'. K_and K val-
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ues were calculated from elimination half-life (t, /2) and
time to maximal plasma concentration (t__) values using
standard equations:

K, =0.693/t,,
In(K,/K)=t_ (K /K).

Spironolactone to canrenone conversion, tl/2 and
t_ values were adopted from the Summary of Product
Characteristics (Verospiron) (ref.'?). Canrenone Vd was
calculated from pharmacokinetic data after intravenous
injection of canrenoate as Vd = dose injected / plasma
concentration extrapolated at t=0 (ref."). Spironolactone
Vd was calculated from pharmacokinetic data after per
oral administration of spironolactone as Vd = (dose x F
xt, /2) | (AUC % 0.693) (ref.'®). Careful attention was paid
to the analytic methods used in published studies, because
previously used fluorometric methods were shown to be
unspecific and overestimated canrenone serum concentra-
tions compared to the HPLC used today and cited in this
text®. The PK model is depicted in Fig. 1 which clearly
shows that in steady state, canrenone levels must always
be higher than spironolactone levels.

Furthermore, Fig. 2 shows serum concentrations of
spironolactone and canrenone after the 1% dose reveals
that only during at the outset of the treatment after the
I** dose the spironolactone level can be higher than can-
renone level. This allows us to consider the patients with
higher spironolactone than canrenone concentrations as
“white-coat adherent” (i. e. they used the drug only once
shortly before the visit).

Step 2. Patients took spironolactone in the morning
(between 7 and 8 a.m.) and samples were drawn between
1 and 2 p.m. Therefore, for PK analysis, time between
ingestion of the drug and sampling was determined as 6
hours. Based on the concentrations of spironolactone and
canrenone in group of highly adherent patients (Group
1), a body weight-normalised spironolactone dose / can-
renone level nomogram was developed (Fig. 3). When
the canrenone serum concentration was under 90% of
expected level (lower dotted line in Fig. 3), the concentra-
tion was drawn during the cumulative phase rather than
during steady state and the patient was regarded as non-
adherent or “white-coat adherence”.

The scheme of the final proposed approach combined
from Step 1 and Step 2 is depicted in Fig. 4.

Application of two-step approach to a group of
unselected patients

We analysed spironolactone and canrenone serum
concentrations of patients with EH or arterial hyperten-
sion of undetermined aetiology (Group 2) and determined
their adherence to therapy using the two-step approach
described above. Results were compared with a traditional
approach, where patients are considered adherent to ther-
apy when the concentration of either spironolactone or
canrenone is at least at the lowest detectable level. Finally,
we performed a subanalysis of patients with a diagnosis
of EH followed up by periodical visits to our clinic with

patients that were assessed during a single visit and lost
from follow up.

Statistics

Descriptive parameters mean, standard deviation,
coefficient of variation, median, and interquartile range
(IQR) were calculated using MS Excel 2010 (Microsoft
Corporation, Redmond, USA). Wilcoxon matched-pair
signed rank test was used for comparison of spironolac-
tone and canrenone serum concentrations. Relationship
between body weight-normalised spironolactone daily
dose and canrenone serum concentration was explored us-
ing linear regression model. Fisher’s exact test was used to
determine the difference in adherence between periodical-
ly monitored patients and patients without regular moni-
toring. GraphPad Prism 8.2.1 software (GraphPad Inc.,
La Jolla, USA) was used for all comparisons, and P-values

<0.05 were considered as statistically significant.

Table 1. Demographic and clinical data of Group 1 and 2.

Group 1 Group 2
n=21, males 12 n=71, males 37
(57%) (52%)

age (years)

mean + SD 63+ 10 58+ 13

median (IQR) 65 (56-70) 58 (48-69)
_..Inin.-max. 40-81 28-81
weight (kg)

mean * SD 100 + 19 99 £ 22

median (IQR) 96 (89-107) 98 (87-116)
~_min.-max. 63-136 50-160
height (cm)

mean + SD 174 £9 171 £ 11

median (IQR) 175 (168-179) 170 (164-181)
~_min.-max. 163-186 147-189
BMI (kg/m?)

mean + SD 33.3+6.3 33.8+6.7

median (IQR) 31.8 (29.7-34.9) 33.0(29.4-37.2)
~_min.-max. 23.1-48.9 20.9-51.2
BSA (m?)

mean + SD 2.19+£0.22 2.16 £0.28

median (IQR) 2.15(2.07-2.30) 2.20 (1.98-2.36)
~_min.-max. 1.73-2.59 1.52-2.80
serum creatinine
(umol/L)

mean + SD 96 =28 89 £29

median (IQR) 87 (81-107) 86 (68-101)
_min.-max. 63-183 41-187
eGFR (mL/min.)

mean * SD 93+ 30 93 +43

median (IQR) 98 (73-111) 91 (67-119)

min.-max. 41-161 42-174

BMI: body mass index; BSA: body surface area (Mosteller); eGFR:
estimated glomerular filtration rate (CKD-EPI__ 2021); SD: standard

deviation.
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RESULTS

Demographics and clinical characteristics of patients
are summarised in Table 1.

Twenty-one patients (12 males) were enrolled in
Group 1. Their spironolactone daily dose ranged from
12.5 to 100 mg with a median of 50 mg and median (IQR)
serum spironolactone and canrenone concentrations 6
hours after spironolactone administration 4.4 (2.3-9.0)
ng/mL and 44.2 (31.6-65.5) ng/mL, respectively. Median
(IQR) metabolite ratio (canrenone/spironolactone) was
10.6 (4.8-13.7). Canrenone serum levels measured 6 h
after spironolactone administration were significantly
higher than spironolactone levels (P<0.0001). This is in
line with the PK model that shows that if the patient is
adherent, they must have a canrenone serum level higher
than the spironolactone serum level at steady state, 6
hours after administration (Fig. 1).

As expected, we observed a strong relationship (r? =
0.6742) between spironolactone body weight-normalised
daily dose administered before measurement and can-
renone serum level (Fig. 3). Serum level of spironolac-
tone was also associated with its normalised dose, but
the relationship was weaker (r?> = 0.4552) due to the fast
elimination of spironolactone. The dotted lines in Fig.
3 define the 90% prediction interval. This means that if
the measured level is lower than the bottom of the 90%
prediction interval and therefore it can be said with 95%
assurance that the patient is non-adherent. The line defin-
ing the lower limit of the 90% prediction interval has a
following function:

MPCL = 102.4 x SD - 35.86

MPCL (minimal predicted canrenone level (ng/mL)),
SD (spironolactone normalised dose (mg/kg)).

Seventy one patients were enrolled in Group 2. In this
group we identified 23 patients with undetectable levels
of spironolactone and 13 patients with undetectable levels
of canrenone. Of those, 9 patients (12.7%) had neither
detectable spironolactone nor canrenone levels and would
be recognised as non-adherent by traditional approaches.

Using the first step of our approach, these patients
are still considered nonadherent and we detected 6 more
patients with lower levels of canrenone than of spirono-
lactone. This renders 15 (21.1%) of non-adherent (Fig. 4).
Additional 3 patients whose canrenone level did not fall
into expected levels as simulated in Fig. 3 were detected
in the second step. Therefore, we identified 53 (74.6%)
adherent, 9 (12.7%) completely non-adherent patients and
9 (12.7%) patients with masked non-adherence making
together 25.4% non-adherent, which is twice as many as
would be unmasked by the most sensitive traditional ap-
proach.

Moreover, 13 patients (18.3%) had undetectable lev-
els of spironolactone most probably due to the low dose
and rapid elimination but canrenone levels proved that
they were adherent. Periodically monitored patients with
a confirmed diagnosis of EH (n=37; 32 adherent) were
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(black curve) serum concentration-time profiles after per oral
administration of spironolactone in dose of 50 mg every 24 h
based on population pharmacokinetic data'®!>!°,
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significantly more adherent (P<0.0277) than single-visit
patients without regular follow up (n=34, 21 adherent).

DISCUSSION

In the traditional approach to adherence assessment
by chemical analysis of urine and/or blood samples, those
with detectable drug concentrations are identified as ad-
herent to therapy’. This assumption has its limits espe-
cially when it comes to masked non-adherence where a
drug is ingested just once before a scheduled appointment
and a sample drawn or generally when the drug is taken
in an irregular pattern.

Our method shows that roughly one quarter of patients
with resistant hypertension was not adherent to treatment.
This is in line with recent systematic review and meta-
analysis of studies investigating non-adherence to anti-
hypertensive drugs. The authors found out prevalence of
27-40% depending on the method used®’. Assessment of
drug adherence by drug detection in blood is currently
considered as most accurate and objective method of ad-
herence testing. Nevertheless, studies using biochemical
assays revealed lower prevalence of non-adherence than
other methods, which might be influenced by their use in
high-income countries where better adherence is reported
or a bias caused by irregular usage**. Our study shows
that simple detection of the drug or its metabolites in
blood does not fully reveal white-coat adherence effect
and that drug’s pharmacokinetics should be considered
when interpreting the measured concentration. As drug
detection in blood samples belongs to more expensive
methods, it is desirable to improve its sensitivity in non-
adherence testing with more precise evaluation.

Our study is targeted at improvement of adherence
control in patients treated for arterial hypertension with
spironolactone by means of pharmacokinetic methods
that are used for interpretation of parent drug and me-
tabolite levels. For this purpose we built a PK model with
PK data obtained from the SmPC and the literature'®!>"
which confirms that during repeated administration, can-
renone may never exhibit lower absolute serum concen-
trations than its parent drug spironolactone due to its
longer half-life (Fig. 1). This allows direct detection of
patients who self-administered spironolactone only once
not long before sampling and fail to metabolise most of
the spironolactone to canrenone in this short time. We
further analysed the concentrations of spironolactone and
canrenone in a group of adherent patients (Group 1) and
found high correlation of weight-normalised administered
dose with canrenone concentration with low interpatient
variability. This allows us to create a body weight-normal-
ized spironolactone dose / canrenone level nomogram
(Fig. 3) which can be used to further evaluate whether
the measured canrenone concentration represents the
real value obtainable in steady state during long-term
treatment with given spironolactone dose or whether it
represents cumulative PK phase after single or irregular
drug self-administration.
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Fig. 4. A two-step approach to assessment of adherence to
spironolactone therapy. Patient is considered non-adherent if
canrenone level is lower than spironolactone (including both lev-
els being non-measurable) or if canrenone levels do not match
expected values according to normalized spironolactone dose.

We combined both approaches into a simple two-step
approach by which we unveiled the non-adherence in
twice as high a number of patients compared to traditional
approach where undetectable level of drug and metabo-
lite only was considered. We therefore confirmed that
pharmacokinetic modelling may significantly improve
the notice value of drug samples and that monitoring of
drug metabolites may even further improve this method
at least for drugs with short half-life. Moreover, we also
confirmed the importance of measuring both spironolac-
tone and canrenone concentrations - patients that had
expected levels of canrenone even though their level of
spironolactone was unmeasurable might have been falsely
regarded as non-adherent without canrenone concentra-
tion measurement. Measuring only canrenone, on the
other hand, would not reveal masked non-adherence in
patients through comparison with parental drug level.



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2024 Jun; 168(2):117-123.

A similar approach may also be useful for many other
drugs used in preventive medicine as they frequently have
metabolites with long half-lives which may help during
evaluation of a patient’s adherence. This is true for ex-
ample for atorvastatin and its lactone?, ezetimibe and its
glucuronide?? etc. It can be simply said that the longer the
half-life (of a drug or a metabolite), the more the differ-
ence between serum concentrations after single dose and
multiple dose administration.

Our study has some limitations - step 2 of the adher-
ence assessment (Fig. 3) may not reveal non-adherence
with 95% assurance in individuals with a daily dose of spi-
ronolactone less than 0.35 mg/kg. Nevertheless, despite
this theoretical expectation, all such patients from Group
2 had measurable canrenone concentrations.

Furthermore, the levels were drawn during a similar
daily time and the spironolactone ingestion was not thor-
oughly controlled and may even in adherent patients, vary
as only “morning” administration was recommended and
medication was self-administered. This may bring some
variability into the measured levels. Nevertheless, this
possible small irregularity did not affect the levels of can-
renone from having a high correlation with normalised
administered spironolactone dose (r?> = 0.6742) in Group
1 patients that served for development of nomogram for
adherence assessment. This also shows that when a drug
or a metabolite has a long half-life and consequently low
plasma level fluctuations in steady state, the imprecision
in sample draw time does not hamper its use for further
analysis which again makes our approach of using me-
tabolites with the longest possible half-lives even more
practical for regular clinical use.

CONCLUSION

During our study we developed a robust and reli-
able method of evaluating spironolactone adherence.
Our method was shown as more sensitive than standard
approaches based on parent drug concentrations only
without PK considerations. For further studies of drug
adherence, not only concentrations of parent drugs but
also their metabolites should be used as they may allow
more precise determination of drug use behavior and thus
reveal potential white-coat adherence in clinical practice.
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