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Abstrakt

Cilem predkladané dizerta¢ni prace bylo studium faktort ovliviujicich distribuci a
eliminaci 1é¢iv a moznosti vyuziti téchto faktorti k individualizaci davkovani. Prace je
slozena ze tfi tematickych okruhti: odhad distribu¢niho objemu a nasledné¢ davkovani
vybranych 1é¢iv (vankomycin, amikacin, fenobarbital) pomoci deskriptoru velikosti t¢la;
odhad clearance a nasledné davkovani vybranych 1é¢iv (vankomycin, amikacin,
fenobarbital, perindopril) pomoci ukazateli funk¢éniho stavu ledvin; a vliv 1ékovych
interakci na distribuci a eliminaci fenobarbitalu. Dizerta¢ni prace shrnuje vlastni originalni
publikace z téchto oblasti.

Individualni farmakokinetické parametry byly spoc€itdny pro kazdého pacienta na
zaklad¢é jeho demografické a klinické charakteristiky, idaji o davkovani a namétenych
sérovych hladin 1é¢iva. Vztahy mezi distribu¢nim objemem/clearance 1é¢iv a deskriptory
velikosti téla/ukazateli funk¢niho stavu ledvin byly provéfeny pomoci regresni analyzy.

Distribu¢éni objem vankomycinu nejlépe predikovala celkovd té€lesnd hmotnost.
Jako optimalni se pii podavani vankomycinu kontinudlni infuzi jevila nasycovaci davka
10,7 mg/kg, ktera zkratila dobu do dosazeni terapeutickych hladin ze 17 na 1 hod. Naproti
tomu, distribuéni objem amikacinu byl nejvice asociovan s povrchem téla, 1 kdyz
korigovana télesna hmotnost byla prakticky stejné vhodnym prediktorem. Optimalni
jednotliva davka amikacinu byla 517 mg/m?, respektive 14 mg/kg korigované télesné
hmotnosti. Distribu¢ni objem fenobarbitalu u asfyktickych novorozenct byl zavisly
na hmotnosti, povrchu téla a celkové télesné délce. Optimalni nasycovaci davka byla u této
kohorty 15 mg/kg.

Clearance vankomycinu i amikacinu nejvice odpovidala odhadu glomerularni
filtrace pomoci CKD-EPI rovnice. Navrhli jsme nomogramy pro odhad optimalni
udrzovaci davky vankomycinu podavaného kontinualni infuzi a pro odhad optimalniho
davkovaciho intervalu amikacinu pomoci rovnice CKD-EPI. Clearance fenobarbitalu
podavaného asfyktickym novorozenclim nebyla zavisla na zddné ze sledovanych
charakteristik. Proto se jako optimalni jevila fixni udrzovaci davka 9 mg/den, coz odpovida
normalizované davce 3  mg/kg/den. Clearance perindoprilatu  byla  1épe
predikovana cystatinem C nez kreatininem. Rozdily v predikéni schopnosti jednotlivych

rovnic vyuzivajicich cystatin C byly minimalni.



Bézné pouzivana komedikace (vazoaktivni latky, furosemid, fenytoin, tramadol,
sufentanyl, midazolam) neméla v realnych klinickych podminkach vliv na farmakokinetiku

fenobarbitalu u asfyktickych novorozenci.

Kli¢ova slova:
Personalizovand farmakoterapie, terapeutické monitorovani 1éCiv, optimalizace davkovani,
farmakokinetika, distribu¢ni objem, clearance, deskriptory télesné hmotnosti, odhad

glomerularni filtrace.



Abstract

The aim of this dissertation thesis was to study the factors affecting drug
distribution and elimination and to use these factors to individualize dosing. The work
consists of three thematic areas: estimation of the volume of distribution and subsequent
dosing of selected drugs (vancomycin, amikacin, phenobarbital) using body size
descriptors; estimation of clearance and subsequent dosing of selected drugs (vancomycin,
amikacin, phenobarbital, perindopril) using renal function status markers; and the impact
of drug interactions on the distribution and elimination of phenobarbital. The thesis
summarizes original papers on these topics.

Individual pharmacokinetic parameters were calculated for each patient based on
their demographic and clinical characteristics, dosing records and measured serum drug
levels. The relationships between distribution volume/drug clearance and body size
descriptors/renal functional status markers were examined by regression analysis.

Vancomycin volume of distribution was best predicted by the total body weight.
Loading dose of 10.7 mg/kg of total body weight was optimal in patients taking continuous
vancomycin and would lead to reducing of median time to reach target concentrations from
17 to 1 hour. On the contrary, amikacin volume of distribution was most associated with
the body surface area, although the adjusted body weight was practically just as good
predictor. The optimal single dose of amikacin was 517 mg/m? and 14 mg/kg of adjusted
body weight, respectively. The distribution volume of phenobarbital in asphyxiated
newborns was related with weight, body surface area and length. The optimal loading dose
for this cohort was 15 mg/kg.

The clearance of both vancomycin and amikacin most closely corresponded to the
estimation of glomerular filtration rate using the CKD-EPI equation. We designed
nomograms for estimation of the optimal continuous vancomycin maintenance dose and
for estimation of the optimal amikacin dosing interval using the CKD-EPI equation.
Phenobarbital clearance did not relate with any of the examined characteristics in
asphyxiated newborns. Therefore, a fixed maintenance dose of 9 mg/day appeared to be
optimal, corresponding to a weight-normalized dose of 3 mg/kg/day. Perindoprilat
clearance related better with cystatin C than with creatinine. Differences in prediction

performance of the individual equations using cystatin C were minimal.



Frequently used co-medication (vasoactive drugs, furosemide, phenytoin, tramadol,
sufentanyl, midazolam) did not affect phenobarbital pharmacokinetics in asphyxiated

newborns in real clinical settings.

Key worlds:
Personalized pharmacotherapy, therapeutic drug monitoring, dosing optimization,
pharmacokinetics, volume of distribution, clearance, body weight descriptors, glomerular

filtration rate estimation.
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Seznam zkratek

ABW
ALT
AST
AUC24
BMI
BSA
CAR
CKD-EPI

CL
CL-CR
CL-VAN
Cmax
Css
CYP
FD

FK

GF
IBW
INR
JIP
LBW
LD
MD
MDRD

MIC
PXR
SPC
TDM
Vd

Korigovana télesna hmotnost (adjusted body weight)
Alaninaminotransferaza

Aspartataminotransferaza

Plocha pod kiivkou pribéhu plazmatickych koncentraci 1éCiva za 24 hodin
Index télesné hmotnosti (Body-mass index)

Povrch téla (body surface area)

Konstitutivni androstanovy receptor

Rovnice pro odhad glomerularni filtrace (Chronic Kidney Disease
Epidemiology Collaboration)

Clearance

Clearance kreatininu

Clearance vankomycinu

Maximalni plazmaticka koncentrace

Sérova koncentrace 1éku v ustaleném stavu
Cytochom P450

Farmakodynamika

Farmakokinetika

Glomerulérni filtrace

Idealni t€lesna hmotnost (ideal body weight)
Mezinarodni normalizovany pomér (International Normalized Ratio)
Jednotka intenzivni péce

Tukuprosta télesna hmotnost (lean body weight)
Nasycovaci davka

Udrzovaci davka

Rovnice pro odhad glomerularni filtrace (Modification of Diet in Renal
Disease)

Minimalni inhibi¢ni koncentrace

Pregnanovy xenobioticky receptor

Souhrn udaja o ptipravku

Terapeutické monitorovani hladin 1é¢iv (therapeutic drug monitoring)

Distribu¢ni objem
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1. Literarni uvod

Vétsina 1€Civ je v souCasné dob¢ vyvijena, schvalovana a uvadéna na trh na zaklade
jejich ucinku ve vétsing populace. Koncept jednotné davky léciva pro vSechny pacienty se
stejnym onemocnénim vSak vzhledem k interindividudlni variabilité farmakokinetiky a
farmakodynamiky nemusi vést ke kyzenym vysledkim. Zvlasteé u 1€Civ s tzkym
terapeutickym indexem muze stejna davka vést u nékterych pacientli k projeviim toxicity a
u jinych miize byt neulinnd. Personalizovana farmakoterapie je obor, zabyvajici se
individualizaci medikament6zni 1é¢by pro konkrétniho pacienta. Ve své praci jsem se
zabyval faktory ovliviiujicimi distribuci a eliminaci 1é¢iv a moznostmi individualizace
davkovani 1é¢iv pomoci téchto faktor. Konkrétné se jednalo o nasledujici oblasti:

» odhad distribu¢niho objemu a nasledné davkovani 1éc¢iv podle velikosti téla,

» odhad clearance a nasledn¢ davkovani renalné¢ vylucovanych 1é¢iv podle funkéniho
stavu ledvin,

» Vvliv [ékovych interakei na distribuci a eliminaci 1é¢iva.

Jako modelova 1é¢iva pro studium téchto vztahti byly vybrany predevsim latky s Gzkym

terapeutickym indexem, u nichz miize byt individualizace davkovani klinicky vyznamna:

= vankomycin,

= amikacin,

= fenobarbital,

a dale

= perindopril,

kde byl vztah mezi clearance perindoprilatu a funkénim stavem ledvin sledovan z divodu

posouzeni compliance pacientl k antihypertenzni medikaci.

1.1. Davkovani léCiv podle velikosti téla

Tento zpusob individualizace davkovani je zaloZen na ptedpokladu, Ze se
farmakokinetické parametry 1é¢iva meéni proporciondlné€ s rostouci velikosti téla. Zakladni
antropometrické parametry, pomoci nichz mizeme definovat velikost téla, jsou hmotnost a
vySka. Z nich pak byly vyvinuty dals$i — odvozené deskriptory, které, byt vétSinou nemély
primarné slouzit pro tcely individualizace davkovani, mohou Iépe korelovat se skute¢nym

distribu¢nim objemem Iéki. V praxi se jedna nejcastéji o index télesné hmotnosti (BMI),
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povrch téla (BSA), idedlni télesnou hmotnost (IBW), korigovanou télesnou hmotnost
(ABW) a tukuprostou télesnou hmotnost (LBW). Vypocty alternativnich deskriptorti uvadi
tabulka 1.

Tabulka 1: Vypocty alternativnich deskriptori velikosti téla. Prevzato z (Pai, 2012).

Deskriptor | Vzorec pro vypocet

BMI (kg/m?) | = hmotnost (kg) + vyska (m)?

BSA (m?) =0,007184 x hmotnost (kg)**?® x vyska (cm)®’%; Du Bois
= \[(vyska (cm) x hmotnost (kg) + 3600]; Mosteller

IBW (kg) =49,9 + {0,89 x [vyska (cm) — 152,4]}; muzi
= 45,4 + {0,89 x [vyska (cm) — 152,4]}; zeny

ABW (kg) = IBW + 0,4 x [hmotnost (kg) — IBW]

LBW (kg) | = [9270 x hmotnost (kg)] + [6680 + 216 x BMI (kg/m?)]; muzi
= [9270 x hmotnost (kg)] + [8780 + 244 x BMI (kg/m?)]; Zeny

= BMI

Podklady k vypoctu BMI uvetejnil jiz v devatenactém stoleti Adolphe Quetelet,
ktery se pivodné domnival, Ze objem téla zavisi na hmotnosti a vySce umocnéné na tieti.
Tento koncept byl piezkouman v roce 1972, kdy pomér mezi hmotnosti a vyskou, vyskou?
a vyskou® byl sledovan ve vztahu k incidenci ischemické srde¢ni choroby u muzi (Keys et
al., 1972). Nejvétsi asociace byla pozorovana pfi pouziti vysky?, a tak vznikla sou¢asna
podoba vzorce. Dnes se BMI pouziva zejména jako indikator nadvahy a rtiznych stupnt
obezity. BMI roste se vzrustajici hmotnosti, nerozliSuje vsak, zda je nadvaha dana
svalovou ¢i tukovou tkani. Tento fakt limituje pouziti BMI jako univerzalniho prediktoru
davkovani, nebot’ sloZeni svalové a tukové tkané je rozdilné a distribuce do téchto
kompartmentd bude zaviset na fyzikalné-chemickych vlastnostech 1é¢iva — lipofilni 1é¢iva
se budou distribuovat ptednostné do tukové tkané, hydrofilni pak do tkané svalové. Dalsi
slabinou je, ze vzorec pro vypocet BMI byl vyvinut béhem experimentu na muzich — je

tedy otazkou, nakolik pfesné je pouziti tohoto vzorce u Zen.

= BSA
Odhad BSA podle Du Boise byl vyvinut v roce 1916 béhem vyzkumu respirace a

metabolizmu u obéznich pacientdt (Green and Duffull, 2004). Du Bois vychazel
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z ptedpokladu, ze BSA zavisi na télesné hmotnosti, vySce a nezndmé konstanté. Regresni
analyzou porovnal kombinace téchto veli¢in se skute¢nou, experimentalné zméienou BSA.
Vysledkem byla rovnice uvedena v tabulce 1. V roce 1987 byla publikovana Mostellerova
adaptace vzorce pro vypocet BSA (Mosteller, 1987). 1 pies nepatrné mensi piesnost
odhadu skutecné BSA je tato rovnice pro svoji jednoduchost v klinické praxi rozsitené;si.
Bézné se vyuziva pro odhad davek v pediatrii ¢i onkologii (Kaestner and Sewell, 2007).
Vzhledem Kk tomu, ze BSA zahrnuje hmotnost i vySku pacienta, 1ze piedpokladat, ze by
mohla byt presnéjSim prediktorem pro odhad davky nez napi. samotnd hmotnost. Na
druhou stranu nebere v potaz pohlavi pacienta a podobné jako BMI nedokaze rozlisit
tukovou a svalovou tkan. Posledni zminovana nevyhoda déava tusit, ze odhad optimalni
davky pomoci tohoto parametru bude méné piesny u pacientli s nadprimérnymi hodnotami
BSA, zatimco u pacientli s primérnou a podprimérnou BSA bude predikce optimalni

v

davky spolehlivéjsi.

= IBW

V letech 1942 a 1943 uveiejnila Metropolitni zivotni pojistovna v New Yorku data,
ktera sledovala relaci mezi té€lesnou velikosti a mortalitou zvIast’ pro Zeny a pro muze. Na
zéklad¢ téchto dat byl vyvinut parametr idedlni hmotnosti. Koncept IBW byl nékolikrat
aktualizovan, v soucasnosti je nejcastéji zminovana rovnice publikovana Devinem v roce
1974 v kazuistice zabyvajici se toxicitou gentamicinu (Green and Duffull, 2004). Rovnice
nesouvisi se skuteCnou hmotnosti, pouze odhaduje idedlni hmotnost ve vztahu k vySce a
pohlavi. Moznost jejitho vyuziti pro odhad davky je proto spekulativni. Nezda se
vérohodné, ze by podavani jednotné davky vSem stejné vysokym pacientim bylo

optimalni, a to ani v pfipad€ hydrofilnich 1éCiv, ktera se nedistribuuji do tukové tkan¢.

= ABW

ABW je prvni deskriptor télesné hmotnosti, ktery byl primarné vyvinut pro ucely
optimalizace davkovani l1é¢iv — konkrétné jako nastroj normalizace distribu¢niho objemu
aminoglykosida (Bauer et al., 1983). ABW vychazi z realné télesné hmotnosti a IBW, kdy
urcita ¢ast nadbytku realné hmotnosti nad IBW (vyjadiena tzv. korekénim faktorem) se
pti¢te k IBW. Hodnota korek¢niho faktoru ve studii byla stanovena 0,45 pro gentamicin,
0,37 pro tobramycin a 0,42 pro amikacin. Pro jednoduchost se v praxi nejcastéji pouziva
jednotna hodnota korekéniho faktoru 0,4. ABW se jevi jako vérohodny parametr pro odhad

optimalni davky, nebot’ ve svém vypoctu zahrnuje hmotnost, vySku i pohlavi. Na druhou
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stranu pouzivani jednotného korekéniho faktoru miize vést k nepfesnostem, uvazime-li, ze
drobné rozdily byly pozorovany i mezi jednotlivymi zastupci aminoglykosidl, které maji
velmi podobnou farmakokinetiku. ABW s korekénim faktorem 0,4 je tedy mozné pouzit
k optimalizaci davkovani 1é¢iv s malym distribu¢nim objemem, odpovidajicim piiblizné
extracelularni tekutiné. Aplikace na $ir§i paletu 1éCiv by vyzadovala validaci hodnoty

korekéniho faktoru.

= LBW

LBW je odvozen z tzv. frakce tukové hmoty. Tento termin byl zaveden béhem
snah popsat vzristajici prevalenci obezity ve Spojeném Kralovstvi (Green and Duffull,
2004). LBW ziskame po odeéteni soucinu frakce tukové hmoty a realné hmotnosti od
realné hmotnosti. Ackoliv ptivodni ucel tohoto deskriptoru byl popis trendu v morbidité a
mortalit¢ ve vztahu k velikosti téla, LBW se pozd&ji uplatnila také pti studiu
farmakokinetickych parametrii 1éCiv. V roce 2005 byla navrzena nova podoba vzorce,
vyvinutd na zdkladé¢ méteni bioelektrické impedance u 373 pacienti s hmotnosti 40,7 —
216,5 kg, respektive s BMI 17,1 — 69,9 kg/m? (Janmahasatian et al., 2005). LBW v sobé
zahrnuje pohlavi, hmotnost i vySku. Lze predpokladat, ze — podobné jako ABW — bude
dobrym prediktorem pro odhad optimalni davky u hydrofilnich 1é¢iv s omezenou distribuci

do tukové tkané.

Distribuci a eliminaci 1é€iv popisuji dva primarni farmakokinetické parametry —
distribu¢ni objem a clearance.

Distribuéni objem je definovan jako zdanlivy objem, ve kterém by se muselo
veskeré mnozstvi 1é¢iva ptitomného v t€le homogenné rozptylit, aby v ném bylo dosazeno
stejné koncentrace 1é¢iva, jako je v plazmé. Distribu¢ni objem souvisi se strukturdlnimi
aspekty téla, jeho hodnota vSak neumoziuje rozpoznat, zda je 1éCivo v téle distribuovano
rovnomeérng, ¢i zda se kumuluje v n¢jakém kompartmentu. Green et al. ve své piehledové
praci uvadi, ze jako nejlepsi deskriptor pro odhad distribu¢niho objemu se obecné jevi
realna hmotnost (Green and Duffull, 2004) — nejvétsi cast (40 %) studii, které porovnavaly
asociaci realné té€lesné hmotnosti a dalSich deskriptort s distribuénim objemem lé¢iv uvadi
jako nejlepsi prediktor redlnou hmotnost. Je ale tieba podotknout, Ze tento vystup je
zobecnénim vztahli mezi deskriptory télesné velikosti a distribuénim objemem napfic¢

nejruznéjSimi 1éCivy. Realnd hmotnost bude ve skutecnosti vhodnym prediktorem u lé¢iv
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lipofilnich a amfifilnich, zatimco distribu¢ni objem siln€¢ hydrofilnich 1é¢iv bude Iépe
korelovat s deskriptory jako je ABW ¢i LBW.

Clearance je definovana jako objem plazmy, kterd se od daného 1é¢iva zcela ocisti
za jednotku Casu, a jako takova souvisi s funk¢ni kapacitou a perfuzi eliminac¢nich organt.
Nejvice studii (35 %), které porovnavaly asociaci LBW a dalsich deskriptort s clearance
1é¢iv uvadi jako nejlepsi prediktor LBW (Green and Duffull, 2004). Tento zavér se zda byt
veérohodny, vychazime-li z predpokladu, ze tukova tkan nema vlastni eliminacni aktivitu.
Na rozdil od distribu¢niho objemu, clearance 1€¢iv obvykle 1épe vystihuji jiné kovariaty,
nez deskriptory télesné velikosti — napf. markery funk¢niho stavu ledvin u 1é¢iv s primarné

renalni exkreci.

1.2. Davkovani renalné eliminovanych l1é¢iv podle funkéniho stavu ledvin

Tento princip individualizace davkovani vychazi z korelace mezi clearance 1é¢iva a
funkénim stavem ledvin. Tento vztah se tyka samoziejmé pouze 1éCiv vylucovanych
primarné ledvinami. Davky léCiv s vyznamnou hepatdlni exkreci ¢i 1éCiv extenzivné
metabolizovanych se obvykle pomoci tohoto principu neupravuji. K zdkladnim metodam
vySetfeni funk¢éniho stavu ledvin patii vySetieni glomerularni filtrace (GF) (Levin and
Stevens, 2014). GF je definovana jako objem plazy, ktery je ledvinami kompletné ocistén
od konkrétni latky za jednotku Casu. V soufasné¢ dobé se GF méfi pomoci clearance
endogenniho nebo exogenniho markeru filtrace. Metody méfeni GF jsou ale dosti slozité,
limitujicim faktorem je Casto spravny sbér moci. Proto je GF v klinické praxi bézné
odhadovéna ze sérové koncentrace kreatininu, popf. cystatinu C. Mezi nejcastéji pouzivané
vypoctové metody odhadu GF na podkladu stanoveni sérového kreatininu patii rovnice
Cockcroft-Gault (Cockcroft and Gault, 1976), MDRD (Modification of Diet in Renal
Disease) (Levey et al., 1999) a CKD-EPI (Chronic Kidney Disease Epidemiology
Collaboration) (Levey et al., 2009). U déti a mladistvych je doporuceno pouzivat rovnici
dle Schwartze (Schwartz et al., 1987). Ze sérového cystatinu C lze pak GF odhadnout
CKD-EPI variantou pro cystatin C, kombinovanou CKD-EPI rovnici pro kreatinin i
cystatin C (Inker et al., 2012), pfipadné pouzitim jednodussiho vypoctu, napt. dle Hoeka

(Hoek et al., 2003). VSechny uvedené rovnice shrnuje tabulka 2.
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Tabulka 2: Rovnice pro odhad GF. Pouzité zkratky: Skr sérovy kreatinin (umol/L), Scyst

serovy cystatin C (mg/L).

Rovnice Vzorec pro vypocet

Cockcroft-Gault | = {[(140 — ve&k) x hmotnost (kg)] + (48,8 x Skr)} x 0,85 (Zeny)

(mL/s)

MDRD =515,3832 x Skrt!™ x vgk0203 x 0,742 (zeny) x 1,21 (Serna populace)
(mL/s/1,73 m?)

CKD-EPI = 2,4 x (Skr + 61,9)932° x 0,993 x 1,159 (erna populace); Zeny se
(kreatinin) Skr <62 pmol/L

(mL/s/1,73 m?)

= 2,4 x (Skr + 61,9)12% x 0,993"% x 1,159 (erna populace); Zeny se
Skr > 62 pumol/L
= 2,35 x (Skr + 79,6) %411 x 0,993 x 1,159 (¢erna populace); muzi se
Skr < 80 umol/L
= 2,35 x (Skr = 79,6)12% x 0,993 x 1,159 (¢erna populace); muzi se
Skr > 80 umol/L

Schwartz
(mL/s/1,73 m?)

= F x vyska (cm) + Skr

F = 0,600; vzdy pfi stanoveni Skr enzymatickou metodou

F = 0,487; stanoveni Skr Jaffé metodou, nedonosené déti do 1 roku
F = 0,663; stanoveni Skr Jaffé metodou, donosené déti do 1 roku

F =0,810; stanoveni Skr Jaffé metodou, divky od 1 roku do 18 let
F = 0,810; stanoveni Skr Jaffé metodou, chlapci od 1 roku do 12 let
F =0,959; stanoveni Skr Jaffé metodou, chlapci od 12 do 18 let

CKD-EPI = 2,217 x (Scyst + 0,8)94% x 0,996"% x 0,932 (zeny); Scyst < 0,8 mg/L
(cystatin C) = 2,217 x (Scyst + 0,8) 1328 x 0,996"% x 0,932 (Zeny); Scyst > 0,8 mg/L
(mL/s/1,73 m?)

CKD-EPI = 2,17 x (Skr + 61,9)92% x (Scyst + 0,8)037 x 0,995 x 1,08 (&erna
(kreatinin + | populace); Zeny se Skr < 62 umol/L a se Scyst < 0,8 mg/L

cystatin C) = 2,17 x (Skr + 61,9)%248 x (Scyst + 0,8) 071! x 0,995"% x 1,08 (¢erna

(mL/s/1,73 m?)

populace); Zeny se Skr < 62 pmol/L a se Scyst > 0,8 mg/L
= 2,17 x (Skr + 61,9)%8%1 x (Scyst + 0,8)037 x 0,995 x 1,08 (&erna
populace); Zeny se Skr > 62 umol/L a se Scyst < 0,8 mg/L
= 2,17 x (Skr + 61,9)%%0% x (Scyst + 0,8) %1t x 0,995"% x 1,08 (¢erna
populace); Zeny se Skr > 62 umol/L a se Scyst > 0,8 mg/L
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= 2,25 x (Skr + 79,6)%2%7 x (Scyst + 0,8)%37 x 0,995*% x 1,08 (¢erna
populace); muzi se Skr < 80 umol/L a se Scyst < 0,8 mg/L
= 2,25 x (Skr + 79,6)%2%7 x (Scyst + 0,8) %1t x 0,995"% x 1,08 (¢erna
populace); muzi se Skr > 80 pumol/L a se Scyst < 0,8 mg/L
= 2,25 x (Skr + 79,6) 2% x (Scyst + 0,8)%37 x 0,995 x 1,08 (¢erna
populace); muzi se Skr > 80 pmol/L a se Scyst < 0,8 mg/L
= 2,25 x (Skr + 79,6) %% x (Scyst + 0,8) %! x 0,995 x 1,08 (¢erna
populace); muzi se Skr > 80 umol/L a se Scyst > 0,8 mg/L

Hoek = 80,35 + Scyst — 4,32
(mL/s/1,73 m?)

Posouzeni GF na podklad¢é sérové koncentrace kreatininu vychdzi ze zjisténi, Ze
hladina kreatininu v séru exponencialn¢ vzrista s klesajici GF (Stevens et al., 2006).
Vzhledem k exponencialnimu vztahu je vzestup sérového kreatininu v pocatecnich fazich
renalniho selhavani pomérné maly, pocatecni stadium rendlni insuficience tedy nemusi byt
na podkladé pouhého sledovani hladiny kreatininu rozpoznano. Samotna hodnota sérového
kreatininu je nepfesné prediktivni — je ovlivnéna pfedev§im mnozstvim svalové hmoty.
Vypoctové vzorce se snazi tento vliv korigovat pomoci proménnych jako je v€k, pohlavi ¢i

rasa.

= Rovnice Cockcroft-Gault

Tato rovnice pro odhad clearance kreatininu byla publikovana v roce 1976
(Cockcroft and Gault, 1976) a na dlouhou dobu se stala nejrozsitenéjsim zptisobem odhadu
GF. Diky tomu je také hojné vyuzivana v riiznych doporu¢enich na tGpravu davek 1éciv
podle funkéniho stavu ledvin. Vzhledem Kktomu, Ze tato rovnice odhaduje renalni
clearance kreatininu (ktera v sobé zahrnuje i tubularni sekreci), dochazi k systematickému
nadhodnocovani GF (Stevens et al., 2006). Navic ve svém vypoctu zahrnuje télesnou
hmotnost, takze dochazi k dalsimu nadhodnoceni GF u obéznich osob nebo u pacientii
s retenci tekutin. Vypocet Cockcroft-Gault byl také vyvinut s pouzitim nestandardizované
metody stanoveni sérového kreatininu. Dle souc¢asnych doporuceni by se proto tento odhad
nemél v klinické praxi dale vyuzivat. Data a zkuSenosti S davkovanim 1éCiv podle
novéjsich rovnic jsou vSak zatim omezené a je otdzka nakolik lze davkovaci schémata

podle Cockcroft-Gault rovnice extrapolovat.
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* Rovnice MDRD

V roce 1999 vysla velka multicentricka studie o vlivu nizkoproteinové diety na
rychlost progrese chronickych renalnich onemocnéni (Levey et al., 1999). Na podklad¢
této studie byl odvozen vzorec MDRD, ktery byl o par let pozd¢ji jesté upraven pro pouziti
standardizované metody stanoveni kreatininu (Levey et al., 2007). Vzhledem k tomu, Ze
MDRD studie zahrnovala pouze pacienty s chronickym onemocnénim ledvin, neni
validovéna pro pouziti u pacientli s normalni nebo mirné snizenou funkci ledvin. Proto
byla pozdgji stejnymi autory vyvinuta nova rovnice (CKD-EPI), ktera je pouzitelna i pro

zdravou populaci.

* Rovnice CKD-EPI

Tato rovnice byla navrzena v roce 2009 (Levey et al., 2009). CKD-EPI poskytuje
vysledky nejbliz$i realné GF. Proto je v soucasnosti doporucovana jako nejvhodnéjsi
metoda odhadu GF na podkladé sérové hladiny kreatininu. Dodate¢né pak byla vyvinuta
CKD-EPI rovnice pro odhad GF z cystatinu C, a také kombinovana CKD-EPI rovnice
vyuzivajici jak kreatinin, tak cystatin C (Inker et al., 2012).

Kreatinin vznikd ve svalech ireverzibilni neenzymovou dehydrataci a naslednou
spontanni cyklizaci z kreatinu a z kreatinfosfatu. Nasledn¢ pak pifechazi do krevniho
ob¢hu. Jeho produkce je zdvisla na mnoZstvi svalové hmoty, proto je relativné stabilni. Je
ale zavisla na veku, pohlavi a rase (Laterza et al., 2002). Produkci kreatininu rovnéz
ovlivituje intenzita t€lesné aktivity a piijem potravy bohaté na aminokyseliny. Kreatinin se
nevaze na plazmatické bilkoviny a je volné filtrovan v glomerulech. Na jeho eliminaci se
ale také minoritné€ podili tubularni sekrece. U zdravych jedinct je tato frakce zanedbatelnd,
nabyvé vSak na vyznamu u pacientl se stiedni a t€Zkou renalni insuficienci, kdy vyznamné
klesa GF (Laterza et al., 2002). Z uvedeného vyplyva, ze odhad GF pomoci sérového
kreatininu, miiZze v urCitych klinickych situacich (ztrata svalové hmoty, t€Z8i rendlni
insuficience, atd.) vést k nadhodnoceni.

Cystatin C je protein patiici do rodiny inhibitori cysteinovych proteaz. Je
produkovan vSemi jadernymi buitkami a vylu€ovan glomerularni filtraci. Na rozdil od
kreatininu nepodléha tubularni sekreci, ale je reabsorbovan buitkami proximalnich tubula.
Zde je vsak kompletné katabolizovan, takze neptechazi zpét do krevniho ob&hu (Laterza et
al., 2002). Diky tomu clearance cystatinu C plné odpovida GF. Rada praci nasvédéuje

tomu, ze sérové hladiny cystatinu C se zvySuji pifi malém poklesu GF diive nez hladiny
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kreatininu (Cabarkapa, 2015). Proto je cystatin C povaZovan za piesnéj$i marker pro
odhad GF. Nicméné, i vypocet GF pomoci hladiny cystatinu C mtze byt zkreslen — napf. u
pacientt s nékterymi malignimi onemocnénimi, nekompenzovanou hypo/hypertyredzou, ¢i
pii podavani glukokortikoidti (Cabarkapa, 2015). Dalsi nevyhodou cystatinu C je vyssi

cena jeho stanoveni.

1.3. Vankomycin

Vancomycin je glykopeptidové antibiotikum, patfici mezi léky volby v terapii
zavaznych nozokomidlnich infekci vyvolanych gram-pozitivnimi bakteriemi vcetné
meticilin-rezistentnich kment Staphylococcus aureus (Rybak et al., 2009a). Vykazuje na
koncentraci nezavislou baktericidni aktivitu, pfi€emz pomér plochy pod kiivkou priubéhu
plazmatickych koncentraci za 24 hodin (AUC24) nad minimalni inhibi¢ni koncentraci
(MIC) je povazovan za farmakokineticko-farmakodynamicky (FK/FD) parametr, ktery
nejlépe predikuje uspésnost 1écby (Moise-Broder et al., 2004). Jako cilova hodnota se
povazuje AUC24/MIC > 400 (Rybak et al., 2009b). Metaanalyza dat publikovanych
v deviti kohortovych studiich potvrdila, Ze dosaZzeni tohoto FK/FD cile vede
k signifikantnimu sniZeni rizika selhani terapie a sniZzeni mortality (Men et al., 2016).

Vankomycin patfi mezi léky S uzkym terapeutickym indexem — nejcastéji byva
zminovana jeho nefrotoxicita a ototoxicita (Rybak et al., 2009a, Tesfaye et al., 2012).
Existuje pomé&mé malo dat dokladajicich pfimy vztah mezi konkrétnimi hladinami
vankomycinu a toxicitou. Ta byva davana spiSe do souvislosti s délkou terapie, nebo s
konkomitantnim podavanim jinych nefrotoxickych/ototoxickych 1é¢iv (Rybak et al.,
2009a). Nicméné, nékolik mensich studii dokumentuje souvislost mezi toxicitou a vys§imi
hladinami/davkami vankomycinu (Lodise et al., 2008, Farber and Moellering, 1983, Jeffres
etal., 2007, Spapen et al., 2011).

V klinické praxi se vyuzivaji dvé strategie podavani vankomycinu — kontinualni
infuze a intermitentni infuze (Martinkova, 2015). Teoretickd vyhoda kontinudlniho
podavani vychazi z predpokladu, ze trvalé udrzovani hladin vankomycinu nad MIC, bez
vétsiho kolisani, povede k vétsi ucinnosti a mensi toxicité. Pfidanou hodnotou pak je
finan¢ni Gspora. Existuje dostatecné mnozstvi dat dokladajicich, Ze kontinualni podavani

vankomycinu je u dospélych pacienti plnohodnotnou alternativou intermitentni aplikace
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(Waineo et al., 2015). Nicmén¢, nadfazenost ve smyslu vyssi Gi¢innosti nebo nizsi toxicity
se neprokazala (Man et al., 2010).

Zatim co pii intermitentnim podavani se doporucuje udrzovat udolni koncentrace
mezi 10 a 20 mg/L (15-20 mg/L v piipadé zavaznych infekci) (Rybak et al., 2009a), pro
kontinualni podavani nebyl dosud ustanoven jednotny konsenzus stran terapeutického
rozmezi. Nékteré studie navrhuji rozmezi 15-25 mg/L (Saugel et al., 2013, Spadaro et al.,
2015), jiné 20-25 mg/L (Wysocki et al., 2001), nebo 20-30 mg/L (Cristallini et al., 2016).
Vezmeme-li v tvahu, Zze hodnota AUC24 by méla byt minimaln¢ 400 mg.h/L (pii MIC =1
mg/L) (Moise-Broder et al., 2004, Holmes et al., 2013) a maximalné cca 700 mg.h/L (pii
piekroceni se piedpoklada vyssi riziko nefrotoxicity) (Neely et al., 2014), cilové
terapeutické koncentrace mezi 15 a 30 mg/L Ize povazovat za uspokojivé.

Pti vyskytu infekce u kriticky nemocnych pacientl je tfeba bezprostiedné zahdjit
antibiotickou terapii (Leekha et al., 2011, Vincent et al., 2016). Pti kontinualnim podani
vankomycinu bez aplikace nasycovaci davky (LD) stoupaji sérové koncentrace postupné,
dokud nedojde k navozeni ustaleného stavu, kdy se vyrovna rychlost pfivodu lé¢iva s
rychlosti jeho eliminace. To znamend, Ze terapeutickych hladin je dosazeno az s urcitym
zpozdénim, které ale mize negativné ovlivnit uspéch 1é¢by (Lodise et al., 2003). Aby bylo
dosazeno terapeutickych hladin co nejdiive, je tieba podat LD (Wang et al., 2001,
Mohammedi et al., 2006, Truong et al., 2012). Studie uvadi aplikaci LD 15-20 mg/kg
(Wysocki et al., 2001, Vuagnat et al., 2004, Hutschala et al., 2009). Bohuzel, v klinickych
podminkach neni aplikace LD bé&znou praxi a ani soucasn¢ platny souhrn udaji o
ptipravku (SPC) nedoporucuje tuto davkovaci strategii.

LD muze byt spocitana z Vd (Wada et al., 1998). Vzhledem k vysoké variabilité¢ Vd
u pacientll na jednotkéach intenzivni péce (JIP), LD odhadnuté na zaklad¢ populacnich
hodnot Vd nemusi byt piesné (Boucher et al., 2006). VVzhledem k tomu, ze Vd souvisi se
strukturalnimi aspekty téla, byva LD nejcastéji individualizovana pomoci hmotnosti (Pan
et al., 2016). Mohammedi et al. uvadi, Ze aplikace normalizované LD 15 mg/kg je
presngjsi nez podavani fixni LD 500 mg (Mohammedi et al., 2006).

Tak jako LD muize byt odhadnuta pomoci Vd, tak udrzovaci davky (MD) léku
muzeme vypocitat z jeno CL (Jankt, 1983). A podobné jako Vd, vykazuje také CL u JIP
pacientli zna¢nou inter a intraindividualni variabilitu (Boucher et al., 2006).

Vice nez 80 % podané davky vankomycinu je béhem 24 hodin vylouceno

glomerularni filtraci v nezménéné formé (Matzke et al., 1986). Studie ukazuji linearni
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vztah mezi CL vankomycinu a CL kreatininu (Matzke et al., 1984, Llopis-Salvia and
Jiménez-Torres, 2006, Pea et al., 2009, Kees et al., 2010).

V literatuie mizeme nalézt né¢kolik navrhiit davkovani kontinualniho vankomycinu
pomoci nomogramu. Tyto nomogramy predikuji MD z CL kreatininu odhadnuté rovnici
Cockcroft-Gault (Pea et al., 2009, Jeurissen et al., 2011), MDRD (van Maarseveen et al.,
2014), nebo na zakladé métené CL kreatininu (Baptista et al., 2014). Dosud nebyl navrzen

zadny nomogram vychazejici z CKD-EPI rovnice.

1.4. Amikacin

Amikacin je Sirokospektré aminoglykosidové antibiotikum, Siroce vyuzivané
predevsim v terapii gram-negativnich infekci u pacientt na JIP.

Aminoglykosidy vykazuji U¢inek zavisly na koncentraci, kdy pomér mezi
maximalni dosaZzenou koncentraci (Cmax) @ MIC je povazovan za FK/FD parametr uréujici
uspésnost 1é¢by. Za cilovou hodnotu se povazuje Cmax/MIC > 8 (Moore et al., 1987).
Aminoglykosidy vykazuji vyznamny post-antibioticky efekt, rovnéZ v zavislosti na
koncentraci. Délka trvani tohoto efektu se u amikacinu pii dodrZzovani terapeutickych
hladin uvadi ptiblizné 4 — 6 hodin (Isaksson et al., 1990).

Aminoglykosidy patii mezi 1éky s uzkym terapeutickym indexem. Nefrotoxicita a
ototoxicita jsou nejcastéji zminované nezadouci UCinky. Nefrotoxicita byva obvykle
reverzibilni a je zpisobena kumulaci léku v builkdch proximalnich tubull, zatimco
ototoxicita miiZze byt ireverzibilni a zdad se, Ze souvisi s celkovou kumulativni davkou
(Beaubien et al., 1989).

Existujyi dvé strategie davkovani aminoglykosidi. Konvenéni davkovani spociva
v podévani ddvek normalizovanych na télesnou hmotnost 2 — 3 x denn¢, zatimco moderni,
tzv. ,,once-daily* strategie je zaloZena na podani celé¢ denni davky (rovnéZ normalizované
na hmotnost pacienta) naraz s prodlouzenym intervalem (24 hodin u pacientd s normalni
funkci ledvin). Druhd jmenovana strategie je v soucasnosti jednozna¢né preferovana
vzhledem ke stejné (teoreticky mozna i vyssi) GCinnosti, ale predevSim nizsi toxicite
(Nicolau et al., 1995).

Z diivodu jisténi Gc¢innosti a prevence toxicity je u aminoglykosidi doporuceno
rutinni terapeutické monitorovani hladin (TDM) (Begg et al., 2001, Germovsek et al.,

2016). Uprava davky na podkladé TDM je ale mozna aZz po zahajeni terapie. Startovaci
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davka a davkovaci interval musi tedy byt vypocitany pomoci Vd, respektive CL (Wada et
al., 1998, Janki, 1983). Jak jiz bylo uvedeno v ptedeslé kapitole, patofyziologické zmény u
kriticky nemocnych pacientd mohou vést k alteraci farmakokinetiky 1é¢iv (Wong et al.,
2014). Zejména u 1é¢iv s tizkym terapeutickym indexem (jako je amikacin) je proto vhodné
nevychazet pouze z populacnich dat, ale individualizovat FK parametry pomoci vhodnych
kovariat.

Amikacin je hydrofilni latka, ktera se distribuuje do extracelularni tekutiny, cemuz
odpovida jeho Vd ptiblizné 0.25 L/kg (Dager, 1994). SPC doporucuje denni davku
amikacinu 15 mg/kg hmotnosti pro pacienty s normalni funkci ledvin. U obéznich pacientd
pak je pak doporuceno vypocitat denni davku pomoci ABW. Denni davky uvadéné ve
studiich se obvykle pohybuji od 11 do 30 mg/kg (Freeman et al., 1997).

Vzhledem Kktomu, ze aminoglykosidy jsou v nezménéné formé vyluCovany
glomerularni filtraci v ledvinéach, je nutna Gprava jejich davkovani u pacientli se snizenou
funkei ledvin. Nekteré studie uvadi redukci davky odpovidajici stupni postizeni ledvin,
jiné navrhuji davku ponechat a prodluzovat davkovaci interval. Pokud chceme nasledovat
principy ,,once-daily* podani aminoglykosidii, ponechani davky a prodluZovani intervalu
aminoglykosidi odvozuje délku intervalu u pacientll rendlni insuficienci od hodnoty CL
kreatininu odhadnuté pomoci rovnice Cockcroft-Gault (Lim et al., 2015). Je ale jen velmi
malo dat o moznosti vyuziti novéjSich rovnic (MDRD, CKD-EPI). Nékteré studie uvadi
leps$i predikci davkovani pti pouziti Cockcroft-Gault oproti MDRD (Charhon et al., 2012,
Ryzner, 2010). Pai et al. popisuji, ze CKD-EPI nejlépe predikuje CL aminoglykosida (Pai
et al., 2011), nicméné tato studie zahrnuje pouze pacienty 1éCené jinymi aminoglykosidy
(gentamicin, tobramycin). Pouze jedna studie zminuje CKD-EPI rovnici jako nejlepsi
metodu odhadu CL amikacinu (Lim et al., 2015).

1.5. Fenobarbital

Fenobarbital je stale 1ékem prvni volby pro kontrolu a terapii kieci u asfyktickych
novorozencu s hypoxicko-ischemickou encefalopatii (Carmo and Barr, 2005).

Neexistuje jednotny konsenzus k terapeutickému rozmezi. Jalling uvadi, ze kiece
ustavaji piiblizné pii hladinach 12 — 30 mg/L (Jalling, 1975). Nékteré studie cili na
rozmezi 10 — 30 mg/L (Touw et al., 2000, Turhan et al., 2010), jiné na 15 — 40 mg/L
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(Nahata et al., 1988, Gherpelli et al., 1993, Filippi et al., 2011, Oztekin et al., 2013). Na
zaklad¢ téchto dat 1ze tedy hodnoty sérovych koncentraci fenobarbitalu mezi 10 a 40 mg/L
pokladat za uspokojivé. Pii hladinach nad 40 mg/L se Castéji vyskytuji nezddouci reakce
jako napt. sedace, letartgie, nebo zvySena drazdivost. Pokud koncentrace fenobarbitalu
ptekroc¢i 60 mg/L, miize dojit k apnoim az zastaveé dechu.

Ve snaze maximalizovat ucinnost a minimalizovat toxicitu je V prubéhu terapie
doporu¢eno TDM (Koren, 1997). Inicialni davka vSak musi byt, tak jako u vySe
zminovanych antibiotik, vypoétena z FK parametri — LD z Vd a MD z CL (Anderson and
Holford, 2013). Fenobarbital vykazuje zna¢nou interindividualni variabilitu FK parametrt.
Kromé toho ma na farmakokinetiku zasadni vliv také maturace organizmu a postnatalni
zmény ve slozeni t€la (Alcorn and McNamara, 2003). Proto opét preferujeme
individualizaci FK parametrti pomoci dostupnych kovariat pted pouzitim populacnich dat.

Nejcastéji uvadéné kovariaty farmakokinetiky fenobarbitalu jsou hmotnost a
gestaéni stafi (pfipadné postnatalni vék) (Touw et al., 2000, Yukawa et al., 2011, Shellhaas
et al.,, 2013). Touw et al. popsali také vztah mezi vySkou ¢i BSA a FK parametry
fenobarbitalu (Touw et al., 2000). Dalsi studie vSak pfinaseji nekonzistentni zavery, coz
komplikuje hledani idealnich proménnych umoziujicich individualizaci davkovani. Pitlick
et al. pozorovali nartist CL béhem prvniho mésice po narozeni, zatimco korelace s Vd se
neprokazala (Pitlick et al., 1978). Grasela et al. uvadi, ze Vd ani CL nejsou ovlivnény
gestaénim stafim (Grasela and Donn, 1985). Gilman et al. nenalezli zadny vztah mezi
elimina¢nim polo¢asem Iéku a gestaénim/postnatalnim vékem (Gilman et al., 1983). Byl
také zkouman vliv asfyxie. Zatimco Gal et al. popisuji niz§i CL u asfyktickych
novorozencu (Gal et al., 1984, Gal et al., 1982), Grasela et al. nezaznamenali Zadny vliv na
CL, ale uvadi zvyseni Vd v piipadé asfyxie (Grasela and Donn, 1985).

V Klinické praxi se fenobarbital obvykle davkuje podle t€lesné hmotnosti: zahajuje
se intraven6znim podanim LD 15 — 20 mg/kg (v piipadé pretrvavajicich kieéi je mozno
sekven¢né podavat dalsi bolusy 5 — 10 mg/kg az do dosazeni koncentrace 40 mg/L)
(Gilman et al., 1989), poté¢ se podavaji MD 3 — 4 mg/kg/den (Fischer et al., 1981). V
pribéhu terapie se davky upravuji na zakladé dosaZenych koncentraci a podle klinické
odezvy.

Ptiblizn€ 25 % z davky fenobarbitalu je vylouceno vV nezménéné forme. Majoritni
¢ast se metabolizuje oxidaci enzymem 2C9 cytochromu P450. V mensi mife se pak na
metabolické preméné fenobarbitalu podili CYP2C19, CYP2E1 a N-glukosidace (Kwan and
Brodie, 2004).
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V neonatologické intenzivni péci se frekventované pouziva nékolik 1ékt/Iékovych
skupin, které mohou ovlivnit farmakokinetiku fenobarbitalu. Noradrenalin pisobi
vazokonstrikéné¢ a mutze tak snizit pratok krve ledvinami, zatimco dopamin v nizkych
davkach pusobi opac¢né (Richer et al., 1996). Vazoaktivni medikace by tedy mohla cestou
zmén v renalni perfuzi alterovat clearance fenobarbitalu (Schetz, 2002). Silny diureticky
ucinek furosemidu ovliviiuje obsah vody v riznych kompartmentech (O'Donovan and Bell,
1989), coz by se mohlo odrazit v distribuci fenobarbitalu. A kone¢n¢ soucasné podavani
fenytoinu muze alterovat hepatalni metabolizmus fenobarbitalu — a to jak ve smyslu
inhibice, tak indukce — v zavislosti na délce konkomitantni terapie (Encinas et al., 1992).
Po zahdjeni soubézné terapie s fenytoinem muze dojit k nartstu plazmatickych hladin
fenobarbitalu v dasledku kompetice o stejnou metabolickou cestu (CYP2C9, CYP2C19)
(Patsalos et al., 2008). Pii delSim podavani obou 1é¢iv mohou naopak plazmatické
koncentrace fenobarbitalu klesat nasledkem fenytoinem navozené indukce enzymi
cytochromu P450 cestou aktivace nuklearnich receptorti (PXR, CAR) (Brodie et al., 2013).

1.6.  Perindopril

Hypertenze patii celosvétoveé mezi nejvyznamngéjsi pfic¢iny morbidity a mortality. Je
hlavnim rizikovym faktorem srde¢niho selhani, ischemické choroby srdecni, cévni
mozkové piihody ¢i renalni insuficience. Inhibitory angiotenzin konvertujiciho enzymu (k
nimz perindopril nalezi) vyznamné snizuji kardiovaskularni rizika hypertonikd, proto podle
soucasnych doporuceni patii mezi antihypertenziva prvni volby (Sindone et al., 2016).

Rozsahla meta-analyza ukazala, ze vysoké procento (45,2%) hypertoniki je non-
compliantni ke své medikaci (Abegaz et al., 2017). Jako mozné vysvétleni se nabizi fakt,
ze hypertenze byva dlouho asymptomatickd, zatimco antihypertenziva mohou vykazovat
nezadouci ucinky — byt’ obvykle nezavazné. Je zdokumentovano, ze mira non-compliance
je ptfimo timeérnd komplexnosti 1écby (tj. poctu uzivanych 1€kt, frekvenci jejich podavani
atd.) (Borghi and Tartagni, 2012).

Vyhodnoceni non-compliance u konkrétniho pacienta miize byt v klinické praxi
obtizné. Byla navrzena cela fada metod testovani compliance, ale zadnou z nich nelze
povazovat za ,zlaty standard“ (Osterberg and Blaschke, 2005). Pacientské diate,
dotazniky, pocitani tablet, zdznamy o frekvenci preskripce, elektronické lékovky, ¢i

sledovani klinické odezvy patfi mezi nepiimé metody. Tyto metody mohou byt snadno
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zkresleny — at’ uz zamérnou manipulaci pacientem, nebo jinymi faktory. Oproti tomu,
meéfeni sérovych koncentraci 1€€iv predstavuje ptimou a presnou metodu. I zde vSak muize
dojit k faleSnému zdani, Ze pacient je compliantni, napt. v dasledku interindividualni
variability v eliminaci 1é¢iva, nebo zamérmym uzitim jedné davky pied kontrolou (tzv.
compliance bilého plast€). TDM je povazovdno za mnohem piesn¢jSi metodu
individualizace davkovani, nez pouhé zméfeni hladiny (Gross, 1998). Proto by FK
interpretace sérovych hladin antihypertenziv mohla redukovat také vySe zminéné
nedostatky pfi urCovani compliance.

Perindoprilat je majoritné vylucovan do moci a jeho sérové hladiny jsou tak
nepiimo tmérné funkénimu stavu ledvin (Verpooten et al., 1991). Proto lze piedpokladat,
ze odhadnutd mira glomerularni filtrace bude zdsadni kovaridtou pro predikci CL

perindoprilatu.
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2. Hypotézy a cile prace

Béhem postgradualniho studia jsem se zaméfil na studium faktord ovliviujicich
distribuci a eliminaci 1é¢iv a na moznosti individualizace davkovani 1é¢iv pomoci téchto

faktorq.

Stanovené hypotézy:

1. Distribu¢ni objem hydrofilnich 1é¢iv (vankomycin, amikacin) bude 1épe predikovan
pomoci odvozenych deskriptord télesné velikosti (korigovand hmotnost, tukuprosta
hmotnost, povrch téla) nez celkovou télesnou hmotnosti.

2. Clearance renalné¢ eliminovanych 1é¢iv (vankomycin, amikacin) bude nejlépe
predikovana soucasné doporu¢ovanou rovnici CKD-EPI.

3. Clearance renaln¢ eliminovanych 1é¢iv (perindopril) bude 1épe predikovat cystatin C
nez kreatinin.

4. Farmakokinetické parametry fenobarbitalu u asfyktickych novorozencii by mohly byt
ovlivnény demografickou (hmotnost, délka, gestacni stafi) a klinickou (funkéni stav
eliminacnich orgénd, tize asfyxie) charakteristikou pacienta, ale také soucasné

uzivanou medikaci.

Cilem préace bylo:

1. Porovnat predikéni validitu jednotlivych deskriptori velikosti téla pro odhad
distribuéniho objemu a naslednou optimalizaci davkovani vybranych 1éCiv
(vankomycin, amikacin, fenobarbital).
= Piilohy 1, 3, 4.

2. Porovnat predikéni validitu jednotlivych vypoctd glomerularni filtrace pro odhad
clearance a naslednou optimalizaci davkovani vybranych 1é¢iv (vankomycin,
amikacin, fenobarbital, perindopril).
= Piilohy 2, 3, 4, 6.

3. Posoudit vliv 1ékovych interakci na distribuci a eliminaci fenobarbitalu.
= Ptiloha 5.
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3. Metody

Pouzité metody jsou in extenso popsany v piilozenych publikacich.

Farmakokinetické analyzy byly provedeny s vyuzitim softwaru MWPharm™
(MediWare, Praha, Ceska republika). PouZival jsem jednokompartmentové modely
s elimina¢ni kinetikou 1. fadu. Populacni farmakokineticky model byl v prvni fazi
individualizovan pomoci demografickych (hmotnost, vyska, v€k, pohlavi) a klinickych
(funkéni stav ledvin) dat, ve druhé fazi pak nasledovala individualizace pomoci zmétenych
hladin 1é¢iva — cilem bylo ,fitovat“ model z prvni faze tak, aby pribéh simulovanych
plazmatickych koncentraci v ¢ase co nejvice protinal realné naméfené koncentrace. Z takto
individualizované¢ho farmakokinetického modelu pak byly u kazdého pacienta spocitany
farmakokinetické parametry.

Vztahy mezi farmakokinetickymi parametry a jejich potencionalnimi kovariadtami
byly provéfeny pomoci regresnich modelti v programu GraphPad Prism 3.02 (GraphPad
Software, Inc., La Jolla, USA).
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4, Vysledky

Ziskané vysledky jsou in extenso popsany v piilozenych publikacich.

Zde uvadim stru¢ny vycet hlavnich vysledki a nékteré nepublikované analyzy.

Predik¢ni schopnost deskriptorii velikosti t€la pro odhad distribu¢niho objemu a
naslednou optimalizaci davkovani lé¢iva jsem testoval ve studiich popsanych v ptilohach
1,3a4.

Do studie v ptiloze 1 bylo zatazeno 30 pacientd, kterym byl podavan vankomycin
kontinualni infuzi. Median (IQR) distribu¢niho objemu vankomycinu byl 0,45 (0,39-0,61)
L/kg. Median (IQR) optimalni simulované nasycovaci davky pak byl 10,7 (8,8-14,2)
mg/kg (pro snadnou aplikaci v realnych podminkach klinické praxe bylo zaokrouhleno na
10 mg/kg). Po aplikaci této LD normalizované na celkovou télesnou hmotnost, idedlni
télesnou hmotnost a korigovanou télesnou hmotnost by 71,4 %, respektive 57,1 %,
respektive 60,7 % pacientii mélo sérové koncentrace v terapeutickém rozmezi (15-30
mg/L). Vysledky této analyzy koresponduji s regresni analyzou vztahi mezi Vd
vankomycinu a télesnou hmotnosti, IBW a ABW vyjadfenych regresnimi koeficienty
0,4553, respektive 0,1025, respektive 0,3722. Pii simulaci podani optimalni LD 10 mg/kg
celkové hmotnosti doslo k vyraznému zkraceni medianu (IQR) ¢asu do dosazeni hladiny
20 mg/L ze 17 (11-24) hna 1 (1-4) h.

Do studie v ptiloze 3 bylo zafazeno 53 pacientl, kterym byl podavan amikacin.
Median (IQR) distribu¢niho objemu amikacinu byl 0,26 (0,23-0,29) L/kg. Linearni regresi
byly provéfeny vztahy mezi Vd amikacinu a vybranymi deskriptory télesné velikosti
(celkova hmotnost, ABW, LBW, BSA). Predik¢ni schopnost klesala v pofadi BSA, ABW,
celkova hmotnost, LBW (odpovidajici regresni koeficienty byly 0,2758, 0,2688, 0,2517 a
0,2403). Median optimalni normalizované davky byl 13 mg/kg celkové hmotnosti, 14
mg/kg ABW, 19 mg/kg LBW a 517 mg/m? BSA. Cilové vrcholové koncentrace (35 — 65
mg/L) byly dosazeny u 83,0 % pacientt pti davkovani na celkovou hmotnost a u 90,6 %
pacientt pifi davkovani na ABW, LBW a BSA. V porovnani s tim byly pii podéani fixni
davky 1000 mg cilové vrcholové koncentrace dosazeny u 81,1 % pacientt.

Do studie v piiloze 4 bylo zatazeno 36 asfyktickych novorozencu s hypoxicko-

ischemickou encefalopatii. Median (IQR) distribu¢niho objemu fenobarbitalu byl 0,49
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(0,38-0,59) L/kg. Linearni regrese ukazala signifikantni vztah mezi Vd fenobarbitalu a
hmotnosti, délkou a BSA (odpovidajici regresni koeficienty byly 0,3097, 0,1593 a 0,3112).
Median optimalni LD fenobarbitalu byl 44,9 mg respektive 14,7 mg/kg hmotnosti
(zaokrouhleno na 45 mg a 15 mg/kg). Cilové vrcholové koncentrace fenobarbitalu (20 — 40
mg/L) bylo dosazeno u 58 % pacienti po podani fixni LD a u 72 % po podani

normalizované LD.

Predik¢ni schopnost jednotlivych vypocti glomerularni filtrace pro odhad clearance
a naslednou optimalizaci davkovani 1éCiv jsem testoval ve studiich popsanych v piilohach
2,3,4a6.

Do studie v ptiloze 2 bylo zatazeno 51 pacientd, kterym byl podavan vankomycin
kontinualni infuzi. Median (IQR) clearance vankomycinu byl 0,026 (0,016-0,044) L/h/kg.
Obrazek 1. a tabulka 3 znazoriuji vysledky regresni analyzy hodnotici vztah mezi CL

vankomycinu z FK analyzy a CL kreatininu odhadnuté podle jednotlivych vypocta.

Obr. 1: Zavislost clearance vankomycinu (CL-VAN) na clearance kreatininu (CL-CR)
odhadnuté pomoci vypoctu CKD-EPIl, MDRD, Cockcroft-Gault (C-G) a Jelliffe.
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Tab. 3: Regresni analyza vztahu mezi clearance vankomycinu a clearance Kreatininu
vypocitané podle jednotlivych rovnic (CKD-EP1, MDRD, Cockcroft-Gault, Jelliffe).

Smérnice piimky (95% CI)

Posun po ose Y (95% CI)

CKD-EPI CL-CR

0,433 (0,306-0,561)

0,213 (0,043-0,383)

MDRD CL-CR 0,281 (0,188-0,375) 0,358 (0,211-0,505)
Cockcroft-Gault CL-CR 0,327 (0,230-0,425) 0,291 (0,139-0,443)
Jelliffe CL-CR 0,336 (0,224-0,449) 0,350 (0,199-0,501)

Dalsi analyza pracovala kromé& hodnoty CL vankomycinu ziskané z FK analyzy
(tuto hodnotu jsem povazoval za realnou) jest¢ s hodnotami CL vankomycinu
vypocitanymi z jednotlivych odhadd CL kreatininu. Tyto vypocty byly provedeny na
zaklad¢ vztaht, které poskytla regresni analyza (viz. tab. 3), tedy:

CL vankomycinu vypocitana z CL kreatininu dle rovnice CKD-EPI (mL/s)

= 0,433 x CKD-EPI CL-CR (mL/s) + 0,213.

CL vankomycinu vypocitana z CL kreatininu dle rovnice MDRD (mL/s)

= 0,281 x MDRD CL-CR (mL/s) + 0,358.

CL vankomycinu vypocitana z CL kreatininu dle rovnice Cockcroft-Gault (mL/s)
= 0,327 x Cockcroft-Gault CL-CR (mL/s) + 0,291.

CL vankomycinu vypocitana z CL kreatininu dle rovnice Jelliffe (mL/s)

= 0,336 x Jelliffe CL-CR (mL/s) + 0,350.

Z kazdé jednotlivé hodnoty CL vankomycinu pak byla vypocitana optimalni

udrzovaci davka vankomycinu:

MD (mg/den) = 24 (hod) x CL vankomycinu (L/hod) x 22,5 mg/L.

Hodnota 22,5 mg/L byla zvolena jako stfed doporu¢ovaného terapeutického
rozmezi pro vankomycin podavany kontinualni infuzi (15 — 30 mg/L). Vysledkem tedy
byly odhady optimalni MD odvozené z rovnic CKD-EPI, MDRD, Cockcroft-Gault a
Jelliffe.

Nasledné pak byla vypocitana koncentrace vankomycinu v ustadleném stavu (Css),

ktera by byla navozena pti podavani takovychto MD:
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Css (mg/L) = MD (mg/den) + 24 + CL vankomycinu (L/hod).

V tomto vypoctu byla zahrnuta MD odvozena z CL kreatininu a potazmo tedy CL

vankomycinu podle rovnic CKD-EPI, MDRD, Cockcroft-Gault a Jelliffe, ale také realna

hodnota CL vankomycinu spocitana na podkladé FK analyzy. Pokud by tedy CL

vankomycinu odhadnuta a spocitana si byly vzdy rovny, byly by Css vzdy 22,5 mg/L.

Odhady CL vankomycinu ale byly vice ¢i mén¢ presné, proto se i Css liSily. Tabulka 4

uvadi zastoupeni pacienti (absolutni i procentualni), kteti by méli Css v/pod/nad

akceptovatelnym terapeutickym rozmezim (15 — 30 mg/L) pti podavani MD odvozenych

Z jednotlivych rovnic pro odhad CL kreatininu/GF. Dale uvadi median a 95% konfiden¢ni

interval Css.

Tab. 4: Zastoupeni pacientii, kteri méli Css v/pod/nad akceptovatelnym terapeutickym

rozmezim (15-30 mg/L) a median Css pri poddavani MD odvozenych z rovnic CKD-EPI,

MDRD, Cockcroft-Gault a Jelliffe.

n (%); N =51 Median (95% CI)
15-30 mg/L <15 mg/L > 30 mg/L (mg/L)
MDcko-epi 32 (63) 3(6) 16 (31) 24 (20-28)
MDwioro 26 (51) 7 (14) 18 (35) 26 (21-31)
MDc-c 30 (59) 5 (10) 16 (31) 24 (20-29)
MD genite 26 (51) 7(14) 18 (35) 25 (20-29)

Na zakladé regresniho modelu, ktery vykazoval nejlepsi predikéni schopnost
(CKD-EPI) byla stanovena optimalni denni udrzovaci davka 842 x CKD-EPI CL-CR

(mL/s) + 414 mg. Pro snadnou aplikaci v realnych podminkach klinické praxe jsme

vypracovali nomogram (obr. 2).
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Obr. 2: Nomogram pro odhad optimalni denni udrzovaci davky vankomycinu (MD)
podavaného kontinudlni infuzi pomoci CKD-EPI clearance kreatininu (CL-CRckp-ep1).

Cilova koncentrace v ustaleném stavu je 22,5 mg/L.
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Median (IQR) clearance amikacinu u pacientd ve studii v piiloze 3 (n = 53) byl
0,024 (0,014-0,040) L/h/kg. Odvozené FK parametry T1/2 a elimina¢ni konstanta pak byly
8,5 (4,5-12,0) h a 0,082 (0,058-0,154) h’. Linearni regresi byly provéieny vztahy mezi CL
amikacinu a CL kreatininu odhadnutou pomoci CKD-EPI, MDRD a Cockcroft-Gault
rovnice. Predikéni schopnost klesala v pofadi CKD-EPI, MDRD a Cockcroft-Gault
(odpovidajici regresni koeficienty byly 0,5818, 0,5548 a 0,5415). Optimalni davkovaci
interval (vypocitany pomoci individualnich hodnot eliminac¢ni konstanty) se pohyboval od
7 do 403 h a rostl exponencialné s klesajici clearance kreatininu dle CKD-EPI. Regresni
kiivka méla predpis: davkovaci interval (h) = 228,7 x ¢308 * CKD-EPICL-CR(mLS) 4 15 84 Pro
moznost pouZziti v praxi jsme vypracovali nomogram pro odecet optimalniho davkovaciho

intervalu z hodnoty CKD-EPI CL-CR (obr. 3).
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Obr. 3: Nomogram pro odhad optimalniho davkovaciho intervalu po poddani 1000 mg
amikacinu pomoci CKD-EPI clearance kreatininu (CL-CRckp-er)). Cilova udolni

koncentrace je 0-5 mg/L.
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Median (IQR) clearance fenobarbitalu u asfyktickych novorozenct s hypoxicko-
ischemickou encefalopatii ve studii v piiloze 4 (n = 36) byl 0,0045 (0,0034-0,0055) L/h/kg.
Linearni regrese neukazala zadny signifikantni vztah (P < 0,05) mezi clearance
fenobarbitalu a sledovanymi parametry (hmotnost, délka, BSA, sérovy kreatinin, CL-CR
dle Schwartze, celkovy bilirubin, ALT, AST, INR, skore podle Apgarové, pH pupecnikové
krve, pfebytek bazi). Median optimalni MD fenobarbitalu byl 8,5 mg respektive 2,7 mg/kg
hmotnosti (zaokrouhleno na 9 mg a 3 mg/kg). Cilové koncentrace v ustaleném stavu (15 —
35 mg/L) bylo dosazeno u 86 % pacientd po podani fixni MD a u 72 % po podani
normalizované MD.

Do studie v ptiloze 6 bylo zafazeno 23 pacientti uzivajicich perindopril. Na zakladé
naméfenych hladin perindoprilatu a jejich interpretace bylo 6 pacientt (26,1 %) oznaceno

za zcela non-compliantni (nedetekovatelné hladiny perindoprilatu), 5 pacientt (21,7 %) za
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¢astecné non-compliantni (namétfend hladina perindoprildtu byla méné nez 25 % oproti
hladiné¢ odhadnuté z populacniho modelu) a 12 pacientt (52,2 %) bylo compliantnich. FK
analyza zahrnuje pouze pacienty, které povazujeme za compliantni: median (IQR)
clearance perindoprilatu byl 10,1 (4,9-17,0) L/h. Modely linearni regrese ukazaly, ze CL
perindoprilatu lze predikovat jak pomoci kreatininu tak cystatinu C, ale odhady pomoci

cystatinu C se ukazaly jako pfesnéjsi.

Vliv piipadnych Iékovych interakcei na distribuci a eliminaci 1é¢iva jsem testoval ve
studii popsané v ptiloze 5.

Do této studie bylo zatazeno 37 asfyktickych novorozenci s hypoxicko-
ischemickou encefalopatii. Mediany (IQR) FK parametri fenobarbitalu byly nasledujici:
Vvd = 0,48 (0,36-0,62) L/kg, CL = 0,0034 (0,0025-0,0050) L/h/kg. Linearni regrese mezi
FK parametry fenobarbitalu a kumulativnimi ddvkami (na davce zavisla analyza) soucasné
podavanych 1é¢iv (noradrenalin, dopamin, dobutamin, furosemid, fenytoin, midazolam,
sufentanyl, tramadol) neukdzala Zadnou interakci. Na davce nezéavisla analyza — porovnani
mediana FK parametrii fenobarbitalu ve skupiné s a bez daného konkomitantné
podavaného 1éCiva ukazala signifikantni pokles CL fenobarbitalu u pacientt 1é¢enych

dopaminem ve srovnani s pacienty, ktefi dopamin neuzivali (P = 0,0246).
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5. Diskuze

Vysledky predkladané dizerta¢ni prace jsou in extenso diskutovany v pfilozenych

publikacich.

V prvnim tematickém okruhu této prace, ktery je zpracovan v publikacich
v ptilohach 1, 3 a 4, jsem se zabyval moznostmi odhadu distribu¢niho objemu a nasledné
davkovani 1éciv pomoci deskriptort velikosti téla.

Pro odhad davkovani lipofilnich latek, které se extenzivné distribuuji do tukové
tkané, se zda byt nejvhodné&jsi celkova télesna hmotnost, zatimco ABW nebo LBW jsou
navrzeny pro davkovani hydrofilnich latek, jejichz distribuce do tukové tkané€ je omezena
(Alobaid et al., 2016). Uvadi se, ze relativni obsah vody v tukové tkani je ptiblizné 30 %
oproti obsahu vody Vv jinych tkanich. To znamena, Ze i rozsah distribuce hydrofilnich 1é¢iv
v tukové tkani by mél byt asi tfetinovy oproti jinym kompartmentim (Wurtz et al., 1997).
Tuto aproximaci vSak vyznamné ovlivituje vysoké variabilita obsahu vody v tukové tkani,
pokles obsahu vody s vékem, pfipadné dalsi faktory (Alobaid et al., 2016).

NaSe prace ukézala, ze Vd vakomycinu nejlépe koreluje s celkovou télesnou
hmotnosti. Je ale tfeba uvést, Ze z nasi analyzy byli vylou€eni pacienti s morbidni obezitou
(BMI > 40 kg/m? u nichz by davkovani na celkovou hmotnost vedlo k toxickym
hladinam. Jako optimalni se ukézala byt nasycovaci davka 10,7 mg/kg. To je sice méng,
nez byva uvadéno, nicméné to koresponduje s niz§i pozorovanou hodnotou distribu¢niho
objemu (median 0,45 L/kg odpovida spodni hranici v literatufe uvadéného rozmezi)
(Rybak et al., 2009a). Jako mozné vysvétleni se nabizi variabilita funk¢niho stavu ledvin i
obecné klinické charakteristiky pacientl v nasi studii. Vys$$i hodnoty Vd lze ocekavat
predevsim u kriticky nemocnych v sepsi (Roberts et al., 2011). Piestoze nebyla piimo
popsana zadna souvislost mezi Vd vankomycinu a CL kreatininu (Matzke et al., 1984), Vd
hydrofilnich 1é¢iv by mohlo teoreticky vzrlstat u pacientd s renalni insuficienci z ditvodu
retence tekutin. Dal§Sim moZnym diivodem niZ§iho Vd v na$i studii miZze byt pouZiti
jednokompartmentového modelu. Obvykle se uvadi, ze dvoukompratmentovy model
poskytuje presnéjsi FK simulace prubéhu plazmatickych hladin vankomycinu (Rotschafer
et al., 1982). Vicekompartmentové modely vSak vyzaduji vétsi pocet zméfenych

koncentraci, coz v Klinické praxi neni ¢asto mozné naplnit.
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Na rozdil od vankomycinu, Vd amikacinu nejlépe odpovidaly BSA a ABW. BSA
predikovala VVd numericky jen nepatrné 1épe nez ABW, deskriptor vyvinuty specialné pro
davkovani aminoglykosidu. Signifikantni vztah (i kdyz numericky o néco méné intenzivni)
vykazaly i celkova télesna hmotnost a LBW. Tyto vztahy se odrazily i v analyze poctu
pacientl, kteti meli vrcholové plazmatické hladiny amikacinu v/mimo terapeutické
rozmezi — davkovani normalizované na BSA, ABW i LBW vedlo ke stejnym vysledkiim.
Za optimalni Ize tedy povazovat davku 517 mg/m? BSA (popi. 14 mg/kg ABW, & 19
mg/kg LBW). Nicméng, je tfeba dodat, Ze pii podani fixni davky 1000 mg byly vysledky
jen o malo horsi (90,6 % vs. 81,1 % pacientil v terapeutickém rozmezi).

Prestoze vankomycin i amikacin patii mezi hydrofilni antibiotika, Vd vankomycinu
odpovidal lépe celkové hmotnosti, zatimco Vd amikacinu ptesnéji predikovaly odvozené
deskriptory. Jako mozné vysvétleni se nabizi rozdily v mife hydrofility. Rozdélovaci
koeficient oktanol/voda vyjadieny jako logP je -7,4 u amikacinu a -3,1 u vankomycinu.
Ob¢ 1éc¢iva se tedy rozpousti vice v hydrofilnim rozpoustédle, ale amikacin se ve vodé
koncentruje priblizn¢ 10000krat vice nez vankomycin.

Specifickou problematikou byla analyza faktort ovliviiujicich farmakokinetiku
fenobarbitalu u asfyktickych novorozencu (ptiloha 4). V této demografické kohorté byl Vd
fenobarbitalu sledovan ve vztahu k redlné hmotnosti, délce a BSA. Dalsi odvozené faktory
(IBW, ABW, LBW) byly vyvinuty pouze pro dospélou populaci a jejich pouziti u
novorozencli nema fyziologické opodstatnéni. Naopak jsme ale provétili piipadny vliv
jinych, pro tuto populaci charakteristickych faktord jako jsou gesta¢ni stafi (coby ukazatel
maturace), skore podle Apgarové, pH pupecnikové krve a piebytku bazi (coby ukazatele
miry asfyxie). Vd fenobarbitalu byl v nasi studii asociovan s hmotnosti, BSA a v o néco
men$i mife také s délkou téla. Vzhledem k prakti¢nosti pouziti v klinické praxi jsme
navrhnuli nasycovaci davku normalizovanou na hmotnost, tj. 15 mg/kg, coz je v souladu
s predeslymi doporuéenimi (Gilman et al., 1989). Zavislost Vd na gesta¢nim stafi se v nasi
studii neprojevila, coz mohlo byt ddno relativné tzkym rozpétim gesta¢niho stafi ve
sledované populaci (zrali novorozenci, 37. — 41. gestacni tyden). Stejné tak vliv asfyxie na
Vd se neprokazal. To mohl ovlivnit fakt, Ze do studie vSak byli zafazeni pouze pacienti se

sttedni aZ téZkou asfyxii a chybéla kontrolni, neasfykticka skupina.

Ve druhém tematickém okruhu, ktery je zpracovan v publikacich v ptilohach 2, 3, 4
a 6, jsem se zabyval moznostmi odhadu clearance a nasledné¢ davkovani 1é¢iv pomoci

ukazatelu funkéniho stavu ledvin.
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Vétsina studii zabyvajicich se problematikou davkovéani 1é¢iv podle funkéniho
stavu ledvin pouziva pro odhad GF rovnici Cockcroft-Gault. Soucasna doporuceni vsak
tuto rovnice povazuji za obsolentni a doporucuji GF odhadovat pomoci rovnice CKD-EPI.

Ve studii v ptiloze 2 jsme se snazili porovnat schopnost ¢tyf znamych rovnic pro
odhad GF (CKD-EPI, MDRD, Cockcroft-Gault a Jelliffe) predikovat CL vankomycinu.
CKD-EPI rovnice odpovidala CL vankomycinu nejlépe, nicméné vzorec Cockcroft-Gault
vykazoval prakticky stejnou predikéni schopnost. Odhady pomoci MDRD a Jelliffe
metody vychazely hufe, coZz mize byt dano tim, Ze byly vyvinuty piedev§im pro pacienty
S chronickou rendlni insuficienci, respektive prumérnou velikosti téla, zatimco nase
studijni populace byla heterogenni jak funkénim stavem rendlnich funkei, tak demografii.
Vysledky regresni analyzy se odrazily i v rozboru MD odvozenych z jednotlivych rovnic,
kdy podil pacientii s Css vankomycinu Vv terapeutickém pasmu klesal v pofadi CKD-EPI >
Cockcroft-Gault >MDRD = Jelliffe. Na zaklad¢ regresniho modelu byla jako optimalni
stanovena denni udrzovaci davka 842 x CKD-EPI CL-CR (mL/s) + 414 mg. Vzhledem
k omezené vyuzitelnosti takovéto rovnice v klinické praxi jsme vypracovali nomogram pro
odeéteni optimalni MD kontinualné podavaného vankomycinu podle CKD-EPI.

Podobné jako u vankomycinu, je 1 u amikacinu velmi malo zkuSenosti s Gipravou
davkovani pomoci novéjSich rovnic pro odhad GF. Vysledky nasi analyzy opét ukazaly, Ze
nejptresnéjsi odhad poskytuje rovnice CKD-EPI. MDRD a Cockcroft-Gault poskytovaly
mirné horsi vysledky, coZz miZze byt opét vysvétleno heterogenitou sledované populace.
Optimalni davkovaci interval amikacinu podle hodnot CKD-EPI byl stanoven na zakladé
regresniho modelu a byl nasledujici: 228,7 x ¢308 * CKD-EPI CL-CR (mLs) 1 15 84 hod. Pro
moznost jednoduchého vyuziti byl z tohoto vzorce opét odvozen nomogram pro odecteni
optimalniho davkovaciho intervalu amikacinu podle CKD-EPI.

Podobné jako je uvedeno v diskuzi prvniho tematického okruhu, i zde plati, ze
analyzu kovaridt CL fenobarbitalu u asfyktickych novorozencu je tifeba ptizpusobit
charakteristice této populace. CL zde byla sledovéna ve vztahu k hmotnosti, gestanimu
stafi (deskriptory maturace), CL kreatininu, hladindm bilirubinu, ALT, AST, INR
(laboratorni markery funk¢niho stavu ledvin a jater), skore Apgarové, pH pupecnikové
krve a piebytku bazi (ukazatele miry asfyxie). Regresni modely neodhalily vztah CL
fenobarbitalu s Zadnou z vyse uvedenych proménnych. Pro nenalezeni vztahu s gesta¢nim
stafim a s ukazateli miry asfyxie se nabizi stejné vysvétleni, jaké bylo uvedeno v diskuzi
kovariat distribuéniho objemu. Eliminace fenobarbitalu je velmi komplexni. SniZena

funkce jedné elimina¢ni drahy tak mize byt kompenzovana jinou cestou eliminace. To je
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pravdépodobné vysvétleni pro absenci vztahu mezi CL fenobarbitalu a markery funkéniho
stavu ledvin a jater. Relativné mensi rozpéti v hmotnosti pacientli ve srovnani s jinymi
studiemi muze byt jen stézi vysvétlenim, pro¢ se neprojevila zavislost CL na hmotnosti.
Kromé toho v ptipad¢ Vd se pfi stejném rozpéti hmotnosti zavislost projevila. V literature
Casto popisovanou zavislost CL fenobarbitalu na hmotnosti pfisuzujeme vyvojovym
zménam, kdy elimina¢ni funkce organismu roste soucasné, ale nezavisle s télesnou
hmotnosti. Hmotnost je tak vlastné jen zastupny parametr pro matura¢ni zmény. Vzhledem
k izkému rozpéti gesta¢niho stafi a tedy i stavu maturace se proto zavislost CL na
hmotnosti v nasi studii neprojevila. Na zakladé nasi analyzy se jako optimalni jevi fixni
udrzovaci davka 9 mg/den, coz odpovida normalizované udrzovaci davce 3 mg/kg/den.

Studie uvedend v ptiloze 6 se zabyva moznostmi odhadu CL perindoprilatu pomoci
odhadu funkéniho stavu z divodu posouzeni compliance pacientli k antihypertenzni
medikaci. Porovnava predik¢éni schopnost dvou markerd GF — kreatininu a cystatinu C.
Mnoho piedeslych studii popisuje, Ze cystatin C 1épe koreluje s CL/plazmatickou
koncentraci 1é¢iv ve srovnani s kreatininem (Brou et al., 2015, Halacova et al., 2008). Nase
studie se se svymi zjiSténimi tomuto tvrzeni nevymykala. Rozdily mezi predikéni
schopnosti jednotlivych rovnic vyuzivajicich cystatin C (CKD-EPI pro cystatin C,
kombinovana CKD-EPI, Hoekova rovnice) byly minimalni, coz naznacuje moznost vyuziti
jednoduché Hoekovy rovnice jako alternativy sofistikované CKD-EPIL. Je ale tieba
upozornit, Ze nase pozorovani bylo provedeno jen na malém souboru pacienti.

Obecné Ize vysledky tohoto tematického okruhu shrnout tak, ze rovnice CKD-EPI,
ktera je v soucCasnosti povazovand za nejpiesnéjSi pro odhad GF se ukazala byt
nejvhodnéjsi také pro odhad CL a nésledné udrzovacich davek 1é¢iv. Rozdil oproti jinym
rovnicim se projevuje s rostouci heterogenitou populace, pfedevsim ve smyslu télesné
hmotnosti a funkéniho stavu ledvin. Dale se potvrdilo, ze cystatin C umoznuje presnéjsi

odhad CL 1é¢iv nez kreatinin.

Ve tretim tematickém okruhu, zpracovaném v publikaci v pfiloze 5, jsem sledoval
vliv 1ékovych interakci na distribuci a eliminaci fenobarbitalu. Do analyzy byla zahrnuta
pouze léCiva, kterd se ¢asto pouzivaji na neonatologickych JIP.

Kromé na davce nezavislého rozdilu v CL fenobarbitalu mezi skupinou pacienti s a
bez dopaminu jsme nezaznamenali zadny vliv vazoaktivni medikace (noradrenalin,
dopamin, dobutamin) na FK parametry. Pii kritickém zhodnoceni nalezené interakce jsme

dosli k zavéru, ze se s nejvetsi pravdépodobnosti jedna o artefakt. Jednak u dopaminu
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nebyl potvrzen na davce zavisly vliv na FK fenobarbitalu, a dile zadna jind vazoaktivni
latka, ani jejich souhrnny ucinek (definovany pomoci vasoaktivniho-inotropniho skore)
tento efekt nevykazovaly. I kdyz literatura uvadi, Ze furosemid vyznamné snizuje mnozstvi
celkové, extracelularni a intersticialni tekutiny (O'Donovan and Bell, 1989), nepozorovali
jsme zadny vliv furosemidu na Vd (a ani na CL) fenobarbitalu. Zadny na davce zavisly ani
nezavisly vliv na FK fenobarbitalu jsme nepozorovali ani u 1éCiv, kterd by potencidlné
mohla ovlivnit aktivitu enzymid cytochromu P450 (fenytoin, sufentanil, midazolam,
tramadol). Fenytoin by mohl s fenobarbitalem interagovat jak ve smyslu inhibice, tak
indukce (Encinas et al., 1992). U ostatnich sledovanych 1é¢iv je interakce s fenobarbitalem
malo pravdépodobna, vzhledem k faktu, ze se metabolizuji jinou cestou (CYP3A4,
CYP2D6) nez fenobarbital (CYP2C9, CYP2C19, CYP2EI), a nepatii mezi silné enzymové
induktory ani inhibitory (Tateishi et al., 1996, Gorski et al., 1994, Subrahmanyam et al.,
2001). Nicméné, vna$i studii jsme nepozorovali zadnou interakci ani na urovni
metabolizmu. Jako mozné vysvétleni lze uvést relativné kratkou dobu soucasného
podavani 1é¢iv na neonatologickych JIP. Dal$im divodem mize byt jiz zminovana
komplexnost eliminace fenobarbitalu (renalni exkrece parentni latky, metabolizace cestou
CYP2C9, CYP2C19, CYP2E1 a N-glukosidaci), kdy alterace jedné eliminaéni cesty miize

byt kompenzovéna jinou.
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6. ZAavér

Predmétem predlozené disertaéni prace bylo studium faktor ovliviiujicich
distribuci a eliminaci 1é¢iv a moznosti individualizace davkovani 1é¢iv pomoci téchto

faktora.

Vysledky Ize shrnout nasledovné:

* Distribuéni objem a nasledné¢ optimalni nasycovaci davku vankomycinu lze
nejpresnéji predikovat pomoci redlné télesné hmotnosti. Jako optimalni se u dospélych
pacienti na JIP lécenych kontinualni infuzi vankomycinu ukézala byt nasycovaci
davka 10,7 mg/kg. Pii podani této davky doslo ke zkraceni medianu ¢asu do navozeni
ucinnych hladin ze 17 na 1 hodinu.

* C(learance a nasledné¢ optimalni udrZzovaci davku vankomycinu lze nejpfesnéji
predikovat pomoci CKD-EPI rovnice pro odhad glomerularni filtrace. Byl vyvinut
nomogram pro odhad optimalni udrzovaci davky pomoci CKD-EPI rovnice u
dospélych pacientl na JIP 1é¢enych kontinualni infuzi vankomycinu.

* Distribu¢ni objem a nésledné optimalni jednotlivé davky amikacinu lze nejpfesnéji
predikovat pomoci BSA, popt. pomoci ABW, ktera vykazovala prakticky stejnou
predikéni schopnost. Jako optimalni se u dospélych pacientd na JIP ukazala byt davka
517 mg/m?, respektive 14 mg/kg ABW.

* (learance a nasledné optimalni interval mezi davkami amikacinu lze nejpfesnéji
predikovat pomoci CKD-EPI rovnice pro odhad glomerularni filtrace. Byl vyvinut
nomogram pro odhad optimdlniho intervalu mezi davkami amikacinu pomoci CKD-
EPI rovnice u dospélych pacientii na JIP.

* Distribu¢ni objem a nasledné optimalni nasycovaci davku fenobarbitalu u donosenych
asfyktickych novorozenct lze nejptesnéji predikovat pomoci redlné télesné hmotnosti
(pfipadné povrchu téla, coz je ale méné intuitivni). Jako optimalni se ukéazala byt
nasycovaci davka 15 mg/kg.

= Clearance fenobarbitalu u donoSenych asfyktickych novorozenc v nasi studii
nekorelovala s zadnou ze sledovanych charakteristik (hmotnost, clearance kreatininu,
atd.). Proto se jako optimalni jevila fixni udrzovaci davka 9 mg/den, coz odpovida

normalizované davce 3 mg/kg/den.
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Clearance perindoprilatu lze 1épe predikovat pomoci cystatinu C nez s vyuzitim
kreatinnu. Byl popsan inovativni pfistup v hodnoceni compliance pacientl
k antihypertenzni medikaci, kdy zméfené sérové koncentrace 1éku byly pomoci
principi TDM =zasazeny do kontextu uzivanych davek a demografické/klinické
charakteristiky konkrétniho pacienta.

Nebyl pozorovan zadny vliv bézné uzivané komedikace (vazoaktivni latky, furosemid,
fenytoin, midazolam, sufentanyl, tramadol) na farmakokinetické parametry (Vd, CL)

fenobarbitalu u donosenych asfyktickych novorozencti na neonatologické JIP.
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ABSTRACT

Background: Delayed achievement of target vancomycin serum concentrations may adversely affect clinical outcomes. The
objective of this retrospective study was to compare the prediction accuracy of different body weight descriptors for vol-
ume of distribution and to propose an optimal loading dose (LD) for continuous infusion regimens in adults.

Methods: Pharmacokinetic variables were computed using one-compartmental analysis. Simulated LDs of vancomycin were
evaluated for each patient.

Results: Volume of distribution, clearance, and half-life median values (interquartile range) for vancomycin in the study
population (n=30) were 045 (0.39-0.61) Lkg ™', 0.026 (0.015-0.040) L.h 'kg~', and 10.3 (7.7-21.3) h, respectively. The
observed volume of distribution was better predicted by total body weight (TBW) than by the ideal body weight or the
adjusted body weight.

Conclusions: An LD of 10.7 mg per kg TBW was optimal in our study population. Using this LD, 17.9% of simulated vanco-
mycin serum levels were just below the therapeutic range, only 10.7% concentrations exceeded the target range and no
concentration was toxic. The use of a LD would lead to reduced median time to reach target concentrations from 17
to 1h.
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Introduction

Vancomycin, a glycopeptide antibiotic, is one of the first
choices for treating nosocomial infections caused by
Gram-positive bacteria [1]. Vancomycin exhibits concen-
tration-independent bactericidal activity against sensitive
bacteria, while the ratio of the 24-hour area under the
concentration-time curve (AUC,,) to the minimal inhibi-
tory concentration (MIC) predicts the clinical and bac-
teriological outcomes of vancomycin treatment [2]. Based
on in vitro and limited in vivo data, an AUC,,/MIC ratio of
>400 was the pharmacokinetic (PK)/pharmacodynamic
target value for vancomycin in therapeutic guidelines
[3,4]. Previously various therapeutic ranges of vancomycin
serum concentrations were proposed for continuous infu-
sion of vancomycin [5-8]. Considering recent data that
indicate that the optimal vancomycin AUC,4/MIC ratio for
efficacy is approximately 400 (for MIC 1 mg.L™") [2,9] and
a safety threshold of 700 (corresponding to risk of
nephrotoxicity) [10], the target therapeutic concentration
range between 15 and 30mg.L™' seems to be appropri-
ate. Although there is no direct comparison of clinical
outcomes for various concentration ranges of vanco-
mycin, continuous infusion steady-state levels ranging
15-30mg.L ™' should be considered satisfactory.

There are two administration strategies in clinical set-
tings based on intermittent or continuous infusions.
Sufficient data exist to support the use of continuous as
an alternative to intermittent infusion in adult patients
[11], however, continuous infusion did not consistently
give clinical benefits with respect to efficacy or safety
compared to intermittent dosing in published clinical
studies [12].

In critically ill patients, antibiotics should be adminis-
tered as soon as possible once infection is identified
[13,14] and an early attainment of effective vancomycin
concentrations is crucial for treatment success. When
vancomycin treatment is initiated by continuous infusion
without a loading dose (LD), serum concentrations grad-
ually increase until equilibrium is established between
administration and elimination. Therapeutic concentra-
tions are achieved with a delay that may have deleteri-
ous effects on clinical outcomes [15]. In order to achieve
therapeutic serum concentrations as early as possible a
LD should be considered [16-18]. An LD of
15-20mg.kg~' was used in previous studies [7,19,20].
Nevertheless, LD administration is not common in clin-
ical practice, likely due to the fact that the currently
valid summary of product characteristics does not rec-
ommend a LD.

LD can be calculated based on volume of distribution
(Vd) [21]. Due to potential differences in Vd in the highly
heterogeneous patients in intensive care units (ICU), LD
calculated from population PK values may not be accur-
ate [22]. Vd is a PK parameter related to structural
aspects of the body, therefore most LD calculations are
based on body weight [23]. Mohammedi et al. suggested
that a total body weight (TBW)-based LD of 15mg.kg™"
was a better option than a fixed dose of 500mg [17].
Besides TBW, alternative weight descriptors are some-
times used to define drug doses, namely ideal body
weight (IBW) and adjusted body weight (ABW) [24]. IBW
was derived from insurance data collected by the
Metropolitan Life Insurance Company of New York [25].
Since it relates size to mortality and is unrelated to TBW,
extrapolation of IBW to a dosing schedule does not
seem biologically very plausible, since it would lead to
the unlikely assumption that patients of the same height
should receive the same dose. ABW was the first weight
descriptor specifically developed for dosing calculations
of hydrophilic compounds adjusting IBW for body
weight excess. It was first used during PK studies
on aminoglycosides [25,26]. Since vancomycin is a
hydrophilic drug, ABW could be an appropriate weight
descriptor for dosing calculations on continuous
regimens.

The aim of our study was to compare the prediction
accuracy of different body weight descriptors for the Vd
of vancomycin and to simulate the effect of LD based
on TBW, IBW and ABW on the time to reach target con-
centrations. Based on these PK simulations we aimed to
propose an optimal LD for use in adult patients at
the ICU.

Materials and methods
Study design

A retrospective observational PK study was performed in
adult patients treated with continuous infusion of vanco-
mycin at the General University Hospital in Prague
between January and June 2016. Patients meeting the
following criteria were included: age >18 years, not
receiving dialysis, received vancomycin for at least three
days, did not receive a LD, and vancomycin serum levels
were measured during the first three days of therapy.
Since the study only involved retrospective analysis of
routine clinical data, study-specific patients’ informed
consent and Ethics Committee approval
obtained. Moreover, at admission to the hospital
patients sign an approved general informed consent

were not



wherein they state, inter alia, that anonymous data can
be used for research.

Pharmacokinetic analysis

Vancomycin serum concentrations were measured by a
turbidimetric inhibition immunoassay (Beckman Coulter,
Inc., Brea, CA).

Individual PK parameters, Vd, clearance (CL) and half-
life (T1/2) were calculated in a one-compartmental PK
model based on individual demographic and clinical
data and observed vancomycin serum levels using
MWPharm™  software (MediWare, Prague, Czech
Republic). The population PK one-compartmental model
was individualized to maximize fitting of the simulated
PK profile curve to the observed concentrations in each
patient.

The times required to achieve vancomycin serum con-
centration of 20mg.L™" from the start of treatment were
computed using individualized PK simulations.

Loading dose analysis

Optimal simulated LD were calculated for each patient
based on individual Vd values using the formula

LD (mg.kg™') =Vd (Lkg™") x Cvan (mg.L™"),

where vancomycin serum concentration (Cvan) of
22.5mg.L™" was set as a midpoint of the target thera-
peutic range (20-25mg.L™"). Subsequently, simulated
Cvan after median simulated LD were calculated in each
patient using the formula

Cvan (mg.L™') = median LD (mg.kg™') x TBW (kg) + Vd (L)

Dosage per kg of IBW and ABW was also examined,
where IBW and ABW were calculated as

IBW (kg)=50kg +2.3kg for each inch over 5 feet
(males) or 455kg +2.3kg for each inch over 5 feet
(females)

ABW = IBW + 0.4 x (BW-IBW)[24]
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WA). The 95% confidence intervals (Cl) for medians were
calculated by the Bonett & Price method [27].

Linear regression models were used to evaluate the
relationships of total Vd of with TBW, IBW and ABW
using GraphPad Prism 3.02 (GraphPad Software, Inc., La
Jolla, CA).

Results

Thirty patients were enrolled into the study (21 males,
nine females). Their demographic and clinical character-
istics are summarized in Table 1. Initial vancomycin dose
ranged between 7 and 40 mg.kg~'.day .

Totally 88 vancomycin serum levels for PK analysis
were obtained (1-7 concentration points per patient).
Vancomycin PK parameters in the whole study group are
summarized in Table 2.

Two patients with morbid obesity (BMI >40kg.m ?)
were excluded from the LD analysis, since their
extremely low normalized Vd could distort the analysis.
Median optimal simulated vancomycin LD was 10.7 (IQR:
8.8-14.2) mg.kg~". For ease of calculations in real clinical
settings we set the LD at 10mg.kg .

The rates of achievement of therapeutic concentra-
tions in serum following the simulated LD of 10 mg per
kg based on TBW, IBW, and ABW are summarized in
Table 3. LD normalized per kg TBW lead to achievement
of the target therapeutic range in more patients com-
pared to calculations based on IBW or ABW. Nearly three
quarters of patients would reach serum levels in the
range of 15-30mg.L™", if they received LD calculated
based on TBW. Approximately 29% of concentrations
were in the range of 20-25mg.L~", following LD based
on TBW in comparison with 7% and 14% after LD based
on IBW and ABW, respectively. Median serum levels after
simulated LD in the group not reaching the lower limit
of target concentrations (<15mg.L~") were 13 (IQR:
13-14), 13 (IQR: 11-13) and 13 (IQR: 12-14) mg.L™'
when LD was based on TBW, IBW and ABW, respectively.

Table 2. Vancomycin pharmacokinetic parameters.

Statistical Ivsi N=30 vd (L) vd (Lkg™) CL(Lh™)  CLh kg™ T1/2 (h)
atistical analysis Median 34.28 0.45 2.180 0.026 10.3
. . . IQR 27.47-4826  0.39-0.61  1238-2735  0.015-0.040  7.7-21.3

Medians and interquartile ranges (IQR) were calculated i, 15.48 0.10 0.600 0.007 39
using MS Excel 2010 (Microsoft Corporation, Redmond, Max 75.92 0.80 5540 0.083 494

Table 1. Demographic and clinical data.

N=30 Age (years) Weight (kg) Height (cm) BMI (kg.m’z) Serum creatinine (umol.L™")

Median 63 74 175 255 117

IQR 49-73 68-88 171-180 22.9-294 76-175

Min 20 50 146 16.0 33

Max 91 280 198 86.4 408
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Table 3. Proportion of patients achieving simulated peak serum levels of 15-30mg.L™',<15mg.L™", or

>30mg.L~" and median simulated peak serum levels after loading dose of 10 mg.kg

~1 calculated using

total body weight (TBW), ideal body weight (IBW), and adjusted body weight (ABW).

n (%); N=28
Dose size 15-30mg.L™" <15mg.L™" >30mg.L™" Median (95% CI) (mg.L™")
10 mg per kg of TBW 20 (71.4) 5(17.9) 3 (10.7) 21.1 (17.1-25.1)
10mg per kg of IBW 16 (57.1) 10 (35.7) 2(7.1) 19.5 (14.0-25.0)
10 mg per kg of ABW 17 (60.7) 8 (28.6) 3 (10.7) 20.1 (14.6-25.6)

(A) 100

r2=0.4553
p<0.0001
75
=
= 504
>
25
0 T T T 1
25 50 75 100 125
TBW (kg)
(B) 1001 ,
r?=0.1025
p=0.0967
75 o
a T oE
= 50
>
251
0 T T |
25 50 75 100
IBW (kg)
(C) 1004 .
r’=03722
p=0.0006
754 o
2 y
= 504
25
[) T T 1
25 50 75 100

ABW (kg)

Figure 1. Regression analysis of vancomycin volume of distribution
(Vd) and (A) total body weight (TBW), (B) ideal body weight (IBW),
and (C) adjusted body weight (ABW).

The median concentrations in the group exceeding the
target therapeutic range (>30mg.L™") was 31 (IQR:
31-38), 35 (IQR: 35-35) and 31 (IQR: 31-33) mg.Lf1
when LD was based on TBW, IBW and ABW, respectively.

The total Vd was better predicted using TBW than
using IBW and ABW based on a linear regression model
(Figure 1).

Median time to achieve a serum concentration of
20mg.L~" without LD was 17 (IQR: 11-24) h from start
of treatment. After a simulated LD (10mg per kg of
TBW) median time to reach this target concentration
was 1 (IQR: 1-4) h. In patients who would not achieve
vancomycin serum levels >15mg.L™" after a simulated
LD (10mg per kg of TBW), the time to reach a serum
concentration of 20mg.L™" would be reduced from 23
(IQR: 18-31) h to 8 (IQR: 1-9) h from start of treatment.

Discussion

Accurate antibiotic dosing normalized for weight and
body size still represents a challenge, especially in obese
patients. Different methods have been proposed for anti-
microbial dosing with respect to body size descriptors
[28]. For lipophilic drugs, which are extensively distrib-
uted into tissues, including adipose tissue, the most rele-
vant size descriptor for Vd appears to be TBW, while
ABW or IBW are suggested for hydrophilic agents as
these have limited distribution to adipose tissues [28].
Although the water content in adipose tissue varies
from 4.4 to 36.1% [29] the relative water content in fat
is approximately 30% of that in other tissues. Thus, the
extent of distribution in fat for hydrophilic drugs may be
a only third of that in other tissues [30]. The true Vd of
vancomycin therefore might not linearly correlate with
TBW and the use of TBW for vancomycin dosing may in
theory result in a significant overdose in obese patients.
However, due to the variability of water content in fat,
the age-dependent decrease of water content in tissues
and to other factors, TBW is used as an optimal



descriptor for dose calculations also for some hydrophilic
compounds [28].

In our study, linear regression analysis showed that
the observed Vd of vancomycin was better predicted by
TBW compared with IBW or ABW. It is, however, import-
ant to mention that subjects with morbid obesity (BMI
>40kg.m?) were excluded from the analysis. For popu-
lations with normal weight or for overweight patients
the amount of excessive fat tissue could represent a
rather small additional volume available for the distribu-
tion of vancomycin. The number of obese patients (BMI
>30kg.m ?) in our study was relatively small and the
majority of the study patients was of normal weight or
overweight (76.6%).

This relationship between Vd and body weight
descriptors was reflected by the result that the highest
chance of reaching the target therapeutic range, was
with a LD computed per kg of TBW.

Therapeutic guidelines recommend an LD of
25-30mg.kg~" for intermittent vancomycin administra-
tion [1], while no consensual therapeutic guidelines are
available for continuous administration. Since the target
serum levels differ for the two administration regimens,
the LD preceding continuous and intermittent adminis-
tration are not equal. While the LD for intermittent regi-
mens should induce vancomycin serum concentrations
similar to the peak concentrations at steady state, LD for
continuous therapy should generate serum concentra-
tions equal to the plateau level at steady state [11].
Indeed, most studies on vancomycin LD before continu-
ous infusion used an LD of 15-20mg per kg of TBW
[11]. A study by Cristallini et al. used considerably higher
LD for continuous therapy (35mg.kg~" TBW) but con-
centrations reached with this LD were unnecessarily high
for continuous regimens with a median concentration of
44mg.L" [8].

Based on our simulations, the optimal vancomycin LD
in our study (10mgkg™') was lower than usually
reported, which is, however, consistent with the lower
values observed for Vd in our study. The median
0.45Lkg™" corresponds to the lower values for Vd
reported in the literature [1]. A possible reason for the
lower Vd may be heterogeneity of renal function and
clinical characteristics in our patient population. Higher
Vd values would be expected especially in critically ill
septic patients [31]. Although no significant relationship
between vancomycin Vd and creatinine clearance was
observed in a previous report [32], Vd might in theory
increase in patients with renal failure due to fluid reten-
tion. Further, we used a one-compartmental model in
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the PK analysis, which is likely to give lower Vd values
than a multi-compartmental model. A two-compartmen-
tal model may provide a more accurate PK simulation
[33]. However, a larger number of concentration values
would be needed to reliably individualize estimates for
all PK parameters, but were not available for our study.

Although our study was relatively small, we believe, it
can be used as a practical tool to predict optimal LD
estimates in adult ICU patients treated with continuous
infusion of vancomycin. Our study was based on PK data
derived from the hospital medical records system.
Therefore, the retrospective nature of our work should
not impact on the validity of the results. However, the
results of our exploratory study should be confirmed in
a prospectively conducted trial.

Conclusions

In conclusion, the results of our study suggest that an
optimal LD in adult patients treated with continuous
infusion of vancomycin in the ICU is 10mg per kg of
TBW. Using this LD, 17.9% of vancomycin serum levels
were just below the therapeutic range (minimum post-
loading concentration was 13mg.L™"), only 10.7% of
concentrations exceeded the therapeutic range and no
concentration was toxic (>50mg.L~"). This LD would
lead to a significant reduction of the time required to
reach target serum levels from 17 (IQR: 11-24) to 1 (IQR:
1-4) h. An individual approach is needed in extremely
obese patients with BMI >40kg.m 2. Since our findings
were based on a PK simulation using one-compartmen-
tal model, these results need to be evaluated via a pro-
spective clinical trial to confirm that 10mg per kg of
TBW is the optimal LD. Nevertheless, this analysis shows
the importance of a LD before continuous infusion of
vancomycin.
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Introduction:

Vancomycin is one of the first choices for treating serious infections caused by Gram-
positive bacteria [1]. In order to manage its efficacy and toxicity, therapeutic drug monitoring
is recommended and routinely conducted [1, 2]. However, the initial maintenance dose (MD)
must be determined based on the estimated clearance. Previous studies have found linear
relationship between vancomycin clearance (CL-VAN) and creatinine clearance (CL-CR)
estimated by Cockcroft-Gault (C-G) [3, 4] and MDRD formulas [5, 6]. There is only a very
limited knowledge on the relationship between CL-VAN and up to date method for CL-CR
calculation — CKD-EPI [7]. A few nomograms for continuous vancomycin initial MD based
on C-G [3, 4], or MDRD [6] have been published, but no nomogram based on CKD-EPI is
available.

In order to clarify the possibility to predict CL-VAN we compared the performance of
four well-known equations for CL-CR estimation, i.e. CKD-EPI, MDRD, C-G, and Jelliffe,
and then we propose initial MD estimate based on the best correlating equation in adult ICU

patients treated with vancomycin continuous infusion.

Methods:

A retrospective observational study was conducted in adult patients treated with
vancomycin continuous infusion at the mixed ICU between September 2015 and August
2016. Patients meeting the following criteria were included: age > 18 years, not eligible for
dialysis, vancomycin treatment for at least 3 days, and having vancomycin level measured
within the first 3 days of therapy. Since nature of this study patients” informed consent was

unnecessary.



Creatinine plasma concentrations were recorded and CL-CR were estimated according
to the CKD-EPI (CL-CRckp-er1) [8], MDRD (CL-CRwmprp) [9], C-G (CL-CRc-¢) [10], and
Jelliffe (CL-CRuenifre) [11] formulas for each patient.

Individual CL-VAN was calculated using non-compartmental pharmacokinetic (PK)
model based on individual demographic, clinical data and observed vancomycin plasma levels
using MWPharm™ software (MediWare, Prague, Czech Republic). The population PK model
for vancomycin was individualized to maximize fitting of the simulated profile curve with
observed drug concentration points in each patient.

Linear regression models were used to evaluate the relationships of CL-VAN and CL-
CR estimated according to particular formulas using GraphPad Prism 3.02 (GraphPad
Software, Inc., La Jolla, USA).

MD were calculated for each patient based on CL-VAN values using following
formula: MD (mg.day™?) = 24 h x CL-VAN (L.h'!) x 22.5 mg.L*. The value of 22.5 mg.L™!

was selected as the target value for vancomycin steady-state concentration.

Results:

Fifty-one patients were enrolled into the study (36 men, 15 women). Median (IQR)
age, body weight and serum creatinine were 63 (53-74) years, 80 (68-90) kg and 110 (80-179)
umol.L?, respectively. Totally 170 vancomycin plasma levels for PK analysis were obtained
(1-12 per patient). Vancomycin PK analysis showed CL-VAN median (IQR) value of 2.33
(1.27-3.54) L.h'L,

The CL-CRckp-er1 Was the most predictive for the vancomycin CL based on linear
regression models (r> = 0.4878). CL-CRc.c as similarly predictive (r> = 0.4810), and the other
equations CL-CRwmprp (r? = 0.4298), and CL-CRuenitte (1> = 0.4228) were also significantly

related (p < 0.0001).



The daily maintenance dose calculation using the following formula has resulted in
optimal PK results: 842 x CL-CRckp-ep1 (ML.S) + 414. However, since the practical utility of
such an equation is very limited, we propose maintenance dose nomogram based on this

formula that could be easily used in clinical settings (Figure 1).

Discussion and conclusion:

CKD-EPI formula has shown the most accurate prediction for vancomycin clearance
and dosing, while the performance of the traditionally used C-G formula was almost identical.
C-G formula is no longer recommended for clinical use because it has not been expressed
using standardized creatinine values. Our results indicate that the clinical experience
generated over the long time, when C-G formula was used as a basis for vancomycin dosing,
can be extrapolated to CKD-EPI method with no need for any corrective adjustments.
Estimations based on MDRD and Jelliffe methods have indicated slightly less optimal dose
predictions. The numerically worse performance may be due to heterogeneity of our study
population in renal function status and demographics, as MDRD and Jelliffe formulas are
applicable primarily on chronic kidney disease subjects and average size patients,
respectively. However, our study population represents the real life patient group that is
currently indicated for vancomycin treatment with its inherent heterogeneity of demographic
as well as medical history characteristics.

In conclusion, we demonstrated that CL-VVAN best correlates with CL-CRckp-epi and
that the clinical experience with C-G formula could be extrapolated to CKD-EPI method with
no need for any corrective adjustments. Furthermore, vancomycin MD nomogram based on

CL-CRckp-eri has been designed.
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Figure 1: Nomogram for calculation of vancomycin daily maintenance doses (MD)
administered by continuous infusion to target steady-state concentration (Css) of 22.5

mg.L* based on CKD-EPI creatinine clearance (CL-CRckp-epi)
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Abstract:

Purpose: This study aimed at investigating variables affecting amikacin pharmacokinetics,
and then to propose optimal initial dosing based on these relationships in critically ill adult
patients treated with once-daily amikacin regimen.

Methods: Amikacin pharmacokinetics was calculated based on plasma concentrations
measurements using one-compartmental analysis. Relationships between amikacin
pharmacokinetic parameters and demographic/clinical data were explored in linear regression
models. Simulated amikacin dose and dosing intervals were derived from body size
descriptors and estimated creatinine clearances for each patient.

Results: Volume of distribution and clearance median values (interquartile range) for
amikacin in the whole study population (n = 53) were 0.26 (0.23-0.29) L.kg™*and 0.024
(0.014-0.040) L.h".kg™, respectively. Amikacin volume of distribution best correlated with
body surface area, while amikacin clearance was best predicted by CKD-EPI creatinine
clearance. Our study suggests that dose size of 517 mg per m? of body surface area leads to
amikacin levels most approaching target peak concentration. Universal administration of 1000
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mg is slightly less accurate, but simple for clinical routines. Dosing interval calculated as
228.7 x 308 % CKD-EPIcreatinine clearance (ml-s-1) 15 84 most closely approximated optimal dosing
intervals based on individual amikacin pharmacokinetics. The dosing nomogram based on
CKD-EPI creatinine clearance was designed.

Conclusions: This study presents basis for once-daily amikacin initial dosing. Amikacin dose
size of 517 mg.m™ leads to reach goal peak concentrations in 91% patients in comparison
with 81% after administration of fixed dose of 1000 mg. Dosing interval estimation based on

CKD-EPI creatinine clearance is accurate in 66% patients.
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Introduction:

Amikacin, an aminoglycoside broad-spectrum antibiotic, is widely used to treat
primarily patients with serious Gram-negative infections at intensive care units.

Aminoglycosides exhibit concentration-dependent bactericidal activity against
sensitive bacteria, and the ratio of the maximum achieved concentration (Cpmax) to the minimal
inhibitory concentration (MIC) is considered to predict the clinical and bacteriological
outcomes of the treatment. A Cna/MIC ratio of > 8 is strongly associated with clinical
response [1]. Moreover, this class of antibiotics shows considerable post-antibiotic effect,
which is also concentration-dependent. The estimated length of post-antibiotic effect of
amikacin is approximately four to six hours at clinically relevant concentrations [2].

Aminoglycosides belong among narrow therapeutic index drugs. Nephrotoxicity and
ototoxicity are the most common adverse effects. Nephrotoxicity (usually transient) is caused
by drug accumulation in the proximal tubule cells, while ototoxicity (which may be



irreversible) appears to be related with total drug exposure and no relationship between
ototoxicity and actual plasma levels was found [3].

There are two administration strategies in clinical practice: conventional dosing
scheme is administration of a weight-based dose divided two to three times daily, while once-
daily strategy involves the administration of all daily weight-based dose size at once with
extended dosing interval (every 24 hours for patients with normal renal functions). Over the
past twenty years, there has been a general trend toward the preference of once-daily
administration strategy. This approach has been advocated to improve drug efficacy while
reducing its potential toxicity and to increase the cost-effectiveness of amikacin use [4].

In order to further increase the clinical efficacy of aminoglycosides and to decrease its
toxicity, therapeutic drug monitoring (TDM) is recommended and routinely conducted [5, 6].
However, since TDM may be carried out only after therapy initiation, the starting doses must
be computed based on the estimated volume of distribution (\Vd) or clearance (CL) for dose
(D) or dosing interval (DI), respectively [7, 8]. Critically ill patients are highly heterogeneous
population. Pathophysiologic alterations can significantly affect pharmacokinetics (PK) of
drugs [9], which may be highly clinically relevant in case of narrow therapeutic index
compounds including amikacin. Due to the potential changes in drug disposition, the dosing
estimated on the basis of population PK may not be accurate and possible individualization
based on easily accessible patients” characteristics, which could serve as biomarkers for dose
adjustments, may be beneficial.

Amikacin is a hydrophilic compound that is distributed primarily into extracellular
water as reflected in its Vd of 0.25 L.kg™ [10]. Vd is a parameter that is related to structural
aspects of the body, therefore the most frequent is D calculations based on body weight (BW)
[11]. Besides total BW, alternate weight descriptors have been developed to attenuate the
overexposure of drugs that are dosed according to BW in obese patients, namely ideal body
weight (IBW), adjusted body weight (ABW), and lean body weight (LBW) [12]. Another
body size descriptor is body surface area (BSA), which considers both BW and height in its
derivations. BSA has been widely used in clinical practice to calculate doses in chemotherapy
[13].

The dosage of amikacin for once-daily administration has not been robustly
determined; the widely used doses usually ranged from 11 to 30 mg.kg™ [14]. The
originator’s summary of product characteristics (SmPC) currently recommends amikacin total
daily doses of 15 mg.kg™ in patients with normal renal functions. The SmPC further
recommends adjusting the dosage to ABW in obese patients.



Since aminoglycosides are eliminated exclusively by renal glomerular filtration as
intact compounds, its dosing regimen should be altered in patient with impaired renal
functions. Some studies have reported D de-escalation corresponding with reduced renal
function, thereby allowing the patient to be maintained on a 24 h dosing regimen, while others
have chosen a fixed dose and extended the DI in response to variations in renal function. If
the principles of high-dose and less frequent aminoglycoside dosing therapy should be
followed, it would seem more appropriate to maintain a fixed dose and lengthen the interval
for patients with decreased renal function [14]. Most guidelines that recommend reducing the
initial aminoglycoside dose in patients with impaired renal function suggest using the
Cockroft-Gault (C-G) equation to estimate creatinine clearance as a surrogate for glomerular
filtration [15]. Two newer equations, the Modification of Diet in Renal Disease (MDRD) and
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI), have been introduced
to improve glomerular filtration rate estimations [16, 17]. There is only a very sparse data
about predictive value of the MDRD and CKD-EPI equations to estimate amikacin CL or its
dosing. Some studies showed comparable or better predictive performance of C-G than
MDRD [18, 19]. Pai et al. have reported that the CKD-EPI best predicts aminoglycoside
clearance [20], but this study included only patients who received gentamicin or tobramycin.
Only one study by Lim et al. have described CKD-EPI creatinine clearance as the best
predictor of amikacin clearance [15].

The aim of this study was to identify variables affecting amikacin pharmacokinetics in
critically ill adult patients treated with once-daily amikacin regimen, and subsequently to
propose optimal initial dosing based on these relationships. In addition, we estimated the
proportion of patients in whom this setting shall be accurate.

Materials and methods:
Study design

A retrospective observational clinical PK study was conducted in adult patients who
were admitted to the ICU at the General University Hospital in Prague between September
2015 and December 2016 and who were treated with amikacin administered once-daily.
Patients meeting the following criteria were included: age > 18 years; not eligible for dialysis,
amikacin treatment for at least 3 days, and having amikacin serum concentration measured
within the first 3 days of therapy. Since the study involved only retrospective analysis of
routinely obtained clinical data collection, formal approval and informed patient consent is
not required. Our study follows the principles of the Declaration of Helsinki.



Data collection

Clinical records of enrolled patients were reviewed to collect information concerning
gender, age, height, BW, creatinine and amikacin serum levels, as well as amikacin dosing
and administration times.

Creatinine levels were measured using Jaffe photometric method without
deproteinization on Modular analyzer (Roche Diagnostics, Basel, Switzerland), while
amikacin serum concentrations were measured by a turbidimetric inhibition immunoassay
(Beckman Coulter, Inc., Brea, USA).

For each patient, body mass index, Du Bois BSA, IBW, ABW, and LBW were
estimated according to standard formulas [12]. Creatinine clearance values were computed
according to the Chronic Kidney Disease Epidemiology Collaboration (CrCLckp-er1) [17],
Modification of Diet in Renal Disease (CrCLvprp) [16], and Cockroft-Gault (CrCLc.g) [21]

formulas.

Pharmacokinetic analysis

Individual PK parameters — \Vd, CL, half-life (T1/2), and elimination rate constant (Ke)
were calculated using one-compartmental PK model based on individual demographic,
clinical data and recorded amikacin plasma levels using MWPharm™™ software (MediWare,
Prague, Czech Republic). The population PK model for amikacin was individualized to
maximize fitting of the simulated PK profile curve with recorded drug concentration points in

each patient.

Dose analysis
Optimal D normalized per BW, ABW, LBW, and BSA, respectively were calculated
for each patient based on individual VVd values using formulas (1)-(4):

(1)  Dew(mgkg™) =Vd (Lkg™) x50 (mg.L™) = BW (kg),
(2)  Dasw(mg.kg™) =Vd (Lkg™) x 50 (mgL™) + ABW (kg),
(3)  Duiew (mgkg™) = Vd (L.kg™") x 50 (mg.L™) ~ LBW (kg),
(4)  Dgsa(mg.m?) =Vd (Lkg?) x 50 (mg.L™") + BSA (mP).

The value of 50 mg.L™ was selected as the target value for amikacin peak concentration.



Subsequently, the maximum amikacin serum concentrations after median D
normalized per BW, ABW, and BSA, respectively were simulated in each patient using
formulas (5)-(8):

(5)  Cpl (mg.L™") = median Dgw (mg.kg™) x BW (kg) + Vd (L),
(6)  Cpl (mg.L™) = median Dagw (Mg.kg™) x ABW (kg) + Vd (L),
(7)  Cpl (mg.L™) = median Digw (mg.kg™) x LBW (kg) + Vd (L)
(8)  Cpl (mg.L™") = median Dgsa (Mg.m™?) x BSA (m?) + Vd (L).

Amikacin serum concentrations after fixed dose of 1000 mg were also simulated in each

patient using formula (9):

(9)  Cpl (mg.L™") =1000 (mg) + Vd (L).

Dosing interval analysis
Optimal DI were calculated for each patient based on individual amikacin K, values

using formula (10):
(10) DI (h) = (In Crmaxaooo — In 2.5) + K¢ (W™,

where Cmaxioo0 1S the maximum achieved amikacin concentration after administration of fixed
dose of 1000 mg calculated for each patient according formula 9); the value of 2.5 mg.L™ was
selected as the midpoint of target trough concentration range (0-5 mg.L™).

Subsequently, patients were stratified into four groups according to their DI: DI = 0-30
h in group 1 (amikacin administration every 24 h), DI = 31-42 h in group 2 (amikacin
administration every 36 h), DI = 43-54 h in group 3 (amikacin administration every 48 h), and

DI > 54 h in group 4 (once-daily amikacin not recommended).

Statistical analysis

Descriptive parameters medians and interquartile range (IQR) were calculated using
MS Excel 2010 (Microsoft Corporation, Redmond, USA). The 95% confidence intervals (CI)
for medians were calculated by Bonett & Price method [22].

Linear regression models were used to evaluate the relationships between amikacin Vd
and body size descriptors (BW, IBW, ABW, LBW, and BSA) or the relationship between
amikacin CL and creatinine clearance values calculated according to particular formulas
(CKD-EPI, MDRD, C-G).



One phase exponential decay nonlinear regression model was used to describe
relationship between optimal DI and CKD-EPI creatinine clearance.

All regression models were performed using GraphPad Prism 3.02 (GraphPad
Software, Inc., La Jolla, USA).

Results:

Fifty-three patients were enrolled to the study (27 males, 26 females). Demographic
and clinical characteristics of the patients are summarized in Table 1. Initial amikacin once-
daily dose ranged between 500 and 1500 mg (7-20 mg.kg™). Dosing interval ranged between
24 and 87 hours.

Totally 134 amikacin plasma levels for PK analysis were obtained (1-7 concentration
points per patient). PK analysis results are summarized in Table 2.

Linear regression models showed the best prediction of amikacin VVd by BSA (Figure
1), but BW, ABW and LBW were also significantly related. IBW was not a significant
covariate of amikacin Vd (r? = 0.0649, P = 0.0657).

Median of optimal amikacin dose was 1027 (IQR: 882-1127) mg. Medians of optimal
amikacin dose normalized per BW, ABW, LBW, and BSA were 13 mg.kg™, 14 mg.kg™, 19
mg.kg™, and 517 mg.m, respectively.

The estimated rates of achievement of the target range for the simulated amikacin peak
plasma concentrations, when the patients received 13 mg per kg of BW, 14 mg per kg of
ABW, 19 mg per kg of LBW, 517 mg per m? of BSA, and fixed dose of 1000 mg are
summarized in Table 3. D based on BSA, ABW, and LBW led to simulated amikacin peak
plasma concentrations achieving the target range of 35-65 mg.L™ in more than 90% of
subjects, which was numerically slightly better than when using other D estimations

The CrCLckp-ep1 Was the most predictive for the amikacin CL based on linear
regression models (Figure 2), but the other estimations CrCLyprp and CrCLc.g were also
significantly related to amikacin CL.

Calculated DI after the fixed D of 1000 mg ranged from 7 to 403 h and exponentially
correlated with CrCLcp-epi (Figure 3). Regression exponential curve was formulated as

shown in formula (11):
(11) DI (h) =228.7 x e—3.08 x CKD-EPI creatinine clearance (mL.s-1) +15.84.

When we stratified DI estimated from CKD-EPI creatinine clearance into four groups

as described in DI calculated from individual pharmacokinetics, calculated and estimated DI



consensus occurred in 66% of subjects. In 21% of patients, the estimated DI was longer than

the calculated, while it was shorter in 13% of cases.

Discussion:

This study was conducted to describe clinically usable tools that could allow
prediction of the best possible initial amikacin doses for each individual patient.

We focused on two theoretically expected determinants of amikacin PK dispositions:
body size descriptors for amikacin VVd and creatinine clearance estimations for amikacin CL.

Many methods for measuring weight and body size have been proposed for accurate
antimicrobial dosing, especially in obese patients [23]. In our study population, 21% of
patients were obese (body mass index > 30 kg.m™). For lipophilic drugs, which are
extensively distributed into tissues including body fat, the most relevant size descriptor for Vd
appears to be total BW, while ABW and LBW are suggested for hydrophilic agents as these
have limited distribution to adipose tissues [23]. IBW was derived from insurance data
collected by the Metropolitan Life Insurance Company of New York [13]. Since it relates
body size to mortality and its value is unrelated to real BW, extrapolation of its use to
estimate drug dosing is of questionable merit. It does not seem biologically plausible, that all
patients of the same height should receive the same dose. LBW is equal to BW without
adipose tissue. It was derived from fractional fat mass, which was initially computed to
describe the increasing prevalence of obesity in the UK [13]. Although the original purpose
was to relate patient size to epidemiological trends in morbidity and mortality, LBW is a
potentially useful predictor of the PK behaviour of hydrophilic drugs. ABW was the first
weight descriptor specifically developed for the use in PK experiments as a part of
aminoglycosides dosing analysis, where some proportion of excess real weight above IBW
was added to IBW [13, 24]. Du Bois formula was derived based on the assumption that both
BW and height were related to BSA. Combinations of these known variables were then
regressed against real BSA, which was identified from series of anatomical measurements.
Additional constants in the computation were then determined by graphical interpolation [13].
Since it considers both BW and height in its derivation, BSA might be better predictor of Vd
than only BW descriptors.

Our analysis indicates that these theoretical assumptions may translate into the clinical
praxis, since BSA was shown as the most accurate predictor of amikacin Vd, although the
performance of ABW, which was specifically developed for dosing of aminoglycosides, was
irrelevantly lower. BW and LBW were also significantly predictive for amikacin VVd. Similar



proportions of patients achieving the target Crmax When D were normalized per BSA, ABW
and LBW. Fixed dose of 1000 mg led to numerically slightly lower rate of achievement target
Cmax, but the difference was not statistically significant and the absolute difference in success
rates was less than 10%. Therefore fixed amikacin dose of 1000 mg seems to be optimal for
the easiness of use in clinical settings.

Dosage adjustment in patients with renal impairment is important for renally excreted
antimicrobials such as amikacin. Few formulas are available for renal function assessment,
such as the CKD-EPI, MDRD, and C-G equations. The C-G equation was the most frequently
used method for dosing adjustments of many drugs. Most guidelines recommend this formula
also for estimating aminoglycoside dosing, but the C-G formula is no longer recommended
for clinical use because it has not been expressed using standardized creatinine values. The
experience with other creatinine clearance estimations is very limited with regards to
amikacin dosing. MDRD equation was developed on the basis of a large study evaluated the
effect of dietary protein intake on the rate of renal disease progression [16]. However, this
equation had limitation that includes only patients with chronic kidney disease. Therefore, the
same authors attempted to create a new equation that would be applicable for healthy
population. The result was a CKD-EPI equation which is currently considered as the best
method for glomerular filtration estimation [17].

In our analysis, the CKD-EPI formula has shown the most accurate prediction for
amikacin CL and dosing. Estimations based on MDRD and C-G methods have indicated
numerically less optimal dose predictions, although the differences have not been significant.
The slightly worse performance may be due to heterogeneity of our study population in renal
function status and BW, as MDRD method is applicable primarily on chronic kidney disease
subjects and C-G formula includes BW, which can lead to distortion of resulting creatinine
clearance values in obese patients.

There were 5 patients, whose demographic characteristics are probably significantly
affecting the creatinine clearance calculations. Three of these points represent malnourished
patients with decreased creatinine levels because of decreased muscle mass, while two
patients represent morbidly obese patients in which the total estimated creatinine clearance is
increased due to high body surface area. When we excluded these five patients (corresponding
respective CrCLckp-epr , CL pairs 1.48, 0.39; 1.53, 0.53; 1.78, 0.43; 2.14, 0.70; and 1.94, 0.65
in linear regression model with CrCLckp-ep1— Fig. 2A) we observed strong linear
relationship (r* = 0.8008, 0.7700, and 0.8167 for CrCLckp.ep1, CrCLmpro, and CrCLc.g,
respectively). As expected, exclusion of these outlying patients leads to decreased differences



in prediction performance of particular formulas and C-G formula then compares with CKD-
EPI. It confirms the MDRD and C-G susceptibility to distortion due to patients”
characteristics heterogeneity. However, our study population represents the real life patient
group that is currently indicated for amikacin treatment with its inherent heterogeneity of
demographic as well as medical history characteristics. Therefore, we consider CKD-EPI as
the best method for amikacin DI prediction in general adult population.

The DI calculation using the following formula has resulted in optimal PK results: DI
(h) = 228.7 x g 308 x CKD-EPIcreatinine clearance (mLs-1) 4 15 84 However, since the practical utility of
such an equation is very limited, we propose DI nomogram based on this formula that could
be easily used in clinical settings (Figure 3). It should be noted that patients with severe renal
insufficiency (dosing interval more than 48 h) are not appropriate candidates for once-daily
dosing, since this dosing regimen has not been well studied in this population [25].

Although our study was relatively small, we believe, that our exploratory data can be
used as a basis for practical tool to predict optimal initial dosing in ICU patients treated with
once-daily amikacin. Our study was based on objective PK data derived from the hospital
medical records system. Therefore the retrospective nature of our work shall not impact on the
validity of the results. However, the results of our exploratory study should be confirmed in a
prospectively conducted trial.

In conclusion, we have shown that amikacin Vd is well described by BSA, while
amikacin CL is predicted by CrCLckp-gpi. It is estimated that 91% of patients achieve the
target amikacin peak concentrations after administration of 517 mg.m dose, while the
estimated achievement rate following 1000 mg fixed dose was 81%. Dosing interval
estimation based on CrCLckp-gpi Was accurate in 66% simulations. With respect to high
variability of measured amikacin PK parameters, TDM shall follow the treatment initiation

with the estimated dosing.
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Table 1: Demographic and clinical data

Median IQR Min Max
Age (years) 70 60-76 38 92
Weight (kg) 74 68-89 33 140
Height (cm) 174 167-175 150 187
BMI (kg.m™) 25.5 22.9-29.4 13.6 54,7
BSA (m°) 1.87 1.77-2.09 1.24 2.49
IBW (kg) 66 60-71 43 81
ABW (kg) 69 66-80 43 99
LBW (kg) 53 47-61 26 80
SCr (umol.L™) 137 84-176 28 621
CrClckpem (MLs™) [ 0.79 0.52-1.32 0.12 2.45
CrCLupro (ML.s™) 0.77 0.54-1.29 0.12 3.23
CrCLcg (mL.s™) 0.72 0.47-1.17 0.10 3.65

Legend:

BMI is body mass index

BSA is body surface area

IBW is ideal body weight

ABW is adjusted body weight

LBW is lean body weight

SCr is creatinine serum concentration
CrCLckp-ep is CKD-EPI creatinine clearance
CrCLwmprp is MDRD creatinine clearance
CrClLc.g is Cockroft-Gault creatinine clearance

IQR is interquartile range




Table 2: Amikacin pharmacokinetic data

Median IQR Min Max
vd (L) 20.53 17.63-22.53 12.47 50.79
vd (L.kg™ 0.26 0.23-0.29 0.15 0.51
CL (L.hh 1.730 1.1800-2.940 0.192 9.360
CL (L.h kg?h) [0.024 0.014-0.040 0.002 0.121
T1/2 (h) 8.5 45-12.0 1.6 107.5
Ke (h™) 0.082 0.058-0.154 0.006 0.447

Vd is volume of distribution

CL is total clearance

T1/2 is elimination half-life

Ke is elimination rate constant

IQR is interquartile range




Table 3: Proportion of patients achieving simulated peak plasma levels of 35-65 mg.L ™,
<35mg.L™, or > 65 mg.L™* and median simulated peak plasma levels after doses
calculated using real body weight (BW), adjusted body weight (ABW), lean body weight
(LBW), body surface area (BSA) or fixed dose of 1000 mg

Dose n (%); N = 53 Median (95% Cl)
35-65mg.LT [<35mg.L? [>65mgL? | (mg.L?

13 mg per kg of BW | 44 (83.0) 4 (7.5) 5 (9.4) 50 (47-53)

14 mg per kg of ABW | 48 (90.6) 3(5.7) 2 (3.8) 52 (50-53)

19 mg per kg of LBW | 48 (90.6) 3(5.7) 2 (3.8) 51 (49-52)

517 mg per m” of BSA | 48 (90.6) 3(5.7) 2 (3.8) 50 (49-51)

1000 mg 43 (81.1) 3(5.7) 7 (13.2) 49 (46-52)

n is number of simulated amikacin peak plasma levels in each interval
N is total number of simulated amikacin peak plasma levels

Cl is confidence interval for median




Figure 1: Amikacin volume of distribution — body size descriptors relationships
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Figure 2: Amicacin clearance - creatinine clearances relationships
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Figure 3: Nomogram for calculation of dosing interval after amikacin administration of
1000 mg to reach trough concentration 0-5 mg.L™ based on CKD-EPI creatinine
clearance (CrCLckp-epi)
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Summary:

What is known and objective: Phenobarbital is the first-line treatment of seizures in
asphyxiated neonates, however, due to the high pharmacokinetic variability in this population
there is no consensus on the optimal dosage regimen. This study was conducted to identify
variables that affect phenobarbital fate during routine clinical care, and then to evaluate the
dosage schedule that could be applied in full-term asphyxiated neonates with respect to
achieving the target therapeutic range.

Methods: Phenobarbital pharmacokinetics was calculated based on serum concentrations
measurements using one-compartmental model. Body weight, body surface area, gestational
age, creatinine clearance, total bilirubin, alanine aminotransferase, aspartate aminotransferase,
international normalized ratio, Apgar scores, umbilical cord arterial pH and base excess were
explored as covariates in linear regression models. Based on this analysis, phenobarbital
loading and maintenance dose regimen were projected.

Results and discussion: In the whole study population (n = 36), phenobarbital volume of
distribution, clearance, and half-life median (interquartile range) values were 1.50 (1.19-2.05)
L, 0.0142 (0.0121-0.0163) L/h, and 75.1 (60.2-103.3) h, respectively. The drug volume of
distribution was associated with body weight, length and body surface area, while clearance

was not in relationship with any explored features. Weight-normalized loading dose of 15



mg/kg and fixed daily maintenance dose of 9 mg proved to be optimal in our study population
to reach phenobarbital therapeutic range.

What is new and conclusions: This study presents basis for phenobarbital initial dosing in
full-term asphyxiated neonates during first week of life. Phenobarbital weight-normalized
loading dose of 15 mg/kg lead to simulated target peak concentrations in 72% of neonates,
weight-normalized maintenance dose of 3 mg/kg lead to steady state within therapeutic

window in the same proportion of patients.
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What is known and objective:

Phenobarbital remains the most common anticonvulsive drug for control and treatment
of seizures in asphyxiated neonates with hypoxic-ischemic encephalopathy.*

There is no clear consensus recommendation for target therapeutic levels. Jalling states
the approximate range of phenobarbital concentration when convulsions ceased 12-30 mg/L.
Some studies targeted at range of 10-30 mg/L,* * others 15-40 mg/L.>® Based on these data
phenobarbital levels between 10 and 40 mg/L can be considered likely to be effective.
Routine therapeutic drug monitoring (TDM) is recommended during phenobarbital treatment
in order to maximize efficacy and safety.’

TDM-based dose adjustment is feasible just after pharmacotherapy introduction but
initial dosage is necessary to be estimated using the other tools. Loading (LD) and
maintenance dose (MD) can be calculated from the volume of distribution (\Vd) and total drug
clearance (CL), respectively.™ Postnatal changes in body composition and maturation can
significantly alter pharmacokinetics of druds.'* Due to the potential changes in drug
disposition, the dosing estimated on the basis of population pharmacokinetics may not be
accurate. Individualization based on easily accessible patients” characteristics, which could
serve as biomarkers for dose adjustments, may be beneficial.

Most frequently considered covariates for phenobarbital pharmacokinetics are body
weight (BW) and gestational age (GA) or postnatal age in preterm and term neonates.> 2 ** In
addition, Touw et al. have also described association of height and body surface area (BSA)
with VVd and CL, respectively.® However, other studies indicated inconsistent data, making
any conclusions on valid covariates for the drug dosing impossible. Pitlick et al. observed no
correlation between Vd and GA, while CL increased during the first month after birth.*

Grasela et al. have shown that neither Vd nor CL was affected by GA.** Gilman et al. have

found no correlation between half-life (t1/2) and either gestational or postnatal age.'® The



impact of asphyxia has also been covered. Gal et al. have reported CL reduction in

asphyxiated neonates,*”*®

while Grasela et al. have noticed no effect on CL, but increase in
Vd in the presence of asphyxia.®

Phenobarbital dosing based on BW is usually used in clinical practice: the initial LD
of 15-20 mg/kg is given intravenously (sequential bolus doses of 5-10 mg/kg up to serum
levels of 40 mg/L may be administered if seizures persist);™® the initial MD of 3-4 mg/kg per
day is recommended.?’ Subsequently, dosage should be adjusted according to the achieved
phenobarbital serum levels and clinical response.

The aim of this study was to describe relationships between individual phenobarbital
pharmacokinetic parameters and patients” demographic or clinical data in order to suggest
optimal initial phenobarbital dosing regimen prior to TDM in full-term asphyxiated neonates

treated with intravenous phenobarbital. Subsequently, we tried to estimate the proportion of

patients in whom the proposed dosing would be accurate.

Methods:
Study design

A retrospective observational pharmacokinetic study was conducted among full-term
neonates with moderate to severe asphyxia who were admitted to the Neonatal Intensive Care
Unit of the General University Hospital in Prague and treated for perinatal asphyxia and
hypoxic ischemic encephalopathy ( HIE) with intravenous phenobarbital from the first day of
life between August 2007 and March 2013. Patients meeting the following criteria were
included: 1) GA > 37 weeks; 2) not receiving dialysis; 3) having at least two phenobarbital
levels measured in the course of pharmacotherapy. Approval of the study was issued by the

Ethics Committee of the General Faculty Hospital, in Prague.



Perinatal asphyxia was evaluated using AAP criteria 1996,%" i.e. presence of profound
metabolic or mixed acidemia in umbilical cord blood, persistence of low Apgar scores,
amplitude-integrated electroencephalography (aEEG) criteria by Hellstrom-Westas, and
biochemistry examinations. The criteria of severe asphyxia were cord or an arterial pH < 7.1
or base deficit of 12 or more within 60 minutes of birth and Apgar score <5 at 10 minutes.

Hypoxic ischemic encephalopathy was defined based on Thompson score?® >7 within
6 hours after birth or hypoxic insult and the severity of HIE was assessed using Sarnat stage®*
1 (mild), stage 2 (moderate), and stage 3 (severe). LD of Phenobarbital (Luminal 200 mg/mL
inj sol 5x1mL, Desitin Arzneimittel GmbH, Germany) was administered over 5 minutes in
neonates diagnosed with moderate and severe HIE at 6 hours after hypoxemic insult were
administered to achieve clinical and/or aEEG response. The patients received MD divided in
two daily doses based on international guidelines.?® Additional anticonvulsive co-medication

could be used based on clinical or aEEG seizures (additionally phenytoin, midazolam or

clonazepam).

Data collection

Clinical records of the patients were reviewed to collect the following data: gender,
GA, length, BW, serum creatinine, total bilirubin, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), international normalized ratio (INR), Apgar scores at 1, 5, and 10
minutes, umbilical cord arterial blood pH (pH), and base excess (BE). In addition, serial
phenobarbital serum levels (sampling times included), phenobarbital dosing and
administration times were recorded. Samples were collected in the range of 2-5 days (median
3.5 days) for each patient. Serum creatinine levels were measured at the time of the first

phenobarbital concentration.



For each patient, BSA according to Meban formula (BSAwmepan) and creatinine

clearance value according to Schwartz formula (CrCLschwartz) Were estimated.?® %

Pharmacokinetic analysis

Phenobarbital serum concentrations were measured using a fluorescence polarization
immunoassay on AXSYM analyser (Abbott Laboratories, Abbott Park, USA).

Individual pharmacokinetic parameters — VVd, CL and t1/2 were calculated in a one-
compartmental pharmacokinetic model based on individual demographic, clinical data and
recorded phenobarbital serum levels using MWPharm™* software (MediWare, Prague, Czech
Republic). The phenobarbital population pharmacokinetic one-compartmental model was
individualized to maximize fitting of the simulated pharmacokinetic profile curve with
recorded concentration points in each patient. The fitting was performed using Marquardt

nonlinear least square method.

Loading dose analysis

Optimal fixed and weight-normalized loading doses were calculated for each patient
based on individual values of Vd using following formulae: fixed LD (mg) = Vd (L) x Cpeax
(mg/L) and weight-normalized LD (mg/kg) = fixed LD (mg) ~ BW (kg), where Cpeax is 30
mg/L as an optimal phenobarbital peak concentration. Subsequently, phenobarbital peak
concentrations after median fixed and weight-normalized LD were simulated for each patient
using following formulae: Cpea (mg/L) = median fixed LD (mg) + Vd (L) and Cpeax (MQ/L) =

[median weight-normalized LD (mg/kg) x BW (kg)] + Vd (L).

Maintenance dose analysis



Optimal fixed and weight-normalized daily maintenance doses were calculated for
each patient based on individual values of CL using following formulae: fixed MD (mg) = CL
(L/h) x Cgs (mg/L) x 24 (h) and weight-normalized MD (mg/kg) = fixed MD (mg) ~ BW (kg),
where C is 25 mg/L as a midpoint of target therapeutic range (10-40 mg/L). Subsequently,
phenobarbital steady-state serum concentration after median fixed and weight-normalized MD
were simulated for each patient using following formulae: Cs (mg/L) = median fixed MD
(mg) + [CL (L/h) x 24 (h)] and Cgs (mg/L) = [median weight-normalized MD (mg/kg) x BW

(kg)] + [CL (L/h) x 24 (h)].

Statistical analysis

Medians and interquartile ranges (IQR) were calculated using MS Excel 2010
(Microsoft Corporation, Redmond, USA). The 95% confidence intervals (CI) for medians
were calculated by Bonett & Price method.?

Linear regression models were used to evaluate the relationships of phenobarbital
primary pharmacokinetic parameters (Vd, CL) and patients” demographic/clinical features
(BW, length, GA, BSAweban, Serum creatinine, CrCLschwartz, total bilirubin, ALT, AST, INR,

Apgar scores, pH, BE) using GraphPad Prism 3.02 (GraphPad Software, Inc., La Jolla, USA).

Results:

Thirty-six neonates were enrolled to the study (21 males, 15 females). Demographic
and clinical characteristics of the patients are summarized in Table 1. Phenobarbital loading
dose ranged from 10 to 120 mg (5-34 mg/kg) and the daily maintenance dose ranged between
8 and 20 mg (2-8 mg/kg) based on clinical and aEEG response.

Pharmacokinetic parameters were calculated over a period of 2-8 days (median was 5

days). Totally 108 phenobarbital serum levels for pharmacokinetics analysis were obtained



(2-5 concentration points per patient). Phenobarbital \Vd, CL, and t1/2 median (IQR) values in
our study population were 0.49 (0.38-0.59) L/kg, 0.0045 (0.0034-0.0055) L/h/kg, and 75.1
(60.2-103.3) h, respectively.

Linear regression models showed significant relationships between Vd (L) and BW,
length, and BSAwesan (> = 0.3097, 0.1593, and 0.3112, respectively), while CL (L/h) was not
related with either demographic or clinical features.

Median phenobarbital LD simulated from pharmacokinetic data was 44.9 (95% CI:
38.1-51.6) mg corresponding to the weight-normalized value of 14.7 (95% CI: 13.7-15.7)
mg/kg. The rates of achievement the target peak serum concentrations following the simulated
LD of 45 mg and weight-normalized LD of 15 mg/kg are summarized in Table 2. Weight-
normalized LD was only insignificantly more accurate than the fixed dose. Median (IQR)
serum levels after simulated LD in the group not reaching the lower limit of target
concentrations (< 20 mg/L) were similar after fixed or weight-normalized doses reaching 17
(16-17) or 17 (16-19) mg/L, respectively. The respective values in the group exceeding the
target therapeutic range (> 40 mg/L) were again very similar reaching 46 (43-50) or 46 (42-
54) mg/L. In both dosing simulations only one phenobarbital serum level reached toxic zone
> 60 mg/L, however numerical value of this concentration was considerably lower when
dosing was weight-normalized (63 mg/L vs. 83 mg/L).

Median phenobarbital daily MD simulated from pharmacokinetic data was 8.5 (95%
Cl: 7.9-9.1) mg corresponding to the weight-normalized value of 2.7 (95% CI: 2.5-3.0)
mg/kg, respectively. The rates of achievement the target steady-state serum concentrations
following the simulated fixed MD of 9 mg and weight-normalized MD of 3 mg/kg are
summarized in Table 2. Fixed MD was only insignificantly more accurate than the weight-
normalized dose. In both dosage simulations no phenobarbital concentration was below the

therapeutic window (< 15 mg.L™). The median (IQR) concentrations in the group exceeding



the target therapeutic range (> 35 mg/L) were again similar after the fixed or weight-

normalized MD reaching 42 (39-51) or 43 (40-51) mg/L, respectively.

Discussion:

Phenobarbital is the first-line treatment of seizures in asphyxiated neonates, however,
due to the high pharmacokinetic and pharmacodynamic variability in this population there is
no consensus on the initial dosage regimen.

Theoretically plausible determinants of phenobarbital VVd and CL included in our
study evaluations were BW, length, and BSA (as body size descriptors) or gestational age
(representing maturation status), while creatinine clearance, total bilirubin, ALT, AST and
INR (as laboratory indicators of renal and hepatic functional status) might relate with CL. In
addition, we investigated association of phenobarbital pharmacokinetic parameters with
Apgar scores, pH, and BE (as indicative parameters of asphyxia severity). Since the patients
were all within the first week of life we did not include postnatal age in the analysis.

Phenobarbital dosing is commonly based on body weight in routine clinical use.
However, we observed significant relationship only between Vd and BW, while CL did not
relate with BW (Figure 1). BSA was associated with \/d similarly as BW (r® are 0.3112 and
0.3097, respectively) and with respect to ease of use we consider BW as optimal predictor of
phenobarbital VVd. The patients” BW ranged from 1.46 to 4.29 kg in our study group. In
comparison, some studies that described relationship between BW and phenobarbital CL
included patients with larger BW range (0.59-4.07 and 0.67-4.65 kg, respectively).* *2 This
might be a possible explanation of unobserved BW-CL relationship in our study. On the other
hand, a study of Shellhaas describes BW-CL linear relationship although this study population
was similar to ours.*® Moreover, we observed significant association between phenobarbital

Vd and BW despite the same range of BW values. Therefore, we assume that phenobarbital



CL was likely truly BW-independent in our study. The frequently reported increase of CL
with increasing BW can be attributed to developmental changes of the rapidly growing
subjects occurring in parallel in the elimination functions and thus it can be assumed that BW
serves as a marker for maturation in this patient population. Due to the small GA span in our
study population (see below) GA-CL and hence BW-CL relationship did not reach statistical
significance.

Various studies produced inconsistent results with regard to relation between
phenobarbital pharmacokinetic parameters and maturation status. We observed no relation
between Vd or CL and GA similarly to few other reports.™ *® This finding in our study is
likely due to the small GA span in our study population (37-41 weeks) that makes the analysis
of maturational changes in our study population unfeasible. Indeed, studies that showed
significant relationship between GA and pharmacokinetic parameters enrolled study
population of much higher GA span, while preterm neonates were identified as a subgroup
largely affecting these analyses.? 2

We observed no relationships between creatinine clearance, total bilirubin, ALT, AST
or INR values and phenobarbital CL. This can be explained by multiple pathways involved in
phenobarbital metabolism in the liver and simultaneous renal excretion of unchanged
compound,? which minimizes possible impact of decreased elimination capacity of a single
pathway/organ.

Phenobarbital pharmacokinetics has been previously reported to be affected by
asphyxia.*> "8 Our study was conducted only in patients with moderate to severe asphyxia.
The severity of asphyxia was not a significant covariate for phenobarbital pharmacokinetics in
our study, but it was not sufficiently powered for this analysis. Our study also lacked a control

(non-asphyxiated) group.



The phenobarbital therapeutic range was considered between 10 and 40 mg/L. When
loading, we targeted to peak concentration of 30 + 10 mg/L. The upper limit (40 mg/L)
corresponds to the level with increased risk of adverse effects, while the lower limit (20
mg/L) was based on the consideration that in case of minimal phenobarbital t1/2 of 24 h,
concentration at the end of dosing interval (maximum 24 h) shall be higher than 10 mg/L.
During the maintenance dosing, we targeted to reach steady-state concentration of 25 + 10
mg/L as a midpoint of therapeutic range.

Weight-normalized loading dose of 15 mg/kg and fixed daily maintenance dose of 9
mg were optimal in our study population. This finding is quite consistent with conclusions of
the other studies except lack of MD normalization on BW.'* %% % Taking into account average
birthweight of approximately 3 kg, fixed MD of 9 mg was roughly equivalent to weight-
normalized MD of 3 mg/kg. Considering that superiority of fixed maintenance dose in our
study could only be an artefact caused by relative homogeneity of our study population, we
suggest to prefer weight-normalized maintenance dosing.

Our study enrolled relatively low number of patients, although it compares well with
other previously published phenobarbital pharmacokinetic studies in asphyxiated neonates.
Retrospective design should not impact the conclusions of the study, since it is based on
objective pharmacokinetic, demographic and clinical data recorded in the Hospital
Information System. However, the results of our exploratory study should be confirmed in a
prospectively conducted trial. The proposed dosage is based only on the pharmacokinetic
principles with the focus to achieving therapeutic levels. It should be noted that phenobarbital
dosing must be also guided using pharmacodynamic principle, i.e. with respect to clinical and

aEEG response.

What is new and conclusion:



We demonstrated that phenobarbital volume of distribution was associated with body
weight, length, and body surface area, while clearance was not in relationship with any of the
explored parameters in asphyxiated full-term neonates with HIE. We suggest weight-
normalized loading dose of 15 mg/kg and weight-normalized initial maintenance dose of 3
mg/kg in asphyxiated full-term neonates. High variability of pharmacokinetic parameters

points to necessity of subsequent dose adjusting and guiding using TDM.
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Table 1: Demographic and clinical data

Median (IQR)

Gestational age (weeks)

40 (39-40)

Body weight (kg)

3.19 (2.91-3.82)

Length (cm)

50 (49-52)

Body surface area according Meban formula (cm®)

2119 (1989-2365)

Serum creatinine (umol/L)

67 (56-75)

Creatinine clearance according Schwartz formula (L/h)

0.2042 (0.1522-0.2635)

Total bilirubin (umol/L)

37.6 (28.6-59.9)

Alanine aminotransferase (1U/L)

19.41 (15.88-30.00)

Aspartate aminotransferase (1U/L)

82.35 (65.29-150.00)

International normalized ratio

1.63 (1.35-2.07)

Apgar score at 1 min 2 (1-3)
Apgar score at 5 min 5(3-7)
Apgar score at 10 min 7 (5-8)

Umbilical cord arterial blood pH

7.05 (6.80-7.18)

Base excess (mmol/L)

6.9 (-13.9--3.0)




Table 2: Proportion of patients achieving simulated peak serum levels of 20-40 mg/L, < 20

mg/L, or > 40 mg/L and median simulated peak serum levels after fixed loading dose (LD) of

45 mg and after weight-normalized LD of 15 mg/kg, and proportion of patients achieving

simulated steady-state serum levels of 15-35 mg/L, < 15 mg/L, or > 35 mg/L and median

simulated steady-state serum levels after fixed maintenance dose (MD) of 9 mg and after

weight-normalized MD of 3 mg/kg.

n (%); N =36
P =0.3222 20-40 mg/L <20 mg/L > 40 mg/L Median (IQR) (mg/L)
LD =45 mg 21 (58) 8 (22) 7 (19) 30 (22-38)
LD = 15mg/kg | 26 (72) 3(8) 7 (19) 31 (26-40)
P =0.2454 15-35 mg/L <15 mg/L > 35 mg/L Median (IQR) (mg/L)
MD =9 mg 31 (86) 0 (0) 5 (14) 27 (23-31)
MD =3mg/kg | 26 (72) 0 (0) 10 (28) 28 (23-37)




Figure 1: Regression analysis between (A) phenobarbital volume of distribution (\Vd), (B)

phenobarbital clearance (CL) and body weight (BW)
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Summary
Phenobarbital is an anticonvulsive drug widely used in newborns
with hypoxic-ischemic encephalopathy. The objective of our
study was to describe effect

possible of frequently

co-administered medications (dopamine, dobutamine,
norepinephrine, furosemide, phenytoin, and analgesics) on the
phenobarbital pharmacokinetics in full term newborns with
hypoxic-ischemic encephalopathy. Phenobarbital pharmacokinetic
parameters (standardized intravenous loading dose was
10-20 mg/kg, maintenance dose 2-6 mg/kg/day) were computed
using non-compartmental analysis. Co-medication was evaluated
throughout the whole treatment period up to 5 days. Volume of
distribution, clearance, and half-life median values (95 % CI) for
phenobarbital in the whole study population (n=37) were
0.48 (0.41-0.56) I/kg, 0.0034 (0.0028-0.0040) I/h/kg, and
93.7 (88.1-99.2) h, respectively. Phenobarbital pharmacokinetic
parameters were not significantly affected by vasoactive drugs
dobutamine, furosemide,

(dopamine, and norepinephrine),

phenytoin, or analgesics. Furthermore, no dose-dependent
alteration of phenobarbital pharmacokinetic parameters was
noted for vasoactive medication at doses equivalent to
cumulative vasoactive-inotropic score (area under the curve in
a plot of vasoactive-inotropic score against time) 143.2-8473.6,
furosemide at cumulative doses of 0.2-42.9 mg/kg, or phenytoin
10.3-46.2 mg/kg. Phenobarbital

affected by investigated

co-administered drugs used in newborns with hypoxic-ischemic

at cumulative doses of

pharmacokinetics was  not

encephalopathy in real clinical settings.
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Introduction

Phenobarbital (PB) is an anticonvulsive drug
used as a first line treatment option for control and
treatment of seizures in asphyxiated newborns in case of
hypoxic-ischemic encephalopathy (HIE) either under
therapeutic =~ whole-body  hypothermia or  without
hypothermia (Hall e al. 1998). PB shows highly variable
pharmacokinetics, especially distribution and elimination
show high inter-individual variability. About 25 % of
a PB dose is excreted unchanged, while the major part is
metabolized by oxidation via 2C9 enzyme of cytochrome
P450 (CYP). Additionally, CYP2C19, CYP2EI1, and
N-glucosidation contribute to the drug metabolism to
and Brodie 2004). PB
pharmacokinetics in newborns is different as compared

alesser extent (Kwan
with the adult population; postnatal changes in body
composition and maturation have been suggested to alter
pharmacokinetics (Alcorn and McNamara 2003). Touw

et al. (2000) described the main pharmacokinetic (PK)
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parameters of PB in neonates as follows: volume of
distribution normalized per kg of body weight (Vd)
0.71 (0.21) I/kg, clearance normalized per kg of body
weight (CL) 0.0043 (0.0011) I/kg/h and half-life (T1/2)
107.0 (64.0) h. In theory, the drug disposition could also
be affected by body temperature (Zanelli et al. 2011),
although no clinically relevant effect of moderate
therapeutic hypothermia on PB pharmacokinetics has
been identified recently (Filippi et al. 2011, van den
Broek et al. 2012, Shellhaas et al. 2013).

Since metabolism is the dominant elimination
pathway, there is a risk of PK interactions with
concomitantly administered drugs (Patsalos et al. 2008).
Although there is a considerably wide armamentarium
of drugs that are occasionally used at the
pediatric/neonatal intensive care unit (PICU/NICU)
departments of which co-administration with PB could
affecting the PB
concentrations, only few drugs/drug classes are often

result in a PK interaction
used. Among the frequently used co-medications there
is a theoretical risk of PK interaction between PB and
vasoactive  drugs (dopamine, dobutamine, and
norepinephrine) that could alter the PB clearance by
possible changes in renal perfusion (Schetz 2002).
Furosemide could alter the volume of distribution for
PB by altered body water content in various
compartments (O'Donovan and Bell 1989) and co-
with

(phenytoin,

medication inducers/inhibitors/competitive

inhibitors sufentanil, midazolam, and
tramadol) of cytochrome P450 could alter the metabolic
fate of PB in the organism.

This study builds upon our previous work, in
which we analyzed the pharmacokinetics of PB in
critically ill asphyxiated newborns with the aim to
evaluate the role of covariates (age, disease, and
therapeutic hypothermia) on the PB pharmacokinetics.
The PK parameters in our study were not substantially
different from those published previously in similar
patient population (Touw et al. 2000), Vd 0.4941
(0.2439) I/kg, CL 0.0040 (0.0023) I/h/kg and T1/2 106.55
(59.07) h. However, therapeutic hypothermia did not
significantly affect the PB pharmacokinetics in critically
ill asphyxiated newborns.

The objective of this study was to describe
possible effect of frequently co-administered medications
(dopamine, dobutamine, norepinephrine, furosemide,
phenytoin, midazolam, sufentanil, and tramadol) on the

PB pharmacokinetics in full-term newborns with HIE.

Methods

Study design

This was a prospective open-label clinical study
that included full term asphyxiated newborns (gestational
age > 37 weeks) with HIE treated with PB. The study was
conducted at PICU/NICU of the Department of
Pediatrics, General University Hospital and First Faculty
of Medicine Charles University in Prague from January
2006 to December 2013. Approval of the study was
provided by the Ethics Committee of the General Faculty
Hospital, in Prague. Parents of newborns included in the
study signed the written informed consent prior to
enrollment into the study. Exclusion -criteria were
neonatal abstinence syndrome, intracranial hemorrhage,
severe congenital abnormalities and encephalopathy due
to other causes.

Standardized per protocol PB (Luminal inj.,
Desitin Arzneimitttel GmbH, Hamburg, Germany) dosing
consisted from a loading dose of PB 10-20 mg/kg/dose
intravenously (iv) administered in 15 min infusion
followed by repeated loading doses of PB to a maximal
daily loading dose of 40 mg/kg/day (Gal et al. 1982).
Newborns without clinical or amplitude-integrated
electroencephalography (aEEG) response (clinical or
subclinical seizures) to the administration of a maximum
loading dose of PB received either phenytoin (Epanutin
inj., Hameln Pharmaceuticals GmbH, Hameln, Germany)
loading dose of 15-20 mg/kg iv, followed by maintenance
dosing of 2.5-4 mg/kg iv twice a day or midazolam
(Midazolam Torrex inj., Chiesi Pharmaceuticals GmbH,
Vienna, Austria) dose of 0.05-0.3 mg/kg iv as continuous
infusion until the end of clinical or aEEG/subclinical
seizures. The PB maintenance dose was 1-3 mg/kg iv
administered in 15 min infusion twice a day (Fischer ef
al. 1981). Blood samples for PB levels monitoring were
to be collected from an arterial line at 2-3, 24, 48, 72, and

96 h after PB loading dose.

Pharmacokinetic analysis

Plasma concentrations of phenobarbital (cPB)
were measured using a fluorescence polarization
immunoassay (FPIA, AxSYM Phenobarbital, Abbott
laboratories, Abbott Park, USA) or by quantitative
immunoassay (CEDIA® Phenobarbital I,
Microgenics Corporation, Fremont, USA).

enzyme

Individual PK parameters — Vd and elimination
(Kel) were
PK  model

rate constant calculated in a non-

compartmental based on individual
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demographic, clinical data and observed cPB using
MWPharm 3.01 software (MediWare, Prague, Czech
Republic). The PB population PK non-compartment
model was individualized to maximize fitting of the
simulated PK profile curve with observed concentration
points in each patient. Other individual PK parameters —
CL and T1/2 — were calculated using following formulae:
CL =Kel*Vd and T1/2 = In 2/Kel.
Evaluation of co-medication effect on the PB
pharmacokinetics

Any used of co-medication, the time of drug
administration, posology and dosing were recorded
throughout the study. The primary evaluated co-
medication were dopamine, dobutamine, norepinephrine,
phenytoin, sufentanil, midazolam, tramadol and
furosemide, while the other drugs were recorded for
exploratory analyses only. To evaluate the cumulative
effect of vasoactive compounds (dopamine, dobutamine,
and norepinephrine) on the PB pharmacokinetics
a standardized vasoactive-inotropic score (VIS) was used

VIS = dopamine dose (pg/kg/min) + dobutamine dose

Table 1. Proportion of patients using specific co-medication.

(pg/kg/min) + 100*norepinephrine dose (pg/kg/min)

(Kumar et al. 2014).
Both possible

independent

dose-dependent and dose-
interactions between PB and the co-
medication were evaluated. To detect the dose-dependent
interactions, cumulative doses of co-medication within
acute phase of treatment normalized per kg of body
weight were used, while for dose-independent
interactions any dosing of co-administered compound

was considered.

Statistical analysis

Descriptive  parameters  means, standard
deviations (SD) and medians of PB PK parameters were
calculated using GraphPad Prism 3.02 (GraphPad
Software, Inc., La Jolla, USA). The 95 % confidence
intervals (CI) for medians were calculated by method of
Bonett and Price (2002).

Linear regression models and Mann-Whitney
U test were used to evaluate the impact of co-medication
on PB PK parameters using GraphPad Prism 3.02

(GraphPad Software, Inc., La Jolla, USA).

Any Any . . . .
S Dopamine Dobutamine Norepinephrine
co-medication vasopressor
n/N 37/37 32/37 31/37 30/37 4/37
(%) (100.00) (86.49) (83.78) (81.08) (10.81)
Phenytoin Sufentanil Midazolam Tramadol Furosemide
n/N 11/37 27/37 26/37 14/37 26/37
(%) (29.73) (72.97) (70.27) (37.84) (70.27)
Results (0.2439) I/kg, 0.0040 (0.0023) /h/kg, and 106.55

Thirty seven full term newborns were enrolled to
the study (22 males, 15 females); 24 patients were treated
under full body hypothermia, while normothermic
conditions were applied in 13 patients. Mean (SD)
gestational age in the study population was 39.32 (1.36)
weeks, body weight 3.24 (0.65) kg. PB loading dose
ranged from 5.04 to 34.29 mg/kg body weight and the
maintenance dose ranged between 1.07 and 20.31
mg/kg/day.

Totally 110 cPB points for pharmacokinetics
analysis were obtained (2-5 cPB points per patient). Mean
(SD) Vd, CL, and T1/2 values for PB were 0.4941

(59.07) h, respectively. There was high inter-individual
variability of all PK parameters in our study population
indicated by coefficient of variation of 49.35 %, 58.00 %,
and 55.44 % for Vd, CL, and T1/2, respectively.

Distribution of the use of co-administered
compounds in the study population is summarized in the
Table 1 and comparison of PB PK parameters in
subgroups with and without co-medication is shown in
the Table 2.

There were no significant dose-dependent drug-
drug interactions affecting PB pharmacokinetics between
the studied drugs and PB as indicated by linear regression
between PB PK parameters and cumulative doses of
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co-medication normalized per kg of body weight.
Similarly, linear regression between PB PK parameters
and VIS showed no significant relationship (Fig. 1). We
did not observe significant dose-independent interactions

between co-administered drugs and PB (Table 2). There
was significantly decreased CL among patients treated
with dopamine as compared with the patient subgroup
without dopamine treatment (P=0.0246).

Table 2. Medians (95 % CI) of phenobarbital pharmacokinetic parameters in subgroups with (Y) and without (N) co-medication.

vd (Vkg) CL (Uh/kg) T1/2 (h)
Al vationts 0.4837 0.0034 93.65
p (0.4065-0.5609) (0.0028-0.0040) (88.08-99.21)
0.4703 0.0034 93.02
tny vasoactive (inotropic) dru (0.3670-0.5736) (0.0028-0.0040) (73.88-112.17)
Y P J 0.4884 0.0043 93.65
(0.3423-0.6345) (0.0032-0.0055) (66.58-120.72)
0.4468 0.0033* 93.65
Dovamine (0.3447-0.5489) (0.0026-0.0040) (70.83-116.47)
P 0.5389 0.0044 93.02
(0.4138-0.6639) (0.0035-0.0052) (78.96-107.09)
0.4703 0.0034 93.02
Dobutamin (0.2660-0.5746) (0.0026-0.0042) (73.38-112.67)
amimne 0.4884 0.0043 93.65
(0.3759-0.6009) (0.0035-0.0052) (72.79-114.50)
0.4428 0.0052 62.78
Noreninenrine (0.1355-0.7501) (0.0028-0.0075) (-94.89-220.45)
pinep 0.4837 0.0034 93.65
(0.4109-0.5565) (0.0029-0.0039) (79.82-107.48)
0.4569 0.0034 128.33
I (0.2779-0.6359) (0.0020-0.0047) (97.04-159.63)
Y 0.4841 0.0035 92.40
(0.3614-0.6067) (0.0026-0.0044) (82.15-102.65)
0.4844 0.0034 93.65
Sufentanl (0.3802-0.5886) (0.0024-0.0043) (74.32-112.97)
0.4703 0.0039 93.02
(0.2984-0.6422) (0.0031-0.0048) (65.18-120.87)
0.4841 0.0034 93.02
Videsolam (0.3716-0.5965) (0.0025-0.0043) (87.96-98.09)
raazord 0.4569 0.0037 99.00
(0.2663-0.6475) (0.0026-0.0048) (64.55-133.45)
0.4841 0.0034 99.00
— (0.3314-0.6367) (0.0024-0.0043) (50.13-147.87)
0.4569 0.0037 92.40
(0.3567-0.5571) (0.0026-0.0048) (85.88-98.92)
0.4844 0.0034 92.40
F— (0.3547-0.6141) (0.0024-0.0044) (60.67-124.13)
0.4519 0.0035 93.65

(0.3137-0.5900)

(0.0024-0.0046)

(86.86-100.44)

* p<0.05 vs. group without co-administered drug.
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Fig. 1. A. Relationship between phenobarbital volume of distribution and vasoactive-inotropic score; B. Relationship between
phenobarbital clearance and vasoactive-inotropic score; C. Relationship between phenobarbital half-life and vasoactive-inotropic score;
D. Relationship between phenobarbital volume of distribution and furosemide cumulative dose; E. Relationship between phenobarbital
clearance and furosemide cumulative dose; F. Relationship between phenobarbital half-life and furosemide cumulative dose;
G. Relationship between phenobarbital volume of distribution and phenytoin cumulative dose; H. Relationship between phenobarbital
clearance and phenytoin cumulative dose; I. Relationship between phenobarbital half-life and phenytoin cumulative dose. CND is
cumulative dose of co-medication normalized per kg of body weight. VISayc is the area under the curve in a plot of vasoactive-inotropic

score against time. R? is coefficient of determination.

Discussion

This study was conducted to evaluate, if there

are any clinically relevant drug-drug interactions
affecting PB pharmacokinetics caused due to frequently
co-administered compounds in critically ill newborns
with HIE.

We focused on three theoretically possible
mechanistic pathways for these PK interactions, i.e.
blood flow after

medications, changes in body water content in numerous

alteration of renal vasoactive
compartments induced by diuretics, and also alterations
in elimination due to alterations of liver drug metabolism.

Since norepinephrine may induce decreased
renal blood flow, while low-dose dopamine counteract
this effect (Richer et al. 1996), there is a theoretical
concern that the vasoactive medication may alter PB
clearance due to the changes in renal blood flow.

Therefore we examined the effect of vasoactive drugs
(dopamine, dobutamine, and norepinephrine) that are
frequently used in this patient population. However, there
was no apparent interaction between vasoactive
medication and PB, although statistical analysis has
indicated dose-independent difference in CL of PB
between the subgroups with and without dopamine.
When we critically analyzed this finding and we also took
into account the limitations of our study, we came to
a conclusion that this is most likely an artifact. Firstly,
there was no clear trend in dose-dependency of the
possible dopamine-PB interaction. Secondly, neither the
other vasoactive compounds nor VIS affected PB
clearance. Further, the patient population is very specific
and difficult for conducting any clinical study in it, but
the sample size is rather limited as also indicated that
there were only 6 patients in the non-dopamine group.

While it was previously shown that furosemide
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significantly decreases total body water, extracellular
water, and interstitial water (O'Donovan and Bell 1989)
no possibly expected effect on PB volume of distribution
was seen in this study.

We also explored the possible effect of co-
medication with possible effects on PB metabolic
elimination via cytochrome P450 (phenytoin, sufentanil,
midazolam, and tramadol). Phenytoin could interact with
PB either as an inducer or an inhibitor of metabolism,
depending on the length of treatment with the
combination of both drugs as suggested previously
(Encinas et al. 1992). An increase in PB plasma levels
during the initial phase of concomitant treatment with
phenytoin due to competition on same metabolic
pathways (CYP2C9, CYP2C19) could be expected
(Patsalos et al. 2008). On the contrary, longer treatment
could result in subsequently decreased PB plasma levels
after phenytoin-induced synthesis of CYP enzymes via
activation of nuclear receptors (pregnane X receptor,
constitutive androstane receptor) (Brodie et al. 2013).
However, these interactions have not been observed in
our study, similarly as with the other co-administered
although the with
sufentanil, midazolam, and tramadol were less likely,

compounds, drug interactions
because these drugs are dominantly metabolized by other
enzymes than PB (CYP3A4, CYP2D6) and do not
represent strong enzyme inducers/inhibitors (Gorski et al.
1994, Tateishi et al. 1996, Subrahmanyam et al. 2001).
Overall, the lack of observed metabolic interactions may
be due to the short time of concomitant treatment in real
clinical settings and/or due to the fact that there are
multiple elimination pathways involved in PB
metabolism and elimination (namely renal excretion of
parent substance, metabolism via CYP2C9, CYP2C19,

CYP2EI and N-glucosidation), where alteration of one
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elimination pathway may be compensated by another
one.
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Abstract:

Background: Although measurement of drug serum levels is an objective direct method for
testing compliance, it can be distorted by “white-coat compliance” or by variations in drug

elimination.

Objective: The aim of this prospective study was to evaluate the prevalence of non-
compliance with perindopril therapy in adult out-patients using pharmacokinetic simulations.
The additional aim was to compare the predictive performance of two glomerular filtration

rate markers — creatinine and cystatin C.
Setting: Department of Cardiology, Tomas Bata Regional Hospital in Zlin, Czech Republic.

Method: Perindoprilat pharmacokinetic models individualized according to patient
characteristics were compared with measured perindoprilat serum concentrations to document
compliance. Linear regression was used to evaluate the relations between perindoprilat

clearance and glomerular filtration rate estimated using creatinine and cystatin C.

Main outcome measure: Assessment of non-compliance with medication using drug

concentration measurements reinforced with therapeutic drug monitoring.

Results: Non-detectable perindoprilat levels were observed in 26.1% of patients. Another
21.7% were classified as non-compliant based on therapeutic drug monitoring
pharmacokinetic simulations. Volume of distribution, clearance and half-life median value
(interquartile range) for perindoprilat were 408.3 (360.4-456.8) L, 10.1 (4.9-17.0) L.h"* and
24.7 (19.4-62.7) h, respectively. Linear regression models showed tight relationship between

cystatin C and perindoprilat clearance.

Conclusions: Assessment of adherence with medication reinforced with therapeutic drug
monitoring and pharmacokinetic simulations is proposed as an optimal method reducing
disadvantages of simple drug concentration measurements. Cystatin C proves to be better

surrogate marker for perindoprilat elimination than creatinine.



Impact of findings on practice statements

e Assessment of adherence with medication reinforced with TDM procedures is an optimal
method reducing disadvantages of simple drug concentration measurements.
e Cystatin C proves to be better surrogate marker for perindoprilat elimination than

creatinine.

Key words:

Perindopril, ACE inhibitors, compliance, creatinine, cystatin C, therapeutic drug monitoring

Introduction:

Hypertension remains one of the most significant causes of morbidity and mortality
worldwide. It is a major risk factor for heart failure, coronary artery disease, stroke and renal
insufficiency. Current hypertension management guidelines recommend angiotensin-
converting enzyme inhibitors as one of the first-line pharmacological treatments for reduction

of absolute cardiovascular risk in patients with hypertension [1].

Comprehensive meta-analysis documented a high proportion of patients (45.2%), who do not
adhere with antihypertensive treatment [2]. A possible explanation for the high frequency of

non-compliance may be because hypertension is asymptomatic until complications appear or
may be due to adverse effects of the drugs. In addition, there is an inverse relationship

between the complexity of a drug regimen and the adherence rate [3].

Assessment of non-compliance of individual patients in real practice may be complicated. No
method for testing compliance is considered the gold standard [4]. Patient diaries, self-reports
and questionnaires, pill counting, ascertaining rates of prescription refills, assessment of the
patient’s clinical response, measurement of physiologic markers or electronic medication
monitoring are indirect methods susceptible to distortion as they may be easily manipulated
by the patient or affected by other factors (e.g. lack of response). In comparison, measurement
of the serum drug concentrations represents an objective direct method. However, variations
in drug elimination and “white-coat compliance” can result in a false impression of

adherence. As therapeutic drug monitoring (TDM) is much more accurate for



individualization of a drug dose regimen [5], the pharmacokinetic (PK) interpretation of
antihypertensive drug serum concentrations may reduce the limitations of simple serum drug

concentration measurements.

Aim of the study:

This study aimed firstly to evaluate the prevalence of non-compliance with perindopril
therapy in adult out-patients, and secondly to compare the predictive performance of two
glomerular filtration rate (GFR) markers — creatinine and cystatin C — for perindoprilat

clearance estimation.

Ethics approval:

The study has been approved by the Ethics Committee of the Tomas Bata Regional Hospital
in Zlin. The patients gave written informed consent. Our study follows the principles of the

Declaration of Helsinki.

Method:
Study design:

This was a prospective clinical study that enrolled adult outpatients (age > 18 years) treated
with perindopril continuously for at least 7 days, who were admitted to the Department of
Cardiology, Tomas Bata Regional Hospital in Zlin, Czech Republic from 1.11.2015 to
30.11.2015.

Data collection:

Gender, age, height, body weight, blood pressure, creatinine and cystatin C serum
concentrations, perindopril dose and administration times, and drug anamnesis were recorded
for each patient. Patients” GFRS were estimated according to the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formulae based on creatinine, cystatin C, and both
creatinine and cystatin C [6]. In addition, formula by Hoek (based on cystatin C) was also

used [7]. Blood samples for perindoprilat concentrations monitoring were collected from the



brachial vein in the morning prior to perindopril administration. Measurement of serum
perindoprilat concentrations were performed at the Laboratory of Toxicology, Institute of
Forensic Medicine and Toxicology, First Faculty of Medicine, Charles University and
General University Hospital in Prague using a validated LC-MS/MS method. The
chromatographic separation was performed on a 1200 series LC (Agilent, Waldbronn,
Germany), consisting of a degrasser, binary pump, autosampler and thermostated column
compartment. The mass spectrometry analysis was performed using a 3200 Q-trap triple
quadrupole/linear ion trap mass spectrometer with TurbolonSpray source (MDS Sciex,
Ontario, Canada). Detection limit of the analytical method was 0.25 ng.mL, while its

quantification limit was 1 ng.mL™.

Medical histories were obtained during personal interview by trained pharmacists or
pharmacy students that were held in parallel with regular physicians” medical anamnesis.
Patients completed a questionnaire on their medication adherence prior to hospitalization.
Questionnaire results were compared with measured perindoprilat levels. Patients were
classified into three categories according to their perindoprilat level. Patients who had
undetectable perindoprilat serum concentrations were deemed completely non-compliant.
Patients whose measured perindoprilat concentrations reached < 25% of simulated population
PK model were classified as partially non-compliant, while patients with measured

concentrations > 25% of simulated population PK model were considered compliant.
Pharmacokinetics analysis:

PK analysis was performed at the Department of Pharmacology, First Faculty of Medicine,
Charles University and General University Hospital in Prague. Individual perindoprilat PK
parameters —clearance (CL) and half-life (T1/2) were calculated using one-compartmental PK
model with first-order elimination kinetics based on individual demographic, clinical data and
observed perindoprilat serum levels using MWPharm** software (MediWare, Prague, Czech
Republic). The population PK model used “a priory” was designed as VVd = 6.88 L per kg of
lean body weight, and renal CL = CKD-EPI creatinine clearance. The perindoprilat CL was “a
posteriori” individualized to maximize fitting of the simulated PK profile curve with recorded

drug concentration point in each patient.

Statistical analysis



Descriptive parameters medians and interquartile range (IQR) were calculated using MS
Excel 2010 (Microsoft Corporation, Redmond, USA).

Mann-Whitney U test was used to compare patients” blood pressures between patient groups
using GraphPad Prism 3.02 (GraphPad Software, Inc., La Jolla, USA).

Fisher’s exact test and odds ratio were used to determine gender differences in compliance
using GraphPad Prism 3.02 (GraphPad Software, Inc., La Jolla, USA).

Linear regression models were used to evaluate the relationships between perindoprilat CL
and GFRs calculated according to particular formulas, and to evaluate the relationships
between perindoprilat CL and creatinine/cystatin C serum levels using GraphPad Prism 3.02
(GraphPad Software, Inc., La Jolla, USA).

Results:

Twenty-three patients (18 males, 5 females) met the enrollment criteria of this study.
Demographics and clinical characteristics of patients are summarized in Table 1. Two patients
were taking 2.5 mg of perindopril per day, 15 patients were taking 5 mg per day, and 6
patients were taking 10 mg per day. One perindoprilat serum concentration was measured in
each patient. Median number (range) of used antihypertensive drugs was 3 (1-5) in the whole
study population. Monotherapy was used in 17.4% of patients, additional agents were
diuretic(s) (69.6%), beta-blockers (34.8%), calcium channel blockers (26.1%) and rilmenidine
(4.3%).

Only three patients acknowledged failures in the use of perindopril in their questionnaires.
One of them was completely non-compliant, while two were classified as compliant based on

measured perindoprilat levels.

Six patients (26.1%) were completely non-compliant, five subjects (21.7%) were partially
non-compliant and twelve patients (52.2%) were compliant with perindopril therapy based on
this study. Females were significantly more compliant than males (Table 2) (P=0.0373).

Median seated single measurements of systolic/diastolic blood pressure did not significantly
differ among compliant, partially non-compliant, and completely non-compliant groups. The
respective median values were 135/80, 140/80, and 145/80 mm Hg.



PK analysis was performed only in the group of compliant patients and its results are

summarized in Table 3.

Linear regression models showed that both creatinine and cystatin C-based GFR estimations
(eGFR) are significantly related with perindoprilat CL, but estimations based on cystatin C

have much better predictive performance (Figure 1).

Discussion:

In currently conducted adherence-focused studies, patients with any detectable drug serum
levels are usually considered as compliant [8, 9], but this approach may cause falsely high
adherence rate due to patients taking drug irregularly or intentionally taking single dose prior
to scheduled follow up visits. Therefore this problem may be eliminated by comparison of the
measured perindoprilat concentrations with expected value obtained from PK simulation
based on population PK characteristics, individual patient demographics, clinical status and
recommended dosage regimen. This procedure is still based on a single blood sample, so the
burden for the patient does not increase and the PK simulations are available at any clinical

pharmacology units.

The patients were classified as partially non-compliant if the measured perindoprilat value
was below 25% of the simulated population PK model. This cutoff value was chosen for two
reasons. Firstly, the measured level lower than 25% of the population PK model cannot be
explained by the common range of the PK variability. Secondly, this value approximately
corresponds to the concentration after one dose intake based on the population model, in the
case of white coat drug users. All patients in partially non-compliant group declared drug
intake at fasted state. Therefore, the food effect resulting in a reduced bioavailability is

unlikely to explain the low perindoprilat levels in these patients.

The lower rate of completely non-compliant patients in our study (26.1%), as opposed to the
previously reported ones [2], could be explained by a higher proportion of patients with
complicated hypertension, in whom better adherence can be expected.

Although there were non-significant differences in median blood pressures between groups,

we observed increase in systolic pressure in the order of compliant < partially non-compliant



< completely non-compliant patients. However, this exploratory study has not been powered

for blood pressure comparisons.

Since perindoprilat is mainly excreted into the urine and its serum levels are in strong inverse
relationship with the degree of renal function [10], proper eGFR is expected to be of crucial
importance for proper prediction of perindoprilat CL. Creatinine and cystatin C are markers
frequently used as clinical surrogates for eGFR. The combined creatinine-cystatin C CKD-
EPI equation is currently considered as the best method for eGFR [6, 11]. Serum creatinine
has become the most commonly used marker to assess kidney function in routine clinical
practice. However, cystatin C as an earlier marker of mild renal damage may be more
sensitive, since it is also independent of muscle mass, age, or sex, or active renal
secretion/resorption [12]. Most studies demonstrated that cystatin C better correlated with
drug CL/concentration compared with creatinine [13].

Accordingly, cystatin C showed the superior predictive accuracy for perindoprilat CL
estimation (Figure 1) in our study. It should be noted, that differences in predictive
performance of combined CKD-EPI, cystatin C CKD-EPI and Hoek equations were
negligible. This finding indicates that simple Hoek formula could be used as adequate
alternative of sophisticated CKD-EPI. However, it must be acknowledged that relatively low
patient type variability and small sample size deserves awareness when extrapolating the

results into general population.

Conclusion:

Innovative approach to medical adherence assessment based on TDM and PK simulations is
proposed as an optimal method reducing disadvantages of simple drug concentration
measurements. Further, cystatin C proves to be a better surrogate marker for perindoprilat

elimination than creatinine.
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Table 1 Demographic and clinical data

(n=23) Median IQR Min Max
Age (years) 69 65-75 54 92
Weight (kg) 88 80-97 51 130
Height (cm) 169 162-172 153 187
Serum creatinine (umol.L™?) 98 86-114 67 205
Serum cystatin C (mg.L™) 1.21 1.11-1.68 0.91 2.88
eGFR CKD-EPlcreat (ML.S™) 1.2 0.9-1.5 0.5 1.9
eGFR CKD-EPlcreatscystc (ML.s™) | 0.8 0.5-1.4 0.4 1.6
eGFR CKD-EPlgysic (mL.s™) 0.7 0.5-1.2 0.3 1.6
eGFR Hoekeysic (ML.s™) 1.1 0.7-1.4 0.4 1.6

Legend: eGFR is glomerular filtration rate estimation




Table 2 Medical compliance stratified by gender

Compliant Non-compliant Total
Males 7 11 18
Females 5 0 5
Total 12 11 23
Two-sided P-value | 0.0373

Odds ratio (95% ClI)

0.0593 (0.0028-1.2380)




Table 3 Perindoprilat individualized pharmacokinetic data

(n=12) Median IQR Min Max
CL (L.nY 10.1 4.9-17.0 1.9 22.0
T1/2 (h) 24.7 19.4-62.7 14.7 170.0




Fig 1 Relationships of perindoprilat clearance (CL) with creatinine/cystatin C serum

concentrations (A-B) and with glomerular filtration rate estimations (eGFR) based on
creatinine/cystatin C (C-F)
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