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Introduccion

En los dltimos afios se han publicado diversos estudios que demuestran la influencia de la
hipoalbuminemia en la morbi-mortalidad y duracion de la estancia hospitalaria (1-5). Al ingreso
la hipoalbuminemia puede estar presente hasta en un 30% de los pacientes, siendo considerado
este pardmetro por algunos investigadores como factor pronéstico de mortalidad a los 30 dias
tras el ingreso por proceso agudo (1,6). Aun considerando las comorbilidades existentes, la tasa
de mortalidad en pacientes con hipoalbuminemia triplica su valor respecto a aquellos que
presentan valores normales de esta proteina plasmatica (1). Entre las multiples complicaciones
asociadas, cobra especial relevancia la disminucién de la eficacia de distintos tratamientos
debido a la modificacién que la hipoalbuminemia puede provocar en las concentraciones de los
farmacos en los distintos compartimentos del organismo. Por todos los aspectos anteriormente
expuestos, la hipoalbuminemia, junto con otras variables fisiopatoldgicas, es un importante
parametro a considerar en la individualizaciéon posoldgica a fin de optimizar los tratamientos y
alcanzar la maxima eficacia con el menor riesgo de toxicidad.

La aparicion y propagacion de infecciones causadas por bacterias multirresistentes o virus de
nueva aparicion (ej. SARS-CoV-2) constituye una de las amenazas actuales mas graves para la
salud publica, a la vez que uno de los retos mas importantes de la medicina moderna a nivel
mundial. El uso inapropiado e indiscriminado de tratamientos antibidticos contribuye de forma
significativa a este fendémeno de gran impacto clinico, microbioldgico y epidemiolégico (7). De
hecho, alrededor de 33.000 personas mueren cada afio en Europa como consecuencia de
infecciones hospitalarias debidas a bacterias resistentes, mientras que en Espafia la cifra alcanza
las 3.000 muertes anuales (7).

La seleccion de la estrategia farmacoterapéutica mas adecuada a cada situacion clinica particular
a menudo se fundamenta en la experiencia clinica previa, las guias de tratamiento disponibles y
la evolucién clinica del paciente (8). La medicina personalizada, o medicina de precision,
constituye una estrategia ampliamente desarrollada en los Gltimos afios y representa la
adaptacion del tratamiento farmacoterapéutico a las caracteristicas individuales de cada
paciente. En este contexto, la monitorizacion terapéutica de farmacos (TDM, Therapeutic Drug
Monitoring), entendida como la determinaciéon de la concentracién de farmacos en fluidos
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Introduccion

bioldgicos, junto con una adecuada interpretacién de los mismos, constituye una herramienta
primordial para la optimizacion de algunos tratamientos farmacolégicos. El objetivo principal
de la TDM consiste en mantener las concentraciones de farmaco dentro del margen terapéutico
definido, aumentando la probabilidad de conseguir la méaxima eficacia y seguridad del
tratamiento. La TDM cobra especial interés en aquellos farmacos con estrecho margen
terapéutico, elevada variabilidad inter e intra-individual, efecto farmacol6gico dificil de medir y
buena correlacién entre el efecto farmacolégico y las concentraciones medidas (9). En el caso
concreto de los aminoglucdsidos, esta practica ha demostrado ser coste-efectiva al proporcionar
una reduccion significativa en los efectos adversos y mortalidad (10).

Los modelos farmacocinéticos (PK) poblacionales permiten caracterizar la cinética de los
farmacos en la poblacion diana, mediante la estimacion de parametros PK medios asi como de
la cuantificacion de la variabilidad de los mismos. Con herramientas de simulacion basadas en
modelos farmacocinéticos y farmacodinamicos (PKPD) previamente desarrollados en la
poblacion de interés, es posible realizar una estimacion cuantitativa de la respuesta al
tratamiento farmacoldgico e identificar los distintos factores (demograficos, fisiopatoldgicos,
genéticos, ambientales, etc.) que potencialmente pueden influir en la variabilidad PK observada
en vida real (8).

Los aminoglucosidos constituyen un grupo de antibiéticos ampliamente utilizados desde hace
varias décadas, siendo ain en la actualidad agentes de primera linea de tratamiento en una gran
variedad de infecciones. El éxito continuado de estos antibidticos se atribuye a diversos
factores, entre los que se encuentran su actividad bactericida, sinergismo con betalactamicos,
gran eficacia clinica, baja tasa de resistencias y reducido coste.

Amicacina, derivado semisintético de kanamicina, es uno de los antibi6ticos aminoglucoésidos
mas eficaces, ampliamente utilizado para el tratamiento de infecciones graves producidas por
bacterias gram negativas, siendo un importante componente de la terapia empirica cuando adn
no se conoce el microorganismo responsable de la infeccion. Su mecanismo de accion se basa
en la union a la subunidad 30S del ribosoma bacteriano, produciendo un complejo de iniciacion
70S de caracter no funcional e interfiriendo en la sintesis proteica (11).
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Introduccion

La mayoria de los antibidticos inhibidores de la sintesis de proteinas poseen actividad
bacteriostatica. Sin embargo, tanto los aminoglucosidos en general como la amicacina en
particular se comportan como bactericidas (12). Este antibi6tico posee actividad bactericida
frente a distintas especies de bacilos gram negativos: Pseudomonas, Escherichia Coli, Proteus,
Providencia, Klebsiella, Enterobacter, Acinetobacter o Citrobacter freundii. Ademas, la
asociacion de este aminoglucosido con antibidticos que actlan sobre la pared bacteriana (gj.
betalactdmicos 0 glucopéptidos) origina una accion sinérgica frente a diversos
microorganismos, permitiendo su uso combinado en el tratamiento de algunas infecciones
producidas por especies de cocos gram positivos tales como estafilococos productores y no
productores de penicilinasa, incluyendo cepas meticilin-resistentes como Staphylococcus
aureus, entre otros (11,13). Por otro lado, el uso de amicacina en monoterapia ha sido propuesto
como una alternativa eficaz en aquellas infecciones sistémicas que tienen su origen en el tracto

urinario (14).

Eficacia y toxicidad de amicacina
Desde un punto de vista farmacodinamico, los antibiéticos se clasifican en tres grupos
atendiendo a su patron de actividad (15):

1. Actividad concentracion-dependiente y efecto post-antibiético (EPA) prolongado. En
este grupo se encuentran los aminoglucésidos, fluoroquinolonas, metronidazol y
daptomicina. Los indices PKPD relacionados con la eficacia del tratamiento en este
grupo de antibidticos son dos: la relacion Cmax/CMI (concentracion maxima /
concentraciéon minima inhibitoria) y la relacion ABC/CMI (area bajo la curva de
concentraciones-tiempo / CMI).

2. Actividad tiempo-dependiente y ligero EPA. Grupo en el que estan incluidos los
antibioticos betalactdmicos, cuyo pardmetro PKPD representativo es el tiempo que la

concentracion del antibidtico se mantiene superior a la CMI (%T>CMI).
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3. Actividad tiempo-dependiente y EPA prolongado. Se incluyen en este grupo los
antibioticos glucopéptidos (vancomicina y teicoplanina), linezolid o tigeciclina, cuyo
indice PKPD caracteristico es la relacion ABC/CMI.

El EPA representa la capacidad del antibiético para inhibir el crecimiento bacteriano una vez
que las concentraciones del farmaco descienden por debajo de la CMI del microorganismo. En
el caso de amicacina, el EPA tiene una duracién variable comprendida entre 2 y 8 horas. Entre
los multiples mecanismos relacionados con el EPA, la inhibicion de la expulsion del farmaco
fuera de la célula, el incremento de la susceptibilidad de las bacterias a la accion de células del
sistema inmune y en concreto, el tiempo necesario para la regeneracion de los acidos nucleicos
y la sintesis de proteinas, son algunos de los relacionados con amicacina (16-21). Depende de
diversos factores, entre los que se encuentran el agente causal de la infeccion, la potencia
antibacteriana, las concentraciones del antibiético o los mecanismos de defensa del paciente. La
duracion del EPA de los aminoglucésidos se encuentra intimamente relacionada con la
concentracion maxima alcanzada (22,23).

En el afio 1987 se establecid la importancia de la relacion Cmax/CMI como indice PKPD
relacionado con la eficacia del tratamiento con aminoglucésidos (24). Otro indice, introducido
con posterioridad en la practica clinica, es la relacion ABC/CMI. Los indices Cmax/CMI y
ABC/CMI estan correlacionados, reflejando ambos la actividad bactericida concentracion-
dependiente (25-28). Mas recientemente, se ha relacionado con la eficacia de los
aminoglucésidos el parametro %T>CMI, asociado a su vez con la actividad de los antibi6ticos
tiempo-dependientes (25).

La relacion Cmax/CMI convencionalmente asociada con la mejor respuesta clinica de
amicacina esta comprendida como minimo entre 8 y 10 (29,30). Por otro lado, el objetivo
terapéutico habitual de la relacion ABC/CMI es > 75 (26,28,31-34). No obstante, los objetivos
para estos dos parametros PKPD estan en cierta medida relacionados con el patégeno a tratar y
el esquema de antibioterapia a utilizar, por lo que sera necesario valorar también la evolucién
clinica del paciente y/o la posibilidad de cambio de alternativa terapéutica en el caso de
requerirse Cmax potencialmente toxicas para alcanzar los valores indicados. El European
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Committee on Antimicrobial Susceptibility Testing (EUCAST), en su Ultima actualizacion
(enero de 2020), mantiene en 8 mg/L el valor maximo de CMI para las bacterias sensibles a
amicacina (Enterobacteriaceas, Acinetobacter spp y Staphylococcus spp) (35). Sin embargo,
este valor asciende a 16 mg/L para Pseudomonas spp. (35). Con estos puntos de corte para la
CMLI, valores de Cmax > 64 mg/L y ABC > 600 mg-h/L deberian ser el objetivo terapeutico
para las bacterias mas sensibles, mientras que para el éxito del tratamiento de infecciones
producidas por Pseudomonas deberian alcanzarse concentraciones de amicacina muy
superiores, potencialmente toxicas.

Aunque esté establecido que la 6ptima relacion ABC/CMI debe tener un valor minimo de 75, en
el tratamiento de pacientes inmunocompetentes o en terapia combinada con otros antibioticos el
objetivo podria ser proximo a 50 mg/L. Sin embargo, en monoterapia o en el tratamiento de
infecciones graves en el paciente critico, puede ser necesario alcanzar un valor de ABC/CMI
proximo a 100 para alcanzar una respuesta terapéutica adecuada (28). Finalmente, es necesario
resaltar que una relacion Cmax/CMI adecuada no garantiza la eficacia del tratamiento con
aminoglucésidos si la concentracién del antibi6tico no se mantiene superior a la CMI durante al
menos el 60% del intervalo posoldgico (25,36,37).

Los efectos toxicos de los aminoglucosidos constituyen la principal limitacion de su utilizacién
clinica, siendo la nefrotoxicidad y ototoxicidad las manifestaciones mas frecuentes, seguidas de
toxicidad neuromuscular. Por otra parte, no se ha podido demostrar la existencia de diferencias
significativas en el grado de toxicidad de los tres aminoglucésidos mas utilizados (gentamicina,
tobramicina y amicacina). Determinados factores modifican el riesgo de toxicidad, tales como
las enfermedades preexistentes, gravedad de la infeccién a tratar, la medicacién concomitante o
la predisposicion genética (38). Ademas, estd demostrado que la duracion prolongada del
tratamiento constituye un factor independiente del riesgo de toxicidad de estos antibi6ticos (39).
Mientras que en determinados pacientes el efecto farmacoldgico puede manifestarse incluso a
bajas concentraciones, los efectos toxicos pueden aparecer con concentraciones dentro del
margen terapéutico (9). Para amicacina se ha establecido una clara relacion entre
concentraciones minimas (Cmin) elevadas (> 4 mg/L) y la aparicion de nefrotoxicidad y pérdida
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de células ciliadas y cocleares, con la consecuente pérdida de audicion y equilibrio (23). Se
estima que en torno a un 25% de los pacientes que reciben tratamiento con aminoglucésidos
desarrollan toxicidad a nivel renal, caracterizada por su reversibilidad a lo largo del tiempo
(23,39). Esta toxicidad ha sido tradicionalmente asociada al dafio tubular renal y esta
relacionada tanto con una reduccién del filtrado glomerular como con una reduccién del flujo
sanguineo renal (39). Con menor frecuencia, alrededor del 20% de los pacientes que reciben
tratamiento intravenoso con amicacina durante varios dias desarrollan toxicidad a nivel coclear

y vestibular, habitualmente de caracter irreversible (23,40).

Farmacocinética de amicacina

Amicacina se administra por via intramuscular y mediante perfusion intravenosa intermitente, si
bien es cierto que en ocasiones es utilizada a nivel topico local (11,13). Aunque no tan
extendida en la practica clinica habitual como las vias de administracién anteriormente
mencionadas, existe también la posibilidad de administrar amicacina nebulizada o en forma de
aerosol por via inhalatoria para el tratamiento de infecciones de las vias respiratorias inferiores
(41-45). La absorcion tras la administracion intramuscular es completa, alcanzdndose la Cmax
en sangre 30-90 minutos tras la administracién, mientras que por via intravenosa esta
concentracion se alcanza al finalizar la perfusion de amicacina. En la administracion via
intravenosa se recomiendan infusiones de 15-30 minutos de duracién y 30-60 minutos en el
caso de administrar dosis elevadas (11).

La estructura quimica, basada en un aminoazlcar unido mediante un enlace glucosidico al
aminociclitol 2-desoxiestreptamina, confiere a amicacina un caracter basico, catiénico y polar.
Estas propiedades son el fundamento de su elevada solubilidad en agua y distribucion en el
espacio extravascular (favorecida en ambientes basicos) y relativa insolubilidad en lipidos y, por
tanto, un transporte minimo a través de las membranas bioldgicas (11).

El volumen de distribucién de amicacina esta comprendido entre 0,2 y 0,4 L/kg, limitandose, al
igual que en otros antibidticos hidrosolubles, al espacio extravascular (11,46). En varios
estudios se ha demostrado un incremento del volumen de distribucion de amicacina en pacientes
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con hipoalbuminemia, sepsis, shock séptico, embarazo, neumonia nosocomial grave, patologias
hematoldgicas o pacientes quemados (11,31,47-51). Diferentes situaciones clinicas han sido
asociadas con cambios en el volumen de distribucion: alteraciones cardiovasculares con
aparicion de terceros espacios (administracion de fluidos para contrarrestar la hipotensién con el
consiguiente aumento del volumen intersticial), hipoalbuminemia (asociada a una disminucion
de la presion oncotica y extravasacion capilar), caquexia (incremento en la relacion agua
corporal / peso), malnutricién o ascitis (49,52). En todas estas situaciones puede encontrarse
incrementado el volumen de distribucion de amicacina, con la consiguiente reduccion de la
Cmax alcanzada y, por tanto, posible reduccion de la eficacia del tratamiento. Por otra parte, el
envejecimiento esta asociado con cambios fisiolégicos como la reduccion del filtrado
glomerular y cambios en el porcentaje de agua y grasa corporal, pudiendo modificar el volumen
de distribucién y comportamiento PK de amicacina (48).

La eliminacion de amicacina se realiza esencialmente mediante filtracion glomerular sin
metabolismo previo alguno. Una vez filtrada, un pequefio porcentaje de amicacina es
reabsorbido por las células de los tibulos proximales, mecanismo responsable, en parte, de la
toxicidad producida a dicho nivel (39,53). Asi, en pacientes con alteraciones de la funcidn renal
o0 presion de filtracién glomerular disminuida existe una disminucién del aclaramiento renal, un
mayor riesgo de acumulacion del farmaco e incremento de la semivida, cuyo valor habitual esta
comprendido entre 2 y 3 horas (11). La eliminacion renal juega un papel fundamental en la PK
de los farmacos hidrosolubles como amicacina, pudiendo verse afectada por factores
fisioldgicos y/o patologicos como la edad y el sexo, insuficiencia renal, infeccion por el virus de
la inmunodeficiencia humana (VIH), artritis reumatoide, coadministracion de catecolaminas (gj.
dopamina, adrenalina, noradrenalina) u otros farmacos vasoactivos o nefrotdxicos (ej.
anfotericina) (25,31,47,52,54-64).

La seleccion del modelo PK que describa més adecuadamente la evolucion del farmaco en el
organismo debe basarse en las caracteristicas cinéticas inherentes al mismo, asi como en la
informacion experimental y clinica disponible (65). La cinética de amicacina ha sido
caracterizada por modelos bicompartimentales, pero el escaso niUmero de muestras obtenidas
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por paciente en la préctica clinica habitual supone una limitacion para su aplicacién rutinaria
(48). Este hecho, junto con una muy reducida fase de distribucion y unos resultados similares en
cuanto a estimacion de parametros PK, justifica que el modelo PK utilizado habitualmente para
la individualizacion posologica de amicacina administrada mediante perfusion intravenosa sea
el monocompartimental (49). En este modelo, los célculos que permiten determinar los
parametros que describen el perfil cinético de amicacina son relativamente sencillos, con la
ventaja de necesitar un reducido nimero de muestras del paciente. Ademas, se considera al
organismo como un sistema homogéneo, de manera que la evolucion temporal de las
concentraciones sericas representa adecuadamente la evolucién en cualquier punto del mismo
(65).

De forma similar al resto de antibiéticos aminoglucésidos, amicacina se caracteriza por una
elevada variabilidad intra e interindividual en sus pardmetros PK debido a multiples factores
fisiopatoldgicos o clinicos (peso, edad, estado de la funcion renal, diagndstico, comorbilidades,
etc.) (66,67). Teniendo en cuenta estos factores, se han definido distintas poblaciones de
pacientes que presentan pardmetros PK similares de amicacina como el paciente critico,
hematoldgico o quemado (25,31,47-52,54-61,68-70). Las tablas 1 y 2 recogen distintos
modelos cinéticos de amicacina, tanto monocompartimentales como bicompartimentales,
desarrollados en diversas poblaciones entre las que destacan los pacientes criticos y aquellos

con sepsis.
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Introduccion

Dosificacion de amicacina

La dosis de amicacina aprobada por la Agencia Espafiola de Medicamentos y Productos
Sanitarios (AEMPS) para administracién intravenosa, en adultos y nifios mayores de 12 afios, es
de 15 mg/kg/dia (13). Sin embargo, los distintos factores que pueden modificar las propiedades
PKPD de este antibidtico aconsejan la utilizacion de dosis individualizadas en funcion de las
caracteristicas del paciente.

El régimen convencional para la dosificacion de amicacina consiste en dividir la dosis total
diaria en 2-3 dosis equivalentes entre si y administrarlas a intervalos de tiempo regulares (13).
Para bacterias con una CMI relativamente baja el objetivo terapéutico para la relacion
Cmax/CMI se alcanza facilmente mediante la administracion de dosis estandarizadas de
amicacina en regimenes de dosificacion convencionales. Sin embargo, en infecciones causadas
por bacterias altamente resistentes serd necesario recurrir a diferentes estrategias de
dosificacion. Desde los afios 1990, se ha extendido en la practica clinica la administracion de
amicacina con régimen de dosis Unica diaria 0 ampliacion de intervalo, pareciendo ofrecer
mejores resultados clinicos y microbioldgicos sin una mayor incidencia de toxicidad asociada
(71,72). Esta modalidad consiste en administrar la dosis diaria total en una Unica dosis o incluso
mas espaciada (cada 36 0 48 h) (13). Apoyandose en el marcado EPA de amicacina frente a
bacterias gram negativas, esta estrategia permite alcanzar una mayor eficacia como resultado del
aumento de la Cmax. Asi mismo, persigue una reduccion de la toxicidad mediante la
disminucién de la Cmin, ya que el antibidtico se elimina antes de la administracion de la
siguiente dosis y se reduce su acumulacion. La eleccion del régimen de administracion méas
adecuado dependeréa de los multiples factores modificadores de la PK de amicacina que presente
el paciente.

La concentracion diana terapéutica del tratamiento se ve modificada en funcion de la estrategia
de dosificacion elegida. Asi, en regimenes de dosificacion convencional la Cmax propuesta para
conseguir la eficacia terapéutica esta comprendida entre 20 y 30 mg/L, mientras que en

regimenes de ampliacion de intervalo esta concentracion se encuentra entre 45 y 60 mg/L (25).

14



Introduccion

Ademas de maximizar la eficacia, el objetivo terapéutico de los tratamientos con amicacina
también incluye la minimizacion de su toxicidad. Aunque no se ha podido establecer una
relacién directa entre las concentraciones de amicacina y la aparicion de efectos adversos, la
Cmin debe ser siempre inferior a 4 mg/L con el fin de disminuir la probabilidad de aparicion de
éstos (25,66). En el régimen de dosificacion con ampliacion del intervalo, la concentracion antes
de administrar la siguiente dosis, esto es la Cmin, casi siempre es indetectable, minimizandose
tedricamente la toxicidad.

La influencia de factores que pueden modificar la PK de amicacina, como el peso corporal, la
albimina, la funcion renal, la edad, el tratamiento concomitante con otros farmacos o
nutricional parenteral, entre otros, ha sido estudiada con el objetivo de optimizar los regimenes
de dosificacion de amicacina (25,31,47,52,54-58,60,61,64,68). ElI empleo de dosis
estandarizadas de antibidticos para el tratamiento de infecciones bacterianas constituye una
practica habitual. La recomendacion de administrar 15-20 mg/kg/dia de amicacina en una Unica
dosis diaria ha sido mayoritariamente aceptada, ajustandose la dosis Unicamente a la funcién
renal o la edad del paciente. Sin embargo, algunas de las Gltimas recomendaciones de
dosificacion de antimicrobianos recogidas por el EUCAST o la guia de dosificacion del
Queensland Health System han postulado la necesidad de administrar dosis de amicacina
elevadas, hasta 30 mg/kg/dia, para conseguir un tratamiento efectivo (35,73).

Las distintas guias y recomendaciones de dosificacion establecen la dosis de amicacina segun el
peso corporal total, peso corporal ideal o peso corporal ajustado del paciente en funcién de si el
paciente presenta obesidad o no, sin tener en cuenta cada uno de los rangos incluidos en la
clasificacion del indice de masa corporal (IMC). Atendiendo a este Gltimo parametro, podrian
existir diferencias significativas de dosificacion tanto en el paciente no obeso como en el obeso,
que se harian mas notables en los valores extremos de la clasificacion, es decir, en pacientes de
bajo peso (IMC < 18,5 kg/m?) y en pacientes con obesidad grado 3 (IMC > 40 kg/m?).

Un factor presente en las guias de dosificacion de amicacina es la funcién renal del paciente. El
argumento en este caso se basa no tanto en la clasificacion de los distintos rangos de funcién
renal, casi unanime en las distintas guias, sino en el método utilizado para su valoracion, dando
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lugar a diferencias que podrian resultar significativas para la eleccion de la dosis a administrar
(35,73-76). En la préctica clinica, el filtrado glomerular estimado a partir de la creatinina sérica
del paciente es el parametro mas comunmente empleado para valorar la funcion renal. Es,
ademas, el mas frecuentemente utilizado en el ajuste posolégico de farmacos eliminados
principalmente por el rifién, como amicacina (77). Desde su introduccidn en clinica, la formula
de Cockcroft-Gault con peso corporal total ha sido el estandar de referencia para el célculo del
aclaramiento de creatinina. Méas recientemente se han desarrollado multiples ecuaciones, siendo
las mas comunes: Modification of Diet in Renal Disease (MDRD-4), Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI), revised Lund-Malmé (rLM), Berlin Initiative Study
(BIS) o Full Age Spectrum (FAS) (78-81). Sin embargo, es bien conocido el hecho de que estas
ecuaciones que emplean la creatinina para estimar el filtrado glomerular pueden dar lugar a
resultados discordantes (82). Es preciso destacar que no todas las ecuaciones se basan en los
mismos parametros para estimar la funcion renal ni fueron validadas en grupos de poblacién
equivalentes de edad y/o funcion renal (79-81,83-86). A pesar de que en los ultimos afios se
han publicado distintos estudios comparativos de las ecuaciones de filtrado glomerular descritas
en la literatura, no existe consenso en la actualidad sobre la ecuacién mas representativa de la
funcidn renal, proponiéndose en la mayoria de los casos Cockcroft-Gault como la ecuacion que
proporciona mejores resultados en pacientes ancianos y con insuficiencia renal (62,67,87-93).
Otras variables como la albimina, con efecto regulador del volumen de distribucién, el
tratamiento concomitante con otros farmacos y la administracion de soporte nutricional, no son
tenidos en cuenta a la hora de realizar las recomendaciones de dosificacion, lo cual tiene un
efecto potencial sobre la eficacia y/o toxicidad del tratamiento con amicacina.

La estrategia terapéutica Optima para amicacina debe incluir la dosificacion inicial méas
adecuada a las caracteristicas del paciente. Sin embargo, la existencia de recomendaciones
discordantes para la dosificacion estdndar de amicacina genera incertidumbre en la prescripcion.
Por otra parte, es necesario identificar aquellos factores y situaciones clinicas que requieran una
dosificacion adaptada. El peso de dosificacion a utilizar (peso corporal total, peso ideal o peso
ajustado), la ecuacion més adecuada para valorar la funcion renal del paciente, asi como los
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factores que modifican la cinética de amicacina y puedan condicionar su dosificacidn, necesitan

ser esclarecidos a fin de proponer guias seguras para la dosificacion inicial de amicacina.
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II. OBJETIVOS







Objetivos

Evaluar, mediante metodologia farmaco-estadistica, la capacidad predictiva de las
principales ecuaciones de estimacion de la funcion renal para describir la eliminacion renal
de amicacina en la practica clinica habitual.

Caracterizar la farmacocinética de amicacina en pacientes con hipoalbuminemia mediante
una aproximacién poblacional y evaluar la capacidad descriptiva y predictiva del modelo
poblacional desarrollado.

Desarrollar una aplicacion interactiva, basada en el modelo farmacocinético poblacional
propuesto, para la optimizacion de los regimenes de dosificacion inicial de amicacina.
Evaluar comparativamente la eficacia y seguridad de las recomendaciones internacionales
de dosificacion de amicacina.

Desarrollar una aplicacion interactiva para la construccién de nomogramas de dosificacion
de amicacina.

Evaluar el impacto de factores intrinsecos en la eficacia y seguridad de los regimenes de

dosificacion de amicacina.
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Trabajo experimental

RESUMEN

Objetivo: Evaluar la capacidad predictiva de ocho ecuaciones de estimacién de la funcion renal
para describir la eliminacion de amicacina en una poblacion estandar con un amplio rango de

edad.

Meétodos: Estudio retrospectivo realizado con pacientes adultos hospitalizados en tratamiento
con amicacina y monitorizados en el laboratorio de farmacocinética del Servicio de Farmacia.
La funcion renal fue calculada mediante las ecuaciones de Cockcroft-Gault (peso corporal total,
ajustado e ideal), MDRD-4, CKD-EPI, rLM, BIS1, y FAS. Se seleccion6 un modelo
monocompartimental con eliminacion de primer orden, incluyendo la variabilidad
interindividual en el aclaramiento y el volumen de distribucién y el error residual combinado
como modelo estructural. Se realizé un analisis farmaco-estadistico siguiendo una metodologia

de efectos mixtos no lineales con NONMEM v.7.3.

Resultados: Se incluyeron 198 pacientes (61 afios [18-93]) y 566 concentraciones plasmaticas
de amicacina. Todas las ecuaciones de filtrado glomerular estimado y de aclaramiento de
creatinina evaluadas describieron adecuadamente los datos. La relacion lineal entre el
aclaramiento y el filtrado glomerular estimado segun la ecuacion revisada de Lund-Malmo
(rLM) mostrdé una mejora estadisticamente significativa en el ajuste de los datos. rLM debe ser

evaluado cuidadosamente para el ajuste de dosis de amicacina en insuficiencia renal.

Conclusiones: La ecuacion rLM y CKD-EPI mostraron una capacidad predictiva superior de la

eliminacion de amicacina en comparacion con las alternativas evaluadas.
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ABSTRACT ARTICLE HISTORY
Objective: To evaluate the predictive performance of eight renal function equations to describe Received 3 May 2019
amikacin elimination in a large standard population with a wide range of age. Accepted 25 June 2019

Methods: Retrospective study of adult hospitalized patients treated with amikacin and monitored in KEYWORDS

the clinical pharmacokinetics laboratory of a pharmacy service. Renal function was calculated as Amikacin; aminoglycosides;
Cockcroft-Gault with total, adjusted and ideal body weight, MDRD-4, CKD-EPI, rLM, BIS1, and FAS. eGFR; glomerular filtration
One compartment model with first-order elimination, including interindividual variability on clearance rate; pharmacokinetics; renal
and volume of distribution and combined residual error model was selected as a base structural model. elimination

A pharmaco-statistical analysis was performed following a non-linear mixed effects modeling approach

(NONMEM 7.3 software).

Results: 198 patients (61 years [18-93]) and 566 measured amikacin plasma concentrations were

included. All the estimated glomerular filtration rate and creatinine clearance equations evaluated

described properly the data. The linear relationship between clearance and glomerular filtration rate

based on rLM showed a statistically significant improvement in the fit of the data. rLM must be

evaluated carefully in renal failure for amikacin dose adjustment.

Conclusions: Revised Lund-Malmo (rLM) and CKD-EPI showed the superior predictive performance of

amikacin drug elimination comparing to all the alternative metrics evaluated.

1. Introduction the clinical routine [1,4-10]. Since the 1970s, the gold standard
for creatinine clearance (CLcg) estimation in clinical practice
was the Cockcroft-Gault by total body weight equation (CGT).
More recently, alternative metrics to evaluate the renal func-
tion such as Modification of Diet in Renal Disease (MVDRD-4),
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI),
Revised Lund-Malmo (rLM), Berlin Initiative Study (BIS) or Full
Age Spectrum (FAS), among others, have been performed [11-
14]. However, it is well established that the available serum
creatinine-based equations for estimation of kidney function
through the eGFR may provide discrepant results [15].

Aminoglycosides constitute an antibiotic group with a nar-
row therapeutic index eliminated primarily by the kidneys.
Many studies have reported a positive linear correlation
between several aminoglycosides total clearance (CL) and
ClLcg or eGFR from equations based on serum creatinine [15-
20], commonly applied for dose adjustment in clinical practice.

The aim of the present research was to evaluate the pre-
dictive performance of eight renal function metrics to
describe drug elimination using specific pharmaco-statistical
methodology and amikacin as a model drug in a large stan-
dard population with a wide range of age from a clinical
setting.

Renal elimination plays a key role in the pharmacokinetics (PK)
and pharmacodynamics (PD) of water-soluble drugs and for
most of the metabolites [1]. This process can be affected in a
large extent for several physiopathological situations including,
but not limited to, renal dysfunction, HIV infection, renal trans-
plant, rheumatoid arthritis, age, sex or drug interactions [2]. In
addition, changes in the volume of distribution (V) due to capil-
lary leak and modified protein binding are important kinetic
changes derived from renal disease influencing the elimination
process. All these sources of drug elimination variability highlight
the importance of accurately quantify the renal elimination for
drugs mainly excreted by this pathway, especially when dose
adjustment based on renal elimination is highly recommended (i.
e. drugs with narrow therapeutic index).

Estimated glomerular filtration rate (eGFR) is the most
extensive metric commonly used in clinical setting to predict
renal function for drugs mainly eliminated by the kidney path-
way and needing dosing individualization [3]. Different
authors have recently performed several comparative studies
of the different eGFR equations analyzing the advantages and
disadvantages of these equations. However, there is no unan-
imous consensus on the best eGFR equation to be applied in

CONTACT M Victoria Calvo @ toyi@usal.es @ Pharmacy Service, University Hospital of Salamanca, Paseo de San Vicente, 58-182, Salamanca 37007, Spain
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Article highlights

* A population pharmacokinetic approach has been used to evaluate
eight renal function metrics of amikacin clearance

e rLM values were more reliable than alternative equations in a wide
range of age

e rLM provided a better estimation of amikacin clearance than alter-
native renal function metrics

¢ Dose-adjustment based on eGFR must be evaluated carefully in
kidney failure

2. Patients and methods
2.1. Ethics

The study was approved by the local Biomedical Ethics
Committee after evaluation of compliance with ethical stan-
dards and good clinical practice.

2.2. Study design

This was a retrospective study performed with data of adult
hospitalized patients, treated with amikacin and routinely
monitored in the clinical pharmacokinetics laboratory of the
Pharmacy Service from January 2012 to December 2013.

2.3. Patients and data collection

All adult patients hospitalized receiving amikacin and moni-
tored during the period of the study with at least one detect-
able plasma concentration of amikacin were eligible for
inclusion in this study. Patients undergoing renal replacement
therapies or without PK, demographic or clinic information
were excluded from the analysis. The following information
were recorded for each patient: age, gender, race, weight,
height, serum albumin, creatinine and urea, sampling time,
dosing regimen, hospital unit, reason for hospital admission,
diagnostic and comorbid disease status.

Table 1. Renal function equations.

Empirical loading dose and posterior dose adjustments were
selected to reach target concentrations according to the type of
dosage regimen, conventional or extended interval.

The usual sampling times were 1 h after the end of the
infusion (conventional dosage regimen) or 8 h after the end of
the infusion (extended interval dosage regimen), as well as a
through concentration.

2.4. Laboratory tests

The serum creatinine was measured using an enzymatic
method (Jaffé, Roche/Hitachi cobas c). This method is trace-
able to the isotope dilution mass spectrometry reference for
creatinine (IDMS). Amikacin plasma concentrations were mea-
sured using a particle-enhanced turbidimetric inhibition
immunoassay  (PETINIA,  ARCHITECT  c4000, Abbot
Laboratories). The method was successfully validated follow-
ing the FDA recommendations included in the Q2B Validation
of Analytical Procedures: Methodology guidance [21].

2.5. Renal function evaluation

Amikacin PK was initially described by a pharmaco-statistical model
based on an open linear one-compartment disposition model as
previously reported in the literature. The population PK model was
parameterized in terms of volume of distribution (V, L/kg) and total
clearance (CL, L/h). Interindividual variability assuming log-normal
distribution was included on CL and V. A proportional error model
was used to describe the unknown residual variability [22].

The base model described above was the starting point for
further evaluation of the following CLcg and eGFR equations:
Cockcroft-Gault using total, ideal and adjusted body weight
(CGT, CGI and CGA, respectively), MDRD-4, CKD-EPI, rLM, BIS1,
and FAS. Following EMA and FDA recommendations for Kidney
Disease/Improving Global Outcomes, non-indexed eGFR values
(mL/min) were considered in this study for MDRD, CKD-EPI, rLM,
BIS1 and FAS Equations [1] . CGA was applied to patients with a
body mass index (BMI) higher than 30 kg/m? (CGT for BMI < 30).
The CLcg and eGFR equations are presented in Table 1.

Formula Equation Ref.
Cockcroft-Gault (CG)

- CG total body weight [mL/min] CGT = (140 — age) x [TBW/(72 s ] % 0.85%¢ 23]

- CG adjusted body weight [mL/min] CGA = (140 — age) x [ABW/ 9% Cr)] % 0.85% [24]

- CG ideal body weight [mL/min] CGl = (140 — age) [’BW/ 72 % Cr ] x 0.85% [24]
Modification of Diet in Renal Disease (MDRD4) [mL/min/1.73m?] MDRD4 = 175 x Cr~"1%* x age %2% x 0.742° x 1.212/%¢ [14]
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)

- CKD-EPI women [mL/min/1.73m2] CKD — EPl = 144 x (Cr/o 7) % 0.99399¢ x 1.159"ace [25]

. afm

- CKD-EPI men [mL/min/1.73m’] kD — EPI =141 x (Tpg) " x 0.993% x 1.1597 [25)
Revised Lund-Malmé (rLM) [mL/min/1.73m?] LM = ¢X—0.0158xage+0.438xIn(age) [13]
Berlin Initiative Study (BIS1) [mL/min/1.73m?] BIS1 = 3,736 x Cr°% x age % x 0.82° 26]

Full Age Spectrum (FAS) [mL/min/1.73m2]

FAS = ['l 07.3/(0/0)] x (0.988a99—40)ﬁzge 2]

Ref, reference; age (years); TBW, total body weight (kg); sex, 1 for women and 0 for men; ; Cr, serum creatinine (mg/dL); ABW, adjusted body weight (kg); IBW, ideal
body weight (kg); race, 1 for black and 0 for not black; Crfw, creatinine factor women: -0.329 when Cr < 0.7 mg/dl and -1.209 when Cr > 0.7 mg/dl; Crfm,
creatinine factor men:-0.411 when Cr < 0.9 mg/dl and -1.209 when Cr > 0.9 mg/dl; Q, constant: 0.70 mg/dL for women and 0.90 mg/dL for men; Fage, FAS age: 0
for 2 < age < 40 years and 1 for age > 40 years. X: (female and Cr < 150 pmol/L, X = 2.50 + 0.0121 x (150 - Cr)), (female and Cr = 150 pmol/L, X = 2.50 - 0.926 x In
(Cr/150)), (male and Cr < 180 pmol/L, X = 2.56 + 0.00968 x (180 - Cr)), (male and Cr > 180 pumol/L, X = 2.56 - 0.926 x In(Cr/180)).
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The eight renal function metrics were evaluated as a cov-
ariate on the renal clearance of amikacin following a linear or
non-linear relationship as described in Equation 1 and
Equation 2, respectively.

CL = CLnr + CLr x (eGFR/eGFR) O]

ClLrp (2)
where CLr is the slope of the renal clearance as a linear
relationship for a typical subject, CLnr is the non-renal clear-
ance, eGFR is the estimated glomerular filtration rate
expressed in mL/min (see Table 1), eGFR is the arithmetic
mean of the eGFR evaluated; CLrp is the exponent of the
renal clearance as a power relationship for a typical subject.

An exploratory analysis of the linear relationship between
amikacin CL and the different CLcg and eGFR evaluated was
carried out together with a linear regression of each relation-
ship calculating the squared root and p-value of the analysis.

Bias and accuracy of the individual amikacin plasma con-
centrations predictions were evaluated [27]. Bias was defined
as the mean of the differences between the estimated (indivi-
dual prediction) and the measured amikacin concentrations.
Accuracy was calculated as the absolute difference between
the measured and the individual predicted amikacin concen-
tration and expressed as a percentage of the measured con-
centration (|[obs-ipred]/obs|x100). Bias and accuracy were
evaluated in subgroups of age (18-29, 30-69 and =70 years),
weight (<65, 65-73 and 274 kg) and chronic kidney disease
classification (15-29, 30-59, 60-89 and = 90 mL/min/1.73 m?)
and expressed as mean and 95% confidence interval.

The impact of very low creatinine values was evaluated
either truncating the eGFR to 150 mL/min or excluding
serum creatinine values lower than 0.63 mg/dL and 0.48 mg/
dL for male and female, respectively.

The population PK analysis for both, the linear and non-
linear relationships between CL and the corresponding renal
function metric, was performed following a non-linear mixed
effect modeling approach (NONMEM® version 7.3, Icon
Development Solutions, Ellicott City, MD, USA) [28]. The first
order conditional estimation method with interaction (FOCEI)
was applied for parameter estimation. The log-likelihood ratio
test assuming a x> distribution with a statistical significance of
5% together with the goodness-of-fit of the scatterplot of
observed versus population and individual predictions were

CL = CLnr + (eGFR/eGFR)

EXPERT REVIEW OF CLINICAL PHARMACOLOGY @ 807

used for model selection and evaluation of CLcg and eGFR
equations in the population PK analysis. No further model
building was considered, a part of renal function metric
evaluation.

Deterministic simulations of the concentration-time profile
with the models including the CLcg or the eGFR metric follow-
ing a linear relationship for a patient of 70 kg receiving 15 mg/
kg of amikacin over 30-min intravenous (IV) infusion were
carried out to investigate the difference in drug exposure in
three different renal function scenarios: a) kidney failure (eGFR
= 10 mL/min), b) moderate failure (¢GFR = 50 mL/min) and ¢)
normal function (eGFR = 120 mL/min).

Stochastic simulations (n = 1000) with the final model were
carried out with a typical subject (70 kg) receiving 20 mg/kg of
amikacin over 30 min IV infusion to investigate the relevance
of the best renal function metric selected compared to the
base model (not including renal function metric on CL). Data
visualization and all other statistical analysis such as the
exploratory analysis of the population PK model development
were performed in R version 3.3.1 or higher (Comprehensive R
Network, http://cran.r-project.org/) [29].

3. Results

A total of 566 amikacin concentrations were quantified in 198
patients (n = 113 males) who received 375 to 3000 mg/day of
amikacin infused during 30-60 min. Hematological malig-
nancy was the most frequent defined diagnostic (39.4%) fol-
lowed by other oncological malignancies (19.7%), sepsis/septic
shock (16.2%) and critically ill patients (patients hospitalized in
intensive care unit without sepsis/septic shock) (7.1%). The
median age was 61 [18-93] years and the median serum
creatinine was 0.70 [0.2-3] mg/dL. Most of the subjects pre-
sented a normal renal function or mild renal impairment
(76%). Values calculated with the CKD-EPI and rLM equations
showed a more homogenous distribution with lack of extreme
high values compared with the alternative metrics (Figure 1).
Baseline characteristics of the study population are provided
in Table 2.

Exploratory analysis of the linear relationship between the
eight renal function metrics evaluated and amikacin clearance
estimated with the base model is shown in Figure 2. All the
equations presented high correlation (p-value<0.001) with CL,
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Figure 1. Baseline estimated renal function distribution. CGT, Cockcroft-Gault Total body weight; CGI, Cockcroft-Gault Ideal body weight; CGA, Cockcroft-Gault
Adjusted body weight; MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; rLM, Revised Lund-Malmg; BIS,
Berlin Initiative Study; FAS, Full Age Spectrum; All the renal function metrics are expressed in mL/min; red solid line, median; open circles, outliers.
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Table 2. Baseline characteristics of study population (n = 198).

Mean SD Median Min Max
Age (years) 59.6 18.2 61.0 18.0 93
Total body weight (kg) 69.9 153 70.0 430 190
Ideal body weight (kg) 60.8 9.8 61.2 39.2 85
Adjusted body weight (kg) 64.5 10.2 63.8 40.7 109
Albumin (g/dL) 2.88 0.61 290 1.20 490
Body mass index (kg/m?) 253 5.1 244 16.2 72
Body surface area (m?) 177 0.20 177 1.31 2.68
Serum Creatinine (mg/dL) 0.80 041 0.69 0.21 2.59
Urea (mg/dL) 401 30.6 31.0 6.0 185
CGT (mL/min) 115.5 67.6 103.7 18.1 358
CGA (mL/min) 111.7 63.8 99.2 18.1 358
CGl (mL/min) 101.9 62.3 88.0 15.0 378
MDRD-4 (mL/min) 118.2 64.6 108.9 17.7 438
CKD-EPI (mL/min) 94.1 38.6 98.8 16.9 194
rLM (mL/min) 89.4 335 91.4 15.9 172
BIS1(mL/min) 123.7 83.7 99.1 21.0 514
FAS (mL/min) 111 60.5 100.2 18.0 362
Frequency Percentage (%)

Sex

Male 113 571

Female 85 429
Diagnostic

Sepsis/Septic shock 32 16.2

Critic 14 7.1

Haematological malignancy 78 394

Oncology 39 19.7

Others (including surgery) 35 17.7
Chronic Kidney Disease Classification '

Normal (= 90 mL/min) 117 59

Mild (60-89 mL/min) 34 17.2

Moderate (30-59 mL/min) 45 227

Severe (15-29 mL/min) 2 1.0

SD, standard deviation; Min, minimum value; Max, maximum value; CGT, Cockcroft-Gault equation using total body weight; CGA, Cockcroft-Gault equation using
adjusted body weight; CGI, Cockcroft-Gault equation using ideal body weight; MDRD-4, Modification of Diet in Renal Disease 4-variable equation; rLM, Revised
Lund-Malmé equation; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration equation; BIS1, Berlin Initiative Study equation; FAS, Full Age Spectrum

equation.

"Staging based on Guidance for Industry Pharmacokinetics in Patients with Impaired Renal Function - Study Design, Data Analysis, and Impact on Dosing and

Labeling [30].

being rLM, CKD-EPI, and CGT the a priori most likely relation-
ships (r* equal to 0.49, 0.45 and 0.42, respectively).

The pharmaco-statistical analysis performed showed an
overall statistical significance superiority of the linear relation-
ships over the non-linear ones. Figure 3 shows the differences
among the model-based linear relationships evaluated.

Including eGFR calculated with rLM on CL following a linear
relationship (equation 1) provided the best fit to the data
comparing to all the other renal function metrics evaluated,
thus confirming the preliminary results obtained in the
exploratory analysis. Intercept of the relationship was esti-
mated to 0 implying the absence of non-renal elimination
calculated with rLM equation. The PK parameters estimated
with all the models evaluated, including population value,
variability and their corresponding precision, are shown in
Supplementary Table 1. The PK parameters of the final
model were described as follows:

CL(L/h) = 5.15 x eGFR/89 @3)

V(L/kg) = 0.42 x TBW (4)

where CL is the amikacin clearance, eGFR is the estimated
glomerular filtration rate calculated with rLM equation
expressed in mL/min, V is the volume of distribution expressed
in L/kg and TBW is the total body weight expressed in kg.

All parameters in the final model were estimated with adequate
precision and absence of bias (residual standard error lower than
20% and shrinkages lower than 50%). The goodness-of-fit plots
showed satisfactory prediction, both at population and individual
levels together with the absence of bias (Supplementary Figure 1).

Amikacin model-based bias and accuracy across the
different groups of age, weight and Chronic Kidney
Disease Classification (CKDC) were relatively adequate
using the eight renal function equations. In general,
CKD-EPI and rLM showed better accuracy in young adults
(18-29 years) and normal CKDC (eGFR=90 mL/min) and a
reduced accuracy for severe CKDC subsects (GFR<60 mL/
min). Absence of pronounce bias was shown with all the
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Figure 3. Model-based linear relationship between amikacin clearance and estimated glomerular filtration rate equations. CGT, Cockcroft-Gault Total body weight;
CGl, Cockcroft-Gault Ideal body weight; CGA, Cockcroft-Gault Adjusted body weight; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; MDRD,
Modification of Diet in Renal Disease; rLM, Revised Lund-Malmo; BIS, Berlin Initiative Study; FAS, Full Age Spectrum; renal function can be creatinine clearance
values (CGT, CGI, CGA) or estimated glomerular filtration rate (MDRD, CKD-EPI, BIS1, FAS).

values within —=1.7 and 0.9. Mean and 95% confidence stratified by age, weight, and CKDC are shown in
interval of the bias and accuracy for the amikacin concen- Supplementary Table 2.

trations based on the individual predictions taking into Differences across model performance of the renal function
account the different renal function equations evaluated equations evaluated were significantly reduced when the renal
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elimination value, CLcg or eGFR, was truncated to 150 mL/min
being rLM superior among the others. In addition, a similar perfor-

4, Discussion

The importance of renal function for drug dosing adjustments,

mance of CGT, rLM, and FAS was observed when the very low
serum creatinine values were excluded from the analysis
(Supplementary Table 3).

The deterministic simulations of the typical concentration-
time profile of amikacin evaluated showed no major differ-
ences across the different CLcg and eGFR models and scenar-
ios except for the through concentration using rLM and CKD-
EPI in kidney failure with a two-fold higher exposure com-
pared with the alternative equations (Figure 4).

The stochastic simulations of the concentration-time
profile for a typical subject of 70 kg receiving a standard
amikacin infusion, 20 mg/kg over 30 min, are shown in
Figure 5. These simulations demonstrate the important
reduction of amikacin CL variability, 53% reduction,
explained by the rLM inclusion on the elimination para-
meter following a linear relationship reflecting adequately
the variability of the data.

combined with the difficulty of obtaining an accurate eGFR
estimation by simple methods, has motivated during the last
decades the search for equations that reliably and accurately
describe eGFR. Several authors have evaluated the appropri-
ateness of CLcg and eGFR from the classical equations, such as
Jellife or Cockcroft-Gault (CG), to the most recent ones, such as
BIS1 and FAS equations, among others [11,12]. Renal function
elimination is the most important source of PK variability
influencing the PD and dose adjustment requirements of
drugs mainly renally eliminated such as amikacin. Therefore,
the accurate estimation of a metric to characterize the elim-
ination by the kidney has been historically of great interest for
these drugs.

Several authors have studied the adequacy of different
eGFR equations as a main driver of amikacin renal elimination
and other drugs eliminated mainly by the kidneys, not
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Figure 4. Deterministic simulations with the final pharmacokinetic model of a subject of 70 kg receiving 15 mg/kg of amikacin over 30 min in A) Kidney failure
(eGFR = 10 mL/min), B) Moderate failure (eGFR = 50 mL/min) and C) Normal renal function (eGFR = 120 mL/min). CGT, Cockcroft-Gault Total body weight; CGI,
Cockcroft-Gault Ideal body weight; CGA, Cockcroft-Gault Adjusted body weight; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; MDRD, Modification
of Diet in Renal Disease; rLM, Revised Lund-Malmg; BIS, Berlin Initiative Study; FAS, Full Age Spectrum. All the renal function metrics are expressed in mL/min. Lines
represent the median concentration-time profile of amikacin plasma concentration in the studied population when renal function is calculated with each of the

eight different equations.
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reaching a harmonious conclusion. In the last years, MDRD
and CDK-EPI have been proposed to improve the decision-
making of dose adjustment in different populations based on
a more accurate estimation of eGFR over the alternatives
[10,31-33]. However, several authors have suggested that
the classical CGT equation provides better results for dose
adjustment in elderly and impaired renal function patients
among other equations [5,6,8] which has been confirmed in
our studied population (Supplementary Table 2). In addition,
new equations, such as FAS, developed in a full age range
have been recently proposed in an effort to solve these limita-
tions [12]. Therefore, there is no consensus on the most accu-
rate renal function metric and each equation can show a
better predictive ability regarding the population studied [1].
Furthermore, other studies support that the best clinical
descriptor of renal function for the PK modeling of aminogly-
cosides in patients with kidney dysfunction has been ques-
tioned [6,10].

Our work includes most of the eGFR equations used in
clinical settings together with more recent proposed equa-
tions such as rLM, BIS1 or FAS. In addition, the analysis has
been carried out in a large clinical population of hospitalized
patients with wide inclusion criteria, in order to evaluate
which equation could fit the amikacin plasma concentrations
best, in a wide range of age of a standard clinical population
instead of a specific one. Moreover, a pharmaco-statistical
methodology has been applied in order to evaluate qualitative
and quantitatively the contribution of each renal function
equation to the renal CL of amikacin.

Drug dosing has received international attention in the last
years and the US Food and Drug Administration (FDA) is cur-
rently discussing which creatinine-based equation should be
used for dose adjustment of drugs whose elimination depends
on kidney functions [3]. Nowadays, CGT equation has been used
as gold standard for dose adaptation [8]. However, our findings
show that rLM and CKD-EPI equations can estimate eGFR accu-
rately across the whole range of age, weight, and CKDC evalu-
ated being able to support a correct dose adjustment of
amikacin. Nonetheless, a better accuracy in amikacin concentra-
tions model-based predicted with CGT was shown compared to
rLM and CKD-EPI which must be taken into account for dose
adjustment in patients with renal failure (GFR<60 mL/min).

The current analysis has been carried out applying a non-
linear mixed effects modeling approach which allow to quan-
tify the differences between the PK models evaluated. This
pharmaco-statistical methodology allowed to quantify the
reduction in amikacin PK variability. The interindividual varia-
bility of amikacin CL, including eGFR obtained with rLM, was
reduced by 53%, thus translating in a lower uncertainty
around the CL and reducing the potential bias of dose regi-
men adjustment. The final model can also be applied for
deterministic and stochastic model-based simulations pur-
poses in order to evaluate alternative amikacin dosing regi-
mens based on rLM. However, additional variables and
prognostic factors would be needed to perform more precise
simulations, which was not the aim of the present work.

Some authors have highlighted that extremely small values
of serum creatinine are not truly physiological, and that the
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linearity between CL and Clcg above 150 mL/min was lost
[34]. CKD-EPI and rLM equations introduced a mathematical
twist to compensate overestimation of eGFR at very low
values of serum creatinine (Figure 2). Then, the overall better
performance of CKD-EPI and rLM over the alternative equa-
tions could be due to the higher proportion of patients with
normal renal status (GFR>90 mL/min). However, rLM was also
superior than the other renal function equations when eGFR
values were truncated to 150 mL/min and similar to CGT and
FAS when very low serum creatinine values were excluded
from the analysis. However, there was a scarce number of
severe renal impairment patients included in this population
which could modify the linear relationships influencing pre-
dictions of the extreme values on both sides of the relation-
ship suggesting that these values of eGFR must be evaluated
carefully (Figure 2). Moreover, in kidney failure (eGFR<15 mL/
min) significant differences between amikacin through con-
centrations are expected taking into account CKD-EPI and rLM
comparing with the other renal function metrics evaluated as
shown in Figure 4. These results may lead to different dose
recommendations using rLM or CKD-EPI. However, this
approach should be examined carefully considering that no
kidney failure patients were included in this research and CGT
has been used as the gold standard metric for dose adjust-
ment in extreme low ClLcg values [6]. This fact is also sup-
ported by the better accuracy of amikacin plasma
concentrations using CGT equation in patients with CLz<60
mL/min compared to the alternative equations, especially for
CKD-EPI and rLM (Supplementary Table 2).

Plasma samples were very sparse as they were collected for
therapeutic drug monitoring, which could bias the PK para-
meters. However, the estimated error (<20%), the shrinkage
(<50%) of the PK parameters estimated and the goodness-of-
fit plot showed a proper prediction of the model. In addition,
the typical amikacin CL value obtained in our study, 5.15 L/h,
is in accordance with the values expected (4.64-7.69 L/h). In
the other hand, the high values of volume of distribution
obtained (28.3 L) comparing to previous reported (15.1-27.3
L) could be explained by the large proportion of hypoalbumi-
nemic patients [20,22,35,36].

Specific populations where significant PK differences have
been shown, such as pediatric, burned or end-stage renal disease
patients, were not included in this analysis. Several eGFR equa-
tions such as CKD-EPI, MDRD-4 have been validated between 18
and 70 years old in contrast with BIS1 which is valid only in
elderly patients. Values of amikacin CL calculated taking into
account BIS1 showed statistical differences between subjects
younger than 70 years (CL = 155 mL/min) comparing to subjects
older than 70 years (CL = 64 mL/min) (p-value<0.001). These
differences support that BIS1 equation is not valid for patients
younger than 70 years. In the other hand, only FAS and rLM
equations were developed in a full range of age (2-97 and 26-85
years, respectively). However, FAS did not show a better predic-
tion of the data than rLM, probably due to the more homoge-
nous distribution of values provided by the rLM equation
comparing with FAS (Figure 1) and also to a more similar devel-
oped population (>18 years). In addition, CKD-EPI has been
proposed to largely overestimate the drug clearance in young

41



812 E. M. SAEZ FERNANDEZ ET AL.

adults (18-29 years) [37]. In contrast, CKD-EPI and rLM showed
better accuracy in young adults and no large overestimation was
showed in our analysis. This result must be interpreted carefully
as the analysis is based on amikacin concentration predictions
instead the true amikacin clearance (i.e. iohexol clearance).

The study has been performed with amikacin, a standard
drug mostly renally eliminated, in a very large spectrum of age
and renal disease status. Broader population including addi-
tional drugs renally eliminated (i.e. gentamicin, vancomycin,
digoxin, etc.) together with additional covariates evaluation
and kidney failure subjects (eGFR<15mL/min) are suggested
as potential improvements of the statistical power and con-
clusions of the current analysis.

In summary, the current research presents a population PK
approach to evaluate the best renal function metric to describe
amikacin elimination in a clinical routine population with a wide
range of age (18-93 years). Linear relationships of CLcg and eGFR
on the total CL of amikacin showed better results than non-linear
ones, being rLM the equation providing the best results in a
clinical routine population. The inclusion of eGFR obtained with
rLM in the model reduced by 53% the CL variability, highlighting
the strong impact of renal status in dose adjustment for drugs
mostly renally eliminated. Model-based dose recommendation
taking into account rLM must be evaluated carefully in renal
failure patients where CGT showed better accuracy on the
model-based amikacin predictions.

5. Conclusions

The pharmaco-statistical methodology used in this research
allowed to quantitatively evaluate the predictive performance
of amikacin elimination through eight renal function equa-
tions applied in clinical practice. Our findings show that rLM
and CKD-EPI equations can provide a better estimation of
renal function than classical and alternative metrics such as
CGT or MDRD, thus supporting a more precise dose adjust-
ment of drugs mainly eliminated through the kidney.
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Supplementary Figure 1. Goodness-of-fit of the base and the final pharmacokinetic model
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Trabajo experimental

RESUMEN

Objetivo: Caracterizar la farmacocinética poblacional de amicacina en pacientes con
hipoalbuminemia y desarrollar una aplicacion interactiva, basada en el modelo poblacional

resultante, para la dosificacion inicial de amicacina.

Meétodos: Se desarrollé6 un modelo farmacocinético poblacional siguiendo una metodologia de
efectos mixtos no lineales (NONMEM) con las concentraciones plasmaticas de amicacina
obtenidas en la préactica clinica (75% pacientes con hipoalbuminemia). Para la evaluacion del
modelo se utilizaron graficos de bondad de ajuste, valor minimo de la funcién objetivo, grafico
visual de prediccién corregido por la prediccion (pcVPC), bootstrap, asi como la precision y el
sesgo de los parametros estimados. Se desarrollé una herramienta de simulacion interactiva en
R (Shiny and R Markdown). La relacion Cmax/CMI, el tiempo por encima de la CMI y el
cociente ABC/CMI fueron utilizados para la optimizacién de la dosis inicial recomendada de
amicacina. Se calculé la probabilidad de alcanzar el objetivo terapéutico para la dosis

recomendada.

Resultados: EI modelo que mejor describio las 873 concentraciones plasmaticas de amicacina
disponibles en 294 pacientes (poblacion del modelo y validacién externa) fue un modelo
monocompatimental con eliminacién de primer orden. Los parametros farmacocinéticos de
amicacina estimados en la poblacion estudiada fueron CL (L/h) = (0,525 + 4,78 x CKD-EP1/98)
X 0,77"2"cemicina v v/ (L) = 26,3 x (albtimina/2.9)**! x [1+0.006 x (peso - 70)], donde CKD-EPI se
calculé mediante la ecuacién Chronic Kidney Disease Epidemiology Collaboration. AMKdose
es una aplicacidn interactiva, basada en el modelo desarrollado, util para la optimizacion de la
dosis inicial recomendada de amicacina mediante el uso de informacion individual del paciente

y microbioldgica junto con criterios farmacocinéticos/farmacodinamicos predefinidos.

Conclusiones: La albumina sérica, el peso corporal total, la tasa de filtrado glomerular estimado
(calculado con la ecuacion CKD-EPI) y el tratamiento concomitante con vancomicina

mostraron un impacto significativo en la farmacocinética de amicacina. Se ha desarrollado una
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herramienta interactiva para la seleccion de la dosis inicial de amicacina, disponible online de
forma gratuita. AMKdose puede resultar util para seleccionar la dosis inicial de amicacina

cuando aun no se dispone de informacion  farmacocinética  individual.
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Objectives: To characterize amikacin population pharmacokinetics in patients with hypoalbuminaemia and to
develop a model-based interactive application for amikacin initial dosage.

Methods: A population pharmacokinetic model was developed using a non-linear mixed-effects modelling ap-
proach (NONMEM) with amikacin concentration-time data collected from clinical practice (75% hypoalbuminae-
mic patients). Goodness-of-fit plots, minimum objective function value, prediction-corrected visual predictive
check, bootstrapping, precision and bias of parameter estimates were used for model evaluation. An interactive
model-based simulation tool was developed in R (Shiny and R Markdown). Crax/MIC ratio, time above MIC and
AUC/MIC were used for optimizing amikacin initial dose recommmendation. Probabilities of reaching targets were
calculated for the dosage proposed.

Results: A one-compartment model with first-order linear elimination best described the 873 amikacin
plasma concentrations available from 294 subjects (model development and external validation groups).
Estimated amikacin population pharmacokinetic parameters were CL (L/h)=0.525+4.78 x (CKD-EPI/
98) x (0.77 x vancomycin) and V (L) = 26.3 x (albumin/2.9)"%°! x [1+0.006 x (weight — 70)], where CKD-EPI is
calculated with the Chronic Kidney Disease Epidemiology Collaboration equation. AMKdose is a useful interactive
model-based application for a priori optimization of amikacin dosage, using individual patient and microbiologic-
alinformation together with predefined pharmacokinetic/pharmacodynamic (PKPD) targets.

Conclusions: Serum albumin, total bodyweight, estimated glomerular filtration rate (using the CKD-EPI
equation) and co-medication with vancomycin showed a significant impact on amikacin pharmacokinetics. A
powerful interactive initial dose-finding tool has been developed and is freely available online. AMKdose could be
useful for guiding initial amikacin dose selection before any individual pharmacokinetic information is available.

Introduction

Albumin concentration modifications may alter drug distribution,
modifying protein binding and volume of distribution (V).
Hypoalbuminaemia might produce a decrease in oncotic pressure,
with a shift in body water composition from the intravascular to
the extravascular space.’” Drug exposure, especially for hydro-
philic drugs, can be impacted by these modifications, leading to
dose-adjustment requirements for drugs with a narrow therapeut-
ic index in order to ensure treatment efficacy and safety. Patients
with sepsis, septic shock and burns, among others, commonly
present hypoalbuminaemia with an increased V, requiring higher

doses than the standard ones needed to reach the proposed phar-
macodynamic (PD) predictors of clinical efficacy.”** In addition,
the mortality risk associated with these pathologies is extremely
high and early and appropriate infection control is a priority in
the management of these patients.®

Amikacin is one of the most effective aminoglycoside antibiot-
ics used for the treatment of severe infections caused by aerobic
Gram-negative bacilli and MDR pathogens such as Pseudomonas
aeruginosa.”® Like most other aminoglycosides, amikacin exhibits
a large intra- and inter-individual pharmacokinetic (PK) variability
together with a narrow therapeutic index.> Amikacin PK have been
widely studied in specific populations such as patients with renal

©The Author(s) 2020. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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impairment, burns and haematological malignancies and critically
ill or cystic fibrosis patients to improve amikacin dosing regi-
mens.'>7°"17 Disease status may contribute to PK modifications,
mainly clearance (CL) and V, which may decrease the probability
of achieving the desired maximum concentration (Crqx) Or area
under the concentration-time curve (AUC).!” The proposed aeti-
ology for an increase in V observed in specific populations includes
leaky capillaries, aggressive fluid resuscitation, cachexia, protein
malnutrition, ascites or congestive heart failure. The decrease of
observed CL in critically ill patients has been ascribed to organ fail-
ure.t*? Increased CL has been observed in patients with burns,
haematological malignancies and cystic fibrosis.>>*¢!” Thus,
when severe infections are present, it is crucial to ensure adequate
drug exposure from the beginning of treatment in order to maxi-
mize clinical response.

The most accepted relevant PKPD predictive parameters of clin-
ical response to amikacin treatment are: (i) a ratio between the
Crmax and the MIC of >8-10 for efficacy; and (i) a trough concentra-
tion lower than 5-10mg/L due to toxicity, mainly nephrotoxicity
(usually transient) and ototoxicity (irreversible).»*” 191820 some
authors have suggested a ratio between the AUC and MIC greater
than 75-90 or the %T>MIC within a dosing interval >60% as alter-
native predictive metrics for amikacin therapeutic success.'*3

Initial amikacin dosage has been extensively discussed since
extended dosing intervals (>24h) were suggested to improve
antibiotic treatments. Higher doses than the standard 15 mg/kg
once daily have been proposed in specific populations.®?!
However, there is no agreement regarding the optimal initial ami-
kacin dose regimen. Additional data are required to produce
evidence-based guidelines for amikacin dosing to maximize its
therapeutic outcomes.??

Dose optimization and application of population pharmacoki-
netic (PopPK) analysis may require advanced knowledge in phar-
macostatistics, programming and clinical pharmacology and can
be seen as a hurdle in clinical practice. In contrast, using R with the
Shiny and R Markdown packages has the potential to integrate all
this information in a user-friendly interface.?* However, to the best
of our knowledge, there seem to be very few available dose-
finding tools filling the gap between research and clinical
practice.?*?°

The objectives of the present study were to characterize the PK
of amikacinin patients with hypoalbuminaemia and to develop an
interactive model-based application for optimizing amikacin initial
dosing regimens.

Materials and methods
Ethics

This study was conducted in accordance with the Declaration of Helsinki
and national and institutional standards. It was approved by the local bio-
medical ethics committee of the health area after evaluation of compliance
with ethical standards and good clinical practice (CEIC Ref 16/04). This was
a retrospective observational study performed with hospitalized adult
patients, receiving IV treatment with amikacin and routinely monitored in
the clinical PK laboratory of the Pharmacy Service.

Study population and data collection

Amikacin dose was infused over 30min or 1h. Blood samples were
obtained at the following times: (i) 1 and 8 h after the IV amikacin infusion,

in patients receiving once-daily dosage regimens; and (ii) immediately be-
fore and 2 h after the infusion, when amikacin was administered with a
conventional two- or three-times-daily dosage regimen. Additional sam-
ples could be collected following clinical requirements. Blood samples were
collected without separator gel and only plasma samples without haem-
olysis were analysed. In order to avoid inactivation of amikacin in vitro,
samples from patients receiving B-lactam antibiotics were analysed imme-
diately, otherwise they were stored frozen until the analysis. All adult hospi-
talized patients with at least one detectable plasma concentration of
amikacin were eligible for inclusion into the study. Patients undergoing
renal replacement therapies or without the minimum PK information were
excluded from the study.

The following patient information was recorded: amikacin dosing regi-
men, sampling time, age, total bodyweight, BMI, serum albumin, serum
proteins, creatinine, total bilirubin, estimated glomerular filtration rate
(eGFR), gender, concomitant treatments (B-lactam antibiotics, vancomycin
and vasoactive drugs), total parenteral nutrition and diagnosis.

Additional patients, in a third proportion of the development dataset,
were selected to perform an external validation of the final model
developed.

Bioanalytical method

Serum creatinine was measured using an enzymatic method (Jaffé, Roche/
Hitachi Cobas c) traceable to the isotope dilution MS (IDMS) reference for
creatinine. Amikacin plasma concentrations were measured using a
particle-enhanced  turbidimetric inhibition immunoassay (PETINIA)
(ARCHITECT c4000, Abbott Laboratories) using the amikacin reagent kit
6L35-20 (MULTIGENT; Abbott Diagnostics). The method was successfully
validated following the FDA recommendations included in the Q2B
Validation of Analytical Procedures: Methodology guidance.?® The method
had a lower limit of quantification (LLOQ) of 1.64 mg/L and an upper limit of
quantification of 50 mg/L (overall precision <4%). Specimens with amikacin
values exceeding 50.0 mg/L were manually diluted with saline serum be-
fore the reanalysis, following the manual instructions of the manufactur-
er?’ According to the information from this manual, interference from
bilirubin, triglycerides, haemoglobin or rheumatoid factor in the samples
analysed was not present.

Population PK model development

A non-linear mixed-effects modelling approach using the first-order condi-
tional estimation (FOCE) method with interaction was used to develop the
model using NONMEM® version 7.4.0 (Icon Development Solutions, Ellicott
City, MD, USA).?® Data visualization and statistical analyses were carried out
inR version 3.3.1 or higher (R Core Team, Vienna, Austria).?’

Amikacin PK was initially described by an open linear one-compartment
disposition model. The PopPK model was parameterized in terms of V and
CL. The eGFR, calculated with the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation, was used as the descriptor of amikacin
renal elimination. Thus, amikacin CL was expressed as a linear function of
CKD-EPI (Equation 1) based on previous evaluation.*®

Clpop = Clnr + CL; x eGFR / eGFR (1)

where Clyop (L/h) is the CL of the typical subject; CLq, (L/h) is the non-renal
CL; eGFR is the eGFR calculated using the CKD-EPI equation (mL/min); eGFR
is the median of the eGFR (mL/min); and CL, (L/h) is the renal CL of amikacin
that quantifies the proportional increase in renal CL with the eGFR/eGFR
ratio.

The inter-individual variability (IIV) of the PK parameters was assumed
to follow a log-normal distribution and, consequently, an exponential error
model was used (Equation 2):
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Pji = Ppop; x e™ (2)

where P;is the jth PK parameter (i.e. CL or V) for the individual i; Ppopj is the
jth population or typical estimated PK parameter (i.e. CL or V) and n; is the
inter-individual random effect. The n values were assumed to be independ-
ently and identically distributed with a mean of 0 and a variance of
o? : n~N(0,0?).

Residual unknown variability (RUV) was evaluated using an additive, pro-
portional or combined (additive and proportional, Equation 3) error model:

C,JIC,J X (1+€1ij)+82ij (3)

where Cj; is the jth measured serum concentration in individual i, C,-j is the
model-predicted jth value in individual i and & is the residual random error
for measurement j in individual i. £ is the proportional component and &;;
is the additive component of the residual random error. The ¢ values were
assumed to be independently and identically distributed with a mean of 0
and variance of 62: & ~ N(0, 62).

The magnitudes of 11V and RUV were expressed approximately as a co-
efficient of variation (CV, %). Correlation between random parameters and
inter-occasion variability (IOV) was graphically explored and evaluated.

After selecting the basic model, potential relationships between esti-
mated individual PK parameters and physiological meaningful variables
were explored graphically. Linear regressions of the relationships between
the 11V of the PK parameters and continuous covariates were evaluated as
well as analysis of variance (ANOVA) for categorical covariates. Only covari-
ates showing statistical significance (P< 0.05) were considered as potential-
ly clinically relevant and were further tested one by one following a
stepwise covariate methodology (forward P value <0.01; backward P val-
ue<0.001). In addition, the most physiologically plausible covariate was
selected among highly correlated ones (i.e. weight and height).

Model diagnostics and evaluation

To identify the best model to adequately describe amikacin concentration-
time data, a series of structural and stochastic models were evaluated. For
each model, the improvement in the fit was assessed by the likelihood ratio
test (P<0.01) (objective function value, OFV) together with the reduction
in the IIV and residual variability. The precision of parameter estimates
(residual standard error, RSE), the examination of diagnostic plots and pre-
dictive checks as well as shrinkage on parameters were also considered.>*

Goodness-of-fit plots, including scatterplots of observed versus popula-
tion- and individual-predicted concentrations and scatterplots of condition-
al weighted residuals (CWRES) versus population-predicted concentrations
and versus time and prediction-corrected visual predictive checks (pcVPC)
for both the development and the external validation data together with a
bootstrap analysis were used to evaluate the PopPK model perform-
ance.***3 The pcVPC was performed for the original datasets and pre-
sented the 5th, 50th and 95th percentiles of the observed amikacin plasma
concentrations, as well as the 5th, 50th and 95th percentiles together with
their 95% (I for the corresponding model-based predicted concentrations
computed for each bin across time and replicates. A total of 1000 replicates
of the original development dataset were generated. A bootstrap resam-
pling method was used to evaluate the stability of the final model and
the precision of parameter estimates. A 1000-sample bootstrap was con-
ducted where the median and 95% CI were obtained and compared for
each PK parameter estimated.

AMKdose: interactive dose-finding tool for optimizing
initial amikacin dosage

An interactive R-based application, AMKdose, implementing the final
PopPK model was developed to investigate the influence of patients’

characteristics on the expected amikacin efficacy.”®> AMKdose was mainly
developed through Shiny and R Markdown packages (RStudio, Boston,
MA, USA). Amikacin PKPD targets and the cut-off selected to drive the initial
dosage selection were: (i) Cmax 10-fold higher than the MIG; (i) % T>MIC (%
of dosing interval) >60%; and (i) AUC/MIC > 80.

AMKdose was divided into three independent interactive sections:

A. PK analysis: the minimum dose of amikacin (mg/kg) to reach the three
PKPD targets previously defined is selected by the application for a
defined subject. Patient information (i.e. weight and albumin concentra-
tion) and treatment information (i.e. amikacin infusion time, dose inter-
val, vancomycin co-medication and MIC) together with PKPD targets
cut-off can be modified. Stochastic simulations are carried out for the
selected dose and a probabilistic concentration-time profile is dis-
played. Valuable PKPD results are available in the summary tab of this
section (AUC, Crax, Crmax/MIC etc.).

B. Simulation: model-based stochastic simulations based on dosage and
patient information specified are performed. Amikacin concentration-
time profile together with the PTA are displayed. Maximum effective
MIC for the defined scenario is calculated based on reaching at least
90% of PTA for the three PKPD targets evaluated. A summary table with
the PKPD targets results is also displayed.

C. Dose exploration: deterministic and stochastic model-based simulations
are carried out with the dosage and patient information provided (i.e.
eGFR), for all the possible combinations of the two main continuous var-
iables identified. The three PKPD target values calculated are displayed
for each combination, together with the PTA for each target.

Automated reports generated with R Markdown were implemented in
‘PK analysis’ and ‘Simulation’ sections of AMKdose. Additional information
regarding the structure of the model and simulation settings were provided
inthe application (‘readme tab’).

Results

Demographic and clinical data

Demographic and physiological characteristics of the 294 patients,
215 considered for model development, included in the study are
shown in Table 1. Most of the patients of the development group
(n=149, 69%) received an extended-interval regimen (>24h),
with an initial mean dose of 16.4 (range: 6.5-27.3) mg/kg/day
infused IV over 30-60 min. Three-quarters of the patients pre-
sented hypoalbuminaemia (albumin <3.5g/dL). Most of the
patients considered for PopPK model development had normal
renal function with a median eGFR (CKD-EPI) of 98 (range:
17-194) mL/min and a median age of 61 (range: 18-93) years.
Haematological malignancy was the most frequently defined
diagnosis (41%) followed by other oncological malignancies
(20%), sepsis/septic shock (15%) and critically ill patients (6%).
Similar baseline patient characteristics were observed in the exter-
nal validation group (Table 1).

PK model analysis and evaluation

A total of 623 amikacin plasma concentrations, 2.90+1.84
(meaniSD) per patient, were best described by a one-
compartment linear model. A combined proportional (23.7%) and
additive (3.95mg/L) error model was used to describe the RUV. A
total of 250 additional amikacin concentrations, 3.16+2.02
(mean+SD) per patient, were used for external model validation. A
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Table 1. Baseline characteristics of study population

Development group

External validation group

Characteristic all (n=215)

hypoalbuminaemia (n=161)

all (n=79) hypoalbuminaemia (n=59)

Continuous, median (range)
dose (mg/day)
age (years)
total bodyweight (kg)
BMI (kg/m?)

1000 (250-2000)
61.0(18.0-93)
70.0 (43.0-190)
24.4(16.2-72)

albumin (g/dL) 2.9(1.2-5)
protein (g/dL) 5.9 (4.20-8)
total bilirubin (mg/dL) 0.6 (0.1-8)

eGFR (mL/min) 98.0(16.9-194)
Categorical, n (%)
gender
male 124 (57.7)
female 91 (42.3)
co-medication
B-lactam 200(93.0)
vancomycin 21(9.8)
vasoactives® 22(10.2)
total parenteral nutrition 23(10.7)
diagnosis
haematological malignancy 89 (41.4)
oncology 43 (20.0)
sepsis/septic shock 33(15.3)
critically ill 13 (6.0)
others (including surgery) 37(17.2)
chronic kidney disease, eGFR (mL/min)®
>150 50(23.3)
normal (90-150) 78 (36.3)
mild (60-89) 39(18.1)
moderate (30-59) 46 (21.4)
severe (15-29) 2(0.9)

1000 (250-1800)
63.0 (18.0-93)
69.9 (43.0-190)
24.7 (16.2-72)

97.1(16.9-194)

1000 (350-2000)
60 (18.0-92)
70.0 (40.0-116)
24.5(15.5-45.3)

1000 (350-2000)
63 (30.0-92)
70.0 (47.0-116)
24.5(18.8-45.3)

2.7 (1.2-3) 3.1(1.9-4.2) 3.0 (1.9-3.4)
5.6 (4.2-7.7) 5.7 (3.7-9.6) 5.6 (3.7-9.6)
0.6 (0.1-7) 0.5(0.2-3.6) 0.5(0.2-3.6)

94.5 (29.4-174.5) 87.4(29.4-153.7)

87 (54.0) 35 (44.3) 28 (47.5)
74 (46.0) 44 (55.7) 31.(52:5)
154 (95.7) 74(93.7) 56 (94.9)
16 (9.9) 12 (15.2) 9(15.3)
20 (12.4) 3(3.8) 3(51)
21 (13.0) 1(1.3) 1(1.7)
63 (39.1) 51 (64.6) 36 (61.0)
37 (23.0) 12 (15.2) 8 (13.6)
26 (16.1) 7(8.9) 7(11.9)
11 (6.8) 2(2.5) 2 (3.4)
24 (14.9) 7(8.9) 6(10.2)
35 (21.7) 4(5.1) 2(3.4)
58 (36.0) 40 (50.6) 27 (45.8)
29 (18.0) 16 (20.3) 11 (18.6)
37 (23.0) 18(22.8) 18 (30.5)
2(1.2) 1(1.3) 1(1.7)

°Dopamine, norepinephrine or nitroglycerin.

bClassification based on guidance for industry PK in patients with impaired renal function: study design, data analysis, and impact on dosing and
labelling.*® eGFR was calculated with the CKD-EPI equation; hypoalbuminaemia, albumin <3.5 g/dL.

summary of amikacin initial dosing and observations collected is
showninTable 2.

The base model included a priori CKD-EPI in amikacin CL follow-
ing a linear relationship. The order of covariate inclusion and mag-
nitude of decrease of OFV (dOFV) with respect to the previous
model was: (i) serum albumin on V (dOFV = —20.94); (ii) concomi-
tant administration of vancomycin on CL (dOFV=—13.53); and (iii)
total bodyweight on CL (dOFV=-11.40). Age showed a potential
influence on CL, but not with the statistical significance selected
(P<0.001). Albumin concentration and weight showed influence
on the V of amikacin, reducing 27% of the IIV of this parameter.
The PK parameter estimates of the final model, together with the
internal validation results (bootstrap), are summarized in Table 3.

Goodness-of-fit plots of the final PopPK model showed the lack
of structural bias and good population and individual model-based
predictions compared with the observed data in both the deve-
lopment group and the external validation group (Figure 1). The
pcVPC showed an adequate description of the amikacin

concentration-time course and its associated variability after infu-
sion administration in the model-development patients (Figure 2)
and in the external evaluation ones (Figure S1, available as
Supplementary data at JAC Online). All PK parameters estimated
were within the calculated 95% CI of the bootstrap analysis
(Table 3). Reliability and robustness of the parameter estimates
were acceptable, with a high proportion of bootstrap samples able
to converge successfully (82%).

AMKdose

A user-friendly web application, AMKdose, has been developed
and it is freely available at http://shiny.cumulo.usal.es/amkdose/.
This interactive application allows easy integration of patient,
microorganism (MIC) and treatment information, together with
Monte Carlo simulation based on the amikacin PopPK model
developed and clinical targets to evaluate different amikacin
initial dosages and their probability of treatment success.
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Table 2. Summary of amikacin initial dosing and observations collected

Development group External validation group
Characteristic all (n=215) hypoalbuminaemia® (n=161) all (n=79) hypoalbuminaemia® (n=59)
Conventional administration, n (%)
<10mg/kg q8h 7(3.3) 5(3.1) 1(1.3) 1(1.7)
<10mg/kg q12h 53 (24.7) 42 (26.1) 17 (21.5) 13 (22.0)
10-15mg/kg g6h 1(0.5) 1(0.6) 0(0) 0(0)
10-15mg/kg q12h 3(1.4) 2(1.2) 1:1.:3) 0(0)
>15-20mg/kg q12h 2(0.9) 1(0.6) 0(0) 0(0)
Extended interval, n (%)
<10mg/kg q24h 5(2.3) 4(2.5) 1(1.3) 1(1.7)
10-15 mg/kg q24h 37(17.2) 28 (17.4) 13 (16.5) 10 (16.9)
10-15mg/kg g36h 1(0.5) 0(0) 0(0) 0(0)
>15-20 mg/kg q24h 82(38.1) 61(37.9) 33(41.8) 25 (42.4)
>15-20 mg/kg q36h 1(0.5) 1(0.6) 0(0) 0(0)
>20-25mg/kg q24h 22(10.2) 15(9.3) 13 (16.5) 9(15.3)
>20-25mag/kg q36h 1(0.5) 1(0.6) 0(0) 0(0)
Amikacin observations stratified by time since end of infusion (h), n (%)
0-2 186 (29.9) 149 (29.9) 79(31.6) 59 (29.4)
>2-8 284 (45.6) 228 (45.8) 57(22.8) 47 (23.4)
>8-12 87 (14.0) 70 (14.1) 92 (36.8) 74 (36.8)
>12-24 51(8.2) 41 (8.2) 18(7.2) 17 (8.5)
>24 15(2.4) 10 (2.0) 4(1.6) 4(2.0)

“Hypoalbuminaemia, albumin <3.5 g/dL.

Table 3. PK parameter and bootstrap estimates for the final model

Parameter Parameter estimates RSE (%) Shrinkage (%) Bootstrap median (n=1000)¢ 95% (I

Clp (L/N) 0.525 43.0 — 0.506 0.129-0.996

Clecrr (L/h) 4.78 5.8 — 4.78 4.27-5.29
Clyanco (L/h) -0.226 40.1 — -0.223 —-0.380to —0.014

Vpop (L) 263 2.4 — 26.3 24.9-27.6
Vas (L) -0.517 21.5 — -0.513 —-0.733 to —0.309
Vrsw (L) 0.00609 31.0 — 0.00606 0.00239-0.00980

11V CL (CV%) 283 8.8 18.0 28.1 22.9-33.0

11V V (CV%) 10.4 30.1 68.0 10.4 2.94-14.9

RUVprop (CV%) 23.7 7.1 14.0 23.7 19.5-27.4

RUVadd (mg/L) 1.99 35 3.7 1.97 1.32-2.43

CL = (ClLny + ClLegrr X CKD-EP1/98) X (1 + CLyanco)"AN<.
Vaie
V=Vpop x (48) ™ X [1+Vraw X (TBW — 70)].

ALB, albumin (g/dL); TBW, total bodyweight (kg); CLyanco, magnitude of the effect of vancomycin on CL; eGFR, estimated by the CKD-EPI equation
(mL/min); RUVadd, additive error of residual variability; RUVprop, proportional error of residual variability; Va s, magnitude of the effect of albumin on
V; Vpop, V of the typical subject (ALB=2.9 g/dL, TBW =70 kg); Vrsw, magnitude of the effect of TBW on V; VANCO, 0 for co-medication without vanco-

mycin, 1 for co-medication with vancomycin.

9178 runs with estimates near a boundary were skipped when calculating the bootstrap results.

Additionally, automated reports in Word and HTML format can
be generated and downloaded from AMKdose. Examples of ‘PK
analysis’ and ‘Simulation’ screens from the AMKdose applica-
tion are shown in Figures 3 and 4, respectively. Dose exploration
was designed to evaluate the three PKPD targets of a specific
dosage (dose and time of infusion) for a defined patient (eGFR

and vancomycin co-medication) and a specific infection (MIC)
through all possible combinations of weight and albumin
concentration (Figure 5). Considering the interactive capacity of
the AMKdose application, we strongly encourage the reader to
explore the online tool to better understand the features
implemented.
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Figure 1. Goodness-of-fit of the final amikacin population PK model in the development group (upper panel) and the external validation group (lower
panel). Open circles, amikacin concentrations; solid black lines, identity lines; red dashed lines, trend lines (LOWESS, locally weighted scatterplot
smoothing). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Figure 2. pcVPC for the concentration-time after-dose profiles of amika-
cin (development dataset). Blue open circles, amikacin observations
(Obs); red solid line, 50th percentile of the Obs; red dashed lines, 5th and
95th percentiles of the Obs; green solid line, 50th percentile of the
model-based predicted amikacin concentrations (Pred); green dashed
lines, 5th and 95th percentile of the Pred (90% prediction interval, PI);
green-shaded area, 95% CI for the 5th, 50th and 95th percentiles of the
Pred. This figure appears in colour in the online version of JAC and in
black and white in the print version of JAC.

Discussion

Several PopPK models have been developed for aminoglycosides
in special populations, including patients with burns and critically ill
or septic patients.>12133% In addition, significant differences in

model performance have been shown for amikacin.'> Amikacin
PopPK parameters estimated in our population, CL=5.3L/h and
V=26.3L, are aligned with previous values reported in the litera-
ture for critically ill patients (2.8-6.3 L/h and 9.4-41.5L for CL and
V, respectively)."??"“ The model developed performs appropri-
ately to describe both the individual amikacin concentrations and
the PK variability observed. PK parameters were estimated with
adequate precision and absence of bias, allowing the model to be
used for predictive model-based simulation purposes. In addition,
the final model has been successfully clinically validated with an
external dataset, supporting its adequacy in the routine clinical
setting.

The Cockcroft-Gault by total bodyweight equation has been
applied over the last four decades as the gold standard to calcu-
late renal function capacity in clinical practice. However, recent
studies have pointed out that the CKD-EPI and revised Lund-
Malmo (rLM) equations achieved better performance in adult sub-
jects with no acute renal impairment (eGFR>30mL/min).3%*°
Although the CKD-EPI equation was included in the model due to
the vast experience with it in clinical practice, no major differences
would be expected in the case that rLM had been chosen. Our
PopPK model, developed in a population mostly with albumin defi-
ciency, identified CKD-EPI and co-administration of vancomycin as
significant covariates of amikacin CL. Increased plasma trough
concentrations, concomitant administration with vancomycin and
the duration of treatment can contribute to the nephrotoxicity
caused by amikacin together with nephrotoxic agents and renal
impairment status.>®

A decreased production of albumin has been described in
malnutrition, hepatic disease, acute-phase response (stress,
injury, critical illness etc.), ageing and malignancies.?’
Hypoalbuminaemia may produce generalized oedema through
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the reduction in oncotic pressure generating an accumulation
of extracellular water. With hydrophilic drugs, such as amikacin,
the increase in the extracellular water induces an increase
in the apparent V, associated with hypoproteinaemia, as
observed in the population included in this research.?”:3®
Albumin concentration and weight showed a relevant impact
on the V of amikacin in accordance with the results obtained by
Romano et al.® in patients diagnosed with haematological
malignancies.

Ageing has been associated with physiological changes such as
reduction in eGFR, changes in body water and fat content. These
modifications can alter amikacin V, thus modifying the PK proper-
ties of this drug in the elderly.” In the present study, changes in V
were not significantly associated with age but were explained by
changes in total bodyweight and serum albumin, which can also
change with age.

Initial amikacin dosing regimens have been extensively dis-
cussed since aminoglycoside dosing was shifted from divided daily
dosing to once-daily dosing (extended interval) in order to opti-
mize the treatment efficacy/safety profile.*® Several studies
showed that empirical doses >25-30 mg/kg/day achieved higher
Crnax/MIC ratios with no higher incidence of nephrotoxicity, sug-
gesting that the standard regimen (15 mg/kg/day) could be insuffi-
cient to reach recommended Cnay.>®%! In contrast, Kato et al.*°
proposed a 15mg/kg once-daily dose of amikacin to be sufficient
to achieve the PD target (Crmax/MIC) with lower toxicity incidence

for infections with MIC <4mg/L. Therefore, there is currently
no consensus regarding the optimal initial dose of amikacin.
In addition, agents altering nucleic acid or protein synthesis,
such as fluoroquinolones and aminoglycosides, show a prolonged
post-antibiotic effect against any susceptible bacteria, as it takes
considerably longer for the organism to regenerate these
elements compared with cell wall components. Therefore, longer
dose intervals (>24h) are possible without compromising
treatment efficacy.*’** Zazo et al.'® pointed out that an adequate
Crmax/MIC ratio does not guarantee therapeutic efficacy of amino-
glycoside therapy if a %T>MIC of >60% is not reached. This thresh-
old has been suggested by several other authors.*>“® Moreover,
previous studies were based on a single PKPD target and did
not take into account individual patient information for dosing rec-
ommendations. In the current study, an interactive and flexible
web-based application is proposed to individualize amikacin initial
dosage based on a PopPK model together with individual patient
information and including several PD targets to help increase the
likelihood of treatment success. A priori drug dosage optimization
with a lack of individual PK information can have a relevant impact
in improving the probability of success in dose selection based on
the target concentration intervention (TCI) approach. AMKdose is a
powerful and easy-to-use model-based interactive application,
freely available for research and clinical purposes. This innovative
dose-finding tool allows better identification of the optimal initial
amikacin dose to reach the well-established PKPD targets by
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black and white in the print version of JAC.

including individual patient and infection information (weight, al-
bumin concentration, MIC, etc.).

The PopPK model of amikacin was developed in adult patients
with no renal failure, which may be a limitation of this application.
In addition, co-medication with other antimicrobial agents (mero-
penem, piperacillin, tigecycline, quinolones, etc.) or vasoactive
drugs (dopamine, norepinephrine and nitroglycerin) can signifi-
cantly modify amikacin PK. The three PKPD targets selected (Crnax/
MIC, %T>MIC and AUC/MIC) have been considered with equal rele-
vance in this work. However, the impact on treatment success of
each target can be variable in different clinical situations. In add-
ition, definition of the optimal cut-off value for each target is still
under discussion. Therefore, the cut-off values that need to be
reached for each PKPD target can be modified in all the AMKdose
sections. Additional information regarding the contribution of each
target to the improvement of the clinical outcome would positively
contribute to enhance the dose-decision algorithm currently
implemented in the presented application. AMKdose has not been
clinically validated. Therefore, it is also desirable to perform a pro-
spective clinical validation of the a priori dosage application
described in the current study, not only focusing on PKPD target
achievement, but also on clinical treatment outcome (i.e. leuco-
cyte counts, C-reactive protein, fever etc.). Moreover, the type of in-
fection could be of high interest to improve the dose selection as it
has been correlated with the grade of microbiological eradication
rate (ie. lung infections, MDR pathogens etc.).*” The current
research results are based on a retrospective study in a specific

population (adults without severe renal failure) and amikacin
measurements mostly within 24 h after the end of administration,
which must be pointed out as the main limitations. Accordingly,
updating the amikacin PopPK model in a wider population includ-
ing, but not limited to, paediatrics and severely decreased renal
function (eGFR<30mL/min) patients is proposed as the next
step of this research. Moreover, validating the AMKdose applica-
tion prospectively in patients undergoing amikacin treatment
and routine therapeutic drug monitoring (TDM) is also planned
to improve the developed simulation tool for initial amikacin
dosage selection.

TDM has been successfully applied to amikacin, improving anti-
bacterial treatments over the last few decades, becoming stand-
ard clinical practice due to the favourable efficacy/toxicity
balance.*® Accordingly, individual PK information, such as plasma
concentration, together with a maximum a posteriori probability
(MAP) Bayesian approach, can improve the estimation of the indi-
vidual PK parameters and subsequently allow the individualization
of the maintenance dose of amikacin. However, the key goal of
this work was to improve the initial amikacin dosage, in order to
give the appropriate dose as early as possible and thus maximize
the probability of treatment success and infection control. The ini-
tial amikacin dosage is proposed with no individual PK information
and based on the PopPK model developed and the patient
information identified as impacting PK. In addition, AMKdose is a
flexible a priori dose-finding tool useful for multiple bacteria and
severe infections.
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In conclusion, we identified serum albumin, total bodyweight,
eGFR (CKD-EPI) and co-medication with vancomycin as factors
explaining part of the PK variability observed for amikacin. Under
amikacin extended-interval administration (>24h), patients with
hypoalbuminaemia presenting an increased V would require
higher-than-standard doses to achieve amikacin PKPD targets. A
powerful interactive model-based application has been developed,
AMKdose, and is freely available online to optimize amikacin first-
dose selection. AMKdose can be useful for individualizing amikacin
initial dosage, helping to maximize treatment success as early as
possible before any individual PK information is available.
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Figure S1. Prediction-corrected visual predictive check (pcVPC) for the concentration-time
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and white in the print version of JAC.
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RESUMEN

Objetivo: i) Evaluar la eficacia y seguridad de las recomendaciones internacionales de
dosificacion de amicacina, ii) desarrollar una aplicacion interactiva para la construccion de
nomogramas de dosificacion de amicacina basada en criterios
farmacocinéticos/farmacodinamicos (PKPD) vy iii) evaluar el impacto de factores intrinsecos en

la eficacia y seguridad de los regimenes de dosificacion de amicacina.

Meétodos: La eficacia y toxicidad de las principales recomendaciones de dosificacion de
amicacina (EUCAST, Mensa, Queensland, Sanford y UpToDate) fueron evaluadas mediante la
aplicacién de criterios PKPD. La probabilidad de alcanzar el objetivo terapéutico para las
distintas recomendaciones fue calculada mediante simulaciones de Monte Carlo. Cmax/CMI >
10 y %T>CMI > 60% del intervalo de dosificacion junto con Cmin < 4 mg/L en el estado
estacionario, fueron los parametros de eficacia y toxicidad seleccionados, respectivamente. Se
desarroll6 una aplicacion interactiva para la construccion de nomogramas en R (Shiny and R

Markdown).

Resultados: Las recomendaciones de EUCAST y Queensland mostraron una eficacia superior
asociada a potenciales problemas de toxicidad en pacientes con insuficiencia renal que podrian
agravarse en situacion de hipoalbuminemia. AMKnom, es una aplicacion interactiva Gtil para la
construccién de nomogramas de dosificacion de amicacina. Los resultados obtenidos han puesto
de manifiesto que, a las dosis recomendadas, cuanto mayor sea la albumina, mayor sera la
probabilidad de alcanzar el objetivo terapéutico Cmax/CMI seleccionado; sin embargo, la

probabilidad de alcanzar los objetivos %T>CMI y Cmin serd menor.

Conclusiones: EUCAST y Queensland mostraron los mejores resultados de eficacia asociados a
potenciales problemas de toxicidad. La aplicacion interactiva AMKnom ha sido desarrollada
para la construccion de nomogramas de dosificacion y esta disponible online de forma gratuita.

Dado el significativo impacto de la albumina en la eficacia y seguridad del tratamiento con
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amicacina, se requieren estudios adicionales para la optimizacion de los regimenes de

dosificacion  con  especial atencion a los valores séricos de alblimina.
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Introduction

Amikacin is one of the most effective aminoglycoside antibiotics used against severe gram-
negative bacterial infections and initial empirical antimicrobial treatments. It is commonly
administered with B-lactam antibiotics to extend the antimicrobial activity spectrum against
multidrug-resistant pathogens such us Pseudomonas aeruginosa. “* Optimizing amikacin
treatments has been recently proposed by clinicians due to the increase of resistance to
alternative antibiotic drugs.

Amikacin treatment success, in terms of bacterial killing and clinical response, has been mainly
associated with reaching a ratio between the maximum serum concentration (Cmax) and the
minimum inhibitory concentration (MIC) (Cmax/MIC) > 8-10 with recommended Cmax target
values of 40-64 mg/L. “*° A ratio between the area under the concentration-time curve (AUC)
and the MIC (AUC/MIC) > 70 (up to 80-100 in amikacin monotherapy or in critically ill
patients with high-bacterial burden infections) and concentrations exceeding the MIC
(%T>MIC) of at least 60% of the dosing interval, have also been proposed as predictive
efficacy pharmacokinetic/pharmacodynamic (PKPD) criteria. “®** Despite AUC/MIC is highly
correlated with Cmax/MIC, it has been more commonly applied for vancomycin and
fluoroquinolones while an insufficient %T>MIC has been associated with an increase in the
likelihood of resistance development and treatment failure in B-lactams or amikacin. “**? On
the other hand, nephrotoxicity and ototoxicity continue to be a major concern associated with
the clinical use of amikacin. Target values of through concentrations (Cmin) < 4 mg/L have
been proposed to reduce the risk of developing toxicity. ***3

Amikacin is characterized by a narrow therapeutic index and a large intra and interindividual
PK variability associated with differences in renal function, bodyweight, albumin or age, among
others (Appendix 1). *? However, the quantitative impact of some physiological factors,
especially serum albumin concentrations, on amikacin exposure, efficacy and safety is still
unclear.

Amikacin was approved at doses of 15 mg/kg/day divided as 2 or 3 equal doses administered at

equivalent intervals or a single daily dose under normal renal function. * Since 1990s, the once-
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daily or extended interval dose regimen has been globally adopted improving microbiological
and clinical outcomes without greater incidence of associated toxicities. **** Enhanced
concentration-related bacterial killing, increased postantibiotic effect (PAE) of 0.5-8 hours and
decreased adaptive bacteria resistance, represent clinical advantages of once-daily dosing
regimen. *° Although several studies have shown amikacin extended interval dose regimen is
as effective, with lower risk of toxicity, than multiple-dose regimens, it should be used with
caution in specific populations, **%

The “one-dose-fits all” treatment strategy is a common practice in antibiotic drugs. Amikacin
15-20 mg/kg/day once-daily has been lately adopted for most of antibiotic treatments only
eventually adjusted based on renal function or aging. "**** Recently published international
guidelines for amikacin dosing recommend doses up to 30 mg/kg/day. ®** Therefore, there is no
consensus regarding the optimal dose of amikacin treatment. However, several studies has
pointed out that individualized dosing strategies could improve clinical outcomes of this drug
with no additional toxicity. '***%

The aims of the present study were (i) to evaluate the efficacy and safety of amikacin dosage
recommended by the current international guidelines, (ii) to create an interactive amikacin

dosage nomograms tool based on PKPD criteria and (iii) to evaluate the impact of intrinsic

factors on amikacin dosing regimens with special focus on serum albumin.

Materials and methods
Pharmacokinetic model
A specific amikacin PK model previously developed was used. Amikacin PK was described by
a one-compartment model with first order linear elimination. The population pharmacokinetic
(PopPK) model was parameterized in terms of CL and V (equations 1-2, respectively). Serum
albumin (ALB), total bodyweight (TBW), estimated glomerular filtration rate (eGFR)
calculated with CKD-EPI equation and co-medication with vancomycin (VANCQO) showed a
significant impact on amikacin PK. * Additional details of the PopPK model are provided in
Pérez-Blanco JS et al. **
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CL (L/h) = (0.525 + 4.78 x CKD — EPI/98) x 0.77VANCO Eg.1
V(L) =263 x (ALB/2.9)7%%1 x[1+ 0.006 x (TBW — 70)] Eq. 2
Where CL (L/h) is the total amikacin clearance, CKD-EPI is the estimated glomerular filtration
rate by CKD-EPI equation (mL/min), VANCO represents co-medication of vancomycin (0 for
absence of vancomycin co-administered; 1 for co-medication with vancomycin), V (L) is the
amikacin volume of distribution, ALB is the serum albumin concentration (g/dL) and TBW is
the total bodyweight (kg).

The maximum and minimum concentrations at the steady state and the %T>MIC expressed as
percentage of the dosing interval are shown in equations 3-5, respectively.

D/T X (1_ e~ CL/Vdx T)

Cmax (Mg /L) = Vd x CL/Vd x (1— e~ CL/VaAxT) Eq. 3
Conin (MG/L) = Ciilgn % e~ CH/VAX (D) Eq. 4
T > MIC (%) = (T —In(MIC/C5ay)/ (CL/Vd X 1)) X 100 Eq. 5

Where D (mg) is the total amikacin dose administered, T (h) is the duration of infusion, CL
(L/h) is the clearance, Vd (L) is the volume of distribution and t (h) is the dosing interval, MIC
(mg/L) is the minimum inhibitory concentration and %T>MIC, time with concentrations

exceeding the MIC (% of dosing interval, T).

Amikacin dosage guidelines evaluation

Amikacin dosage recommendation guidelines selected in this work were: 1) European
Committee on Antimicrobial Susceptibility Testing guidance 2020 (EUCAST), 2)
Antimicrobial Therapeutic Guide Mensa 2020 (Mensa), 3) Aminoglycoside Dosing in Adults
Guideline of State of Queensland 2018 (Queensland), 4) The Sanford Guide to Antimicrobial
Therapy 2019 (Sanford) and 5) UpToDate® 2020 electronic clinical resource (UpToDate). Table
1 summarise amikacin dosing recommendations at different renal function for each of the

guidelines evaluated.
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Table 1. Amikacin dosing recommended by the international dosing guidelines

Renal function (mL/min)

Guideline <10 10-20 20-30 30-40 40-60 6080 >80
EUCAST 25-30 (24) 2530 (24)  25-30 (24) 25-30 (24) 25-30 (24) 25-30 (24) 25-30 (24)
Mensa 75-10 (48) - 12 (48) - 12 (24)° 15-20 (24) 15-20 (24)
Queensland 16" 16" 16" 16" 16-20 (36) 20 (24) 20 (24)°
Sanford 3(72) 4 (48) 75 (48) 4 (24) 75 (24) 12 (24) 15 (24)
UpToDate 75 (48-72)7 75 (24-72)7 75 (24-72) 15 (48) 15 (36) 15 (24) 15 (24)%

Amikacin doses are expressed in mg/kg and interval dosing in hours between brackets.

EUCAST: Initial dose based on ideal bodyweight in seriously ill patients prior to therapeutic drug monitoring and dose adjustment.
Renal function calculated by CKD-EPI equation.

Mensa: Amikacin dose based on adjusted bodyweight. Renal function calculated by Cockcroft-Gault equation.

Queensland: Amikacin dose based on ideal bodyweight or total bodyweight whichever is lower. Use ideal bodyweight for
overweight patients (25.0-29.9 kg/m?) and adjusted bodyweight for obese patients (> 30.0 kg/m?). Renal function calculated by an
easily available estimated glomerular filtration rate equation. Cockcroft-Gault equation is not recommended.

Sanford: Amikacin dose based on ideal bodyweight for non-obese patients (< 30.0 kg/m?). Use adjusted bodyweight in obese
patients (> 30.0 kg/m?). Renal function calculated by Cockcroft-Gault equation using ideal bodyweight for non-obese patients and
Salazar-Corcoran equation for obese patients.

Uptodate: Amikacin dose based on total bodyweight for underweight patients (< 18.5 kg/m?); ideal bodyweight for patients with
total bodyweight 1-1.25 folds ideal bodyweight and adjusted bodyweight for patients with total bodyweight > 1.25 folds ideal
bodyweight. Renal function calculated by Cockcroft-Gault equation using lean bodyweight.

@ Amikacin dose only for creatinine clearance 40-50 mL/min.

A Single dose only. Further doses should be under therapeutic drug monitoring.

+ For critically ill and febrile neutropenic patients, administer a single dose of 30 mg/kg and monitor concentrations.

+ Amikacin postdialysis dose should be administered.

 Amikacin dose based on serum concentrations.

& Use traditional intermittent dosing for creatinine clearance > 120 mL/min.

Monte Carlo simulations were carried out using the PopPK model previously described to
evaluate the efficacy (Cmax/MIC and %T>MIC) and safety (Cmin) of each scenario. The
amikacin mean dose and the mean of CKD-EPI of the respective ranges proposed by the
guidelines were selected for simulation purposes (120 mL/min for the > 80 mL/min
classification). In severe renal dysfunction stages (CKD-EPI < 30 mL/min), amikacin
administration each 48 h and 36 h was selected for the UpToDate guideline at renal function
values 10-20 mL/min and 20-30 mL/min, respectively. Total dose recommended was
administered in one-hour infusion. Cmax/MIC of 10 and %T>MIC > 60% were selected as the
efficacy PKPD thresholds with a MIC of 4 mg/L. Probability of target attainment (PTA) was
calculated for 1000 virtual subjects of 70 kg for a MIC of 4 mg/L taking into account the PK
variability. Treatment response was defined as effective and/or toxic when the PTA > 90% for
efficacy criteria (Cmax/MIC and/or %T>MIC) and Cmin > 4 mg/L at the steady state,

respectively.
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AMKnom: interactive amikacin nomograms

An interactive R-based application, AMKnom, was developed to perform interactive amikacin
nomograms based on PKPD criteria and subject characteristics. AMKnom outputs are also
helpful for better understanding of the quantitative impact of physiological factors on amikacin
exposure and treatment success. AMKnom was developed in R through Shiny package for
implementing interactive functions into the simulation environment. ¥

AMKnom was divided in two main sections:

A. Input menu (left panel): information was displayed in three tabs: i) Patient: TBW (kg),
ALB (g/dL), CKD-EPI (mL/min) and co-medication with vancomycin (yes/no); ii)
Treatment (time of infusion (h), dosing interval (h) and MIC (mg/L)) and PKPD
thresholds (Cmax/MIC, %T>MIC and Cmin); iii) Graphical settings (resolution, grid,
etc.). PK parameters and PKPD target values for the specific scenario defined (patient,
treatment and PKPD thresholds) are summarized at the bottom of patient tab.

B. Graphical output (main panel): amikacin dose expressed in mg/kg (black solid lines)
required to reach the Cmax/MIC threshold selected (Treatment & PKPD tab of input
menu) at steady state was calculated for all possible combination of two of the
following variables: TBW, ALB and CKD-EPI. For each combination, the remaining
variable was fixed to the value introduced in the patient tab of the input menu. Three
different tabs are defined based on the fixed variable (CKD-EPI, TBW and ALB). For
each dosing scenario calculated to reach Cmax/MIC criterion, the %T>MIC and Cmin
were calculated. A green area was drawn when %T>MIC complied with the threshold
defined in Treatment & PKPD tab (input menu). A red area was drawn when Cmin was
equal or higher than the toxicity threshold (Cmin) defined in Treatment & PKPD tab
(input menu). Specific scenario defined in input menu is represented across the three
graphical representations.

The range of continuous covariates were defined in accordance with the development

population of the PopPK model: TBW: 40-150 kg, ALB: 1-6 g/dL and CKD-EPI: 30-200
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mL/min. The typical subject was defined as TBW of 70 kg, ALB of 4.0 g/dL, CKD-EPI of 120

mL/min and absence of vancomycin co-administration.

Results

Amikacin dosage guidelines evaluation

Large discrepancies were observed in amikacin dosage recommendations across the five dosing
guidelines evaluated (Table 1). In addition, missing dosage recommendation (Mensa) or a wide
range of interval administration, from 24 h up to 72 h (UpToDate), were found for specific renal
function status. Moreover, initial dosage recommendations in seriously ill patients assuming the
need of therapeutic drug monitoring (TDM) adjustment instead of recommending a specific
dosing interval were observed (EUCAST).

Treatment efficacy (Cmax/MIC > 10 and %T>MIC > 60%) and toxicity (Cmin > 4 mg/L) for
the different dosing recommendations of each guideline through the ALB possible values
defined by renal function stages are shown in Figure 1. These results show that, at the dosage
recommended, mainly based on renal function status, the higher is the albumin: i) the higher
will be the PTA for Cmax/MIC criterion, ii) the lower will be the PTA for %T>MIC efficacy
criterion and iii) the lower will be the PTA for toxicity. Overall, EUCAST and Queensland
showed an adequate amikacin treatment efficacy at the dosages recommended. In the other
hand, these guidelines presented a high probability of toxicity being hypoalbuminemia and renal
dysfunction subjects the worst scenario. Sanford and UpToDate guidelines showed the most
safety profiles across the different scenarios evaluated. However, potential efficacy issues were

observed due to the low doses recommended by these guidelines.

74



Trabajo experimental

EUCAST Mensa === Queensland === Sanford UpToDate
eGFR = 15 mL/min eGFR = 25 mL/min eGFR = 35 mL/min eGFR = 50 mL/min eGFR =70 mL/min eGFR = 120 mL/min
100 —S————
o
z
75~ g“
=
o
50- v
o
3
25- 3
£
- =
= o :
c
g 100- ——
£ E
]
= 75- =
i g
® 2
& s0- \ =
:(:u \ :‘3"'
o i
> 25 g
| o-
a
D 100 - —
o
\ g
75- 5
v
£
3
50 - B
E
25- & E
\_ g
0- N = ¥ S
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6 2 4 6

Albumin, mg/dL

15 mL/min 25 mL/min 35 mL/min 50 mL/min 70 mL/min 120 mL/min
EUCAST  27.5 mg/kg (q24h) 27.5 mg/kg (g24h) 27.5 mg/kg (q24h) 27.5 mg/kg (q24h) 27.5 mg/kg (q24h) 27.5 mg/kg (q24h)
Mensa NA 12 mg/kg (g48h) NA 12 mg/kg (q24h)  17.5 mg/kg (q24h) 17.5 mg/kg (g24h)
Queensland 16 mg (q24h) 16 mg/kg (q24h) 16 mg/kg (g24h) 18 mg/kg (g36h) 20 mg/kg (q24h) 20 mg/kg (q24h)

Sandford 4 mg/kg (g48h) 7.5 mg/kg (g48h) 4 mag/kg (g24h) 7.5 mg/kg (q24h) 12 mg/kg (g24h) 15 mg/kg (q24h)
UpToDate 7.5 mg/kg (g48h) 7.5 mg/kg (q36h) 15 mg/kg (g48h) 15 mgrkg (q36h) 15 mg/kg (g24h) 15 mg/kg (q24h)

Figure 1. Efficacy and toxicity probability (upper panel, graphical representations) of amikacin
dosage recommended (bottom table) by EUCAST, Mensa, Queensland, Sanford and UpToDate
guidelines stratified by estimated glomerular filtration rate (eGFR). Cmax, maximum
concentration; MIC, minimum inhibitory concentration; %T>MIC, time with concentrations
exceeding the MIC (% of dosing interval); Cmin, minimum concentration; 1000 virtual subjects
simulated with total body weight of 70 kg, no vancomycin administration, infusion time of 1h
and amikacin administered once-daily; MIC=4 mg/L. NA, non-applicable.

AMKnom: interactive amikacin nomograms

A user-friendly web application, AMKnom, has been developed and it is freely available at
http://shiny.cumulo.usal.es/amknomogram/. AMKnom allows an easy evaluation of optimized
amikacin dosage based on patient and treatment information together with PKPD selection
criteria. An amikacin nomogram can be computed and downloaded from the application for the
specific scenario defined. Dynamic simulations can be performed by activating the “play
button” for each covariate taking into account in the simulations. This action allows to observe

how amikacin dosage recommended changes with the increase/decrease of a determined
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variable together with the impact on treatment efficacy (%T>MIC > 60%) and safety (Cmin < 4
mg/L). An example of the AMKnom application is shown in Figure 2. Considering the
interactive properties of the AMKnom application, we strongly encourage the reader to explore

the online tool to better understand the features implemented.
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Figure 2. AMKnom application. (a) Input menu (3 tabs). (b) Graphical output: title indicates the
value of a specific variable fixed when simulations are performed; red dashed lines, subject of
70 kg, 4 g/dL of albumin and 120 mL/min of renal function calculated with CKD-EPI equation;
black solid lines, amikacin dose (mg/kg) required to achieve the Cmax/MIC threshold defined
in Treatment & PKPD tab of (a); green area, efficacy scenarios where time above MIC is equal
or higher than the threshold defined in Treatment & PKPD tab of (a); red area, toxic scenarios
where Cmin is equal or higher than the threshold defined in Treatment & PKPD tab of (a). (c)
PK and PKPD results for the scenario defined in the input menu together with a download
button of the three possible nomograms performed.

Influence of TBW, ALB and CKD-EPI on amikacin dose (mg/kg) once-daily administered in
absence of vancomycin concomitant administration to the typical subject (TBW: 70 kg, ALB: 4
g/dL, CKD-EPI: 120 mL/min) is shown in Figure 3. Additional %T>MIC efficacy and toxicity
(Cmin) results are presented in green and red areas, respectively, where all the toxicity scenarios

also achieve the % T>MIC efficacy.
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Figure 3. Amikacin dose (mg/kg) administered once-daily in 1h infusion required to reach a
maximum concentration (Cmax)/MIC=10 across albumin, total body weight and estimated
glomerular filtration rate (calculated with CKD-EPI equation) variations in the absence of
vancomycin concomitant administration. Title of each plot, value of the variable fixed when
simulations are carried out; red dashed lines, subject of 70 kg, 4 g/dL of albumin and 120
mL/min; MIC=4 mg/L; green and red areas, scenarios where concentrations above MIC
represent more than 60% of the time of dosing interval (efficacy) and minimum concentrations
higher than 4 mg/L (toxicity), respectively.

These results show a significant influence of ALB on amikacin dosing optimization with a
larger impact on treatment efficacy than CKD-EPI which is currently the main driver of
amikacin dosage selection. For instance, for reaching a Cmax/MIC > 10 in the typical subject, a
36% dose must be increased if ALB changes from 4 g/dL to 2 g/dL while a 10% dose reduction
would be needed if the renal function decreases from 120 mL/min to 50 mL/min. Moreover, a
decrease of 1 mg/kg/day when TBW increases by 10 kg from 70 kg to 80 kg, within the same
subject, would be necessary to achieve the defined efficacy Cmax/MIC ratio. This change in
dosing selection based on TBW maodifications has a higher impact at low TBW (15% dose

decrease from 40 kg to 50 kg) than in heavier subjects (3% dose decrease from 140 kg to 150

kg).

Discussion

Despite continued progress toward “one-dose-fits-all” in antibiotic treatment strategies,
amikacin dosage regimens should be further individualized supported on efficacy and safety
PKPD criteria together with individual patient information and clinical evolution. Along this

line, model-informed precision dosing is been shown in the last few years as a promising tool to
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increase treatment success. ® This methodology integrates PK information together with patient
characteristics and exposure-response or PKPD relationships in an easy-to-use model-informed
dose selection framework.

Antimicrobial therapy recommendations based on body and adjusted weight according to renal
function or aging present a wide variability across the international guidelines evaluated in this
work (Table 1). Our results showed that intrinsic factors such as TBW, ALB or CKD-EPI
influence efficacy and safety of amikacin treatments. Considering these factors, amikacin 15-20
mg/kg/day once-daily regimen, lately adopted for most of antibiotics treatment, would cover a
large majority of the treatments. However, this dosage could potentially involve under dosing in
specific situations such us patients with hypoalbuminemia and increased of toxicity in severe
renal dysfunction stages.

Renal elimination plays a key role in the PKPD of water-soluble drugs such as amikacin,
primarily eliminated by the kidneys. ** The majority of the antimicrobial therapy guidelines
evaluated in this work recommend to adjust amikacin dose and frequency of administration
based on renal function calculated with Cockcroft-Gault, CKD-EPI and Salazar-Corcoran
equations. "*° However, recent studies have proposed CKD-EPI and revised Lund-Malmé as
the better equations to characterise amikacin elimination in most of the physiopathological
situations for drug dosing. **“° In the other hand, Aminoglycoside Queensland Health System
and EUCAST guidelines recommends the same initial single dose (mg/kg) for critically
ill/febrile neutropenic patients with or without chronic renal impairment followed by TDM
adjustment. Our results showed a reduced amikacin dose decrease (10%) required when it is
administered once-daily to reach treatment success in terms of efficacy comparing for subjects
with normal renal function (eGFR=120 mL/min) versus a moderate renal impairment subject
(eGFR=50 mL/min). These results are aligned with EUCAST and Queensland guidelines
suggesting reduced amikacin dose adjustment must be required in a wide range of renal
function. It is important to highlight that special populations such as paediatrics, obese or renal

failure patients (eGFR < 15 mL/min) have not been considered in this work.
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As other hydrophilic antimicrobials, amikacin exhibits a volume of distribution limited to the
extracellular space, which is significantly affected by albumin concentrations decreased. *
Increases in the volume of distribution are likely to decrease Cmax and total amikacin
concentrations over time. In consequence, it is important to considerate serum albumin for
optimizing amikacin dosage in order to achieve the efficacy and safety PKPD targets proposed,
avoiding potential under dosing and sub-therapeutic concentrations. Several disease stages are
associated with hypoalbuminemia, such as analbuminemia, starvation, liver or renal disease,
cancer, stress response, burns, trauma, surgery or septic shock. 24?42 Although some of the
antimicrobial therapy guidelines recommend special caution in situations with increased volume
of distribution such as sepsis or septic shock, cystic fibrosis, severe burns or ascites among
others, there are no special considerations based on albumin serum concentrations unlike dosing
nomograms. "®'° Our findings show a significant influence of albumin in amikacin dosage
regimens and how patients with hipoalbuminemia should receive higher doses than
normoalbuminemic ones for warrantying an adequate treatment efficacy.

Amikacin dosing has been based on weight (mg/kg) for decades. TBW, ideal bodyweight
(IBW), lean bodyweight (LBW) and adjusted bodyweight (ABW) have been proposed for being
used in dose calculations by many authors and specific scenarios without consensus (most of
them for critically ill and obese patients). 2®*>*"*% Similarly, antibimicrobial guidelines also
have no consensus on which of the previous weight measures best fit amikacin PK. Amikacin
dosing recommendations are based on TBW, IBW and ABW depending on whether the patient
is obese or not, but regardless body mass index (BMI) classification. Amikacin dosing
recommendations based on TBW seems to be valid for normal-weight patients (18.5-24.9
kg/m?) (Figure 4). However, in overweight and obese patients (> 25 kg/m?) or
physiopathological stages such as sarcopenic patients with cancer, among others, drugs’

distribution can be largely modified. >**°

IBW could not be an optimal measure, as patients with
the same sex and height would receive the same dose regardless of body composition. On the
other hand, LBW describes the weight devoid of almost all adipose tissue (total weight of
54,56

organs, bones and muscles).
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Figure 4. Comparison between different bodyweight measures and total bodyweight (TBW)
classified according to body mass index (kg/m?). Red, blue and purple solid lines, percentage of
ideal bodyweight (IBW), adjusted bodyweight (ABW) and lean bodyweight (LBW) respect to
TBW, respectively. Green area, situations where weights calculated with the different equations
would be within £20% of TBW.

IBW (kg) = 50 kg + [0.9 x (height (cm) — 152.4 cm)] ©

ABW (kg) = IBW (kg) + 0.4 x [TBW (kg) — IBW (kg)] ©

LBW (kg) = [1.1013 x TBW (kg)] — [0.01281 x BMI x TBW (kg)] ©”

In the amikacin PopPK model used in this work, TBW was the best body measurement metric
to describe amikacin PK within the range of weights evaluated (43-190 kg) and therefore, TBW
has been used in this work for dosage optimization together with the development of the
simulations carried out. ** However, several exceptions are recommended along the different
guidelines (i.e. ABW above 30 mg/kg/m?) in addition to new body size scalars proposed, such
as skeletal muscle area, as better predictor of interpatient PK variability than TBW. *® Therefore,
results obtained in obese patients and its impact on dosage recommendation together with
efficacy and toxicity associated with alternative body sizes proposed in each guideline must be

considered carefully.
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Amikacin is often used in combination with other drugs which can modify its PK and/or clinical
outcome such as vasoactive drugs or other nephrotoxic agents as vancomycin, furosemide or
amphotericin B, among others. Vasoactive drugs are commonly required to improve
hemodynamic function in patients with sepsis or septic shock and can modify the extracellular
fluid compartment and volume of distribution of water soluble antibiotics such as
aminoglycosides. *° In addition, total parenteral nutrition has been correlated with an expanded
volume of distribution and lower peak concentrations of amikacin in parenterally-fed patients as
well as with an increase in creatinine clearance. ® These co-administrations, apart from
vancomycin and parenteral nutrition were not taken into account in the present research. In
consequence, additional consideration may be required in amikacin dose individualization under
additional supportive care of these drugs.

Amikacin presents nephrotoxicity, usually transient, and ototoxicity, commonly irreversible,
related with high concentrations at the end of the administration interval (Cmin > 4 mg/L). *-¢
Dosage recommended by the studied amikacin guidelines, except Sanford, presented toxicity
issues in moderate to severe renal failure patients (eGFR < 60 mL/min) getting worse in
hypoalbuminemia subjects. Our results also showed an increase of amikacin toxicity in patients
with decreased renal elimination, low serum albumin or high TBW, if doses are not optimized
adequately. Aminoglycosides nephrotoxicity can limit their use in clinical practice. Therefore,
contributing factors to this toxicity such as concomitant nephrotoxic drugs administration, could
promote kidney injury and drug clearance decrease which must be considered carefully. ®
Monte Carlo simulations performed for the dosage recommended in the international amikacin
guidelines evaluated in this work showed the high relevance of serum albumin on this antibiotic
treatment efficacy and toxicity (Figure 1). Thus, a specific dosage recommended can vary from
absence to fully achieved of efficacy and/or toxicity only due to the serum albumin value within
a patient. In addition, impact of changes in serum albumin, from 4 g/dL to 2 g/dL, comparing
with changes in renal function stage, from 120 mL/min to 50 mL/min, showed a significant
higher impact of albumin than renal function on dose adjustment required to reach treatment

efficacy (36% increase vs 10% reduction, respectively). These findings reveal the significant
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role of serum albumin in amikacin dosage optimization based on PKPD criteria and support its
potential inclusion in future updates of the principal international amikacin dosing guidelines.

Antimicrobial therapy guidelines establish general amikacin dosing recommendations of great
utility for different population groups, whereas amikacin dosing model-based nomograms could
be more precise in certain situations. Thus, an interactive amikacin dosing evaluation and
nomogram builder, AMKnom, has been developed and is freely available at
http://shiny.cumulo.usal.es/amknomogram/. AMKnom allows the researchers and clinicians to
extend these preliminary insights to different dosing regimens (i.e. gl2h, g36h), PKPD
thresholds (Cmax/MIC, %T>MIC, Cmin) or MIC values, among others. However, specific
populations where significant PK differences have been shown, such us paediatric, overweight
and obese (BMI > 25 kg/m?), burns, amputees, patients with specific additional supportive care
(i.e. vasoactive drugs, parenteral nutrition) or end-stage renal disease (eGFR < 15 mL/min) were
not studied in this work and must be considered for amikacin dosage individualization.
Therefore, additional studies including previously mentioned populations are suggested as

potential improvements of the insights presented in this research.

Conclusions

The present study shows the efficacy and toxicity associated to the dosage recommended by the
main international amikacin guidelines together with the impact of total bodyweight, renal
function and serum albumin on amikacin model-informed precision dosing recommendation.
EUCAST and Queensland dosing guidelines showed an adequate treatment efficacy also
associated with potential toxicity issues in renal failure subjects getting worse in
hypoalbuminemia patients. A significant impact of serum albumin has been shown suggesting
further evaluations for potential inclusion in the following amikacin guidelines updates.
AMKnom, a useful interactive amikacin nomogram builder based on PKPD criteria and patient

characteristics has been developed and is freely available for amikacin dosing optimization.
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IV. DISCUSION







Discusién

Los antibi6ticos aminoglucésidos contindan siendo ampliamente utilizados como opcién de
primera linea en el tratamiento de infecciones causadas por bacterias gram negativas
multirresistentes. Amicacina, asociada a betalactdmicos, sigue siendo una terapia antibiética de
gran utilidad en el tratamiento empirico de la sepsis en paciente critico. En el tratamiento
antibidtico, especialmente en sepsis, la rapidez con la que se alcanzan concentraciones
adecuadas del antibiotico condiciona la respuesta clinica y microbioldgica al tratamiento.

La sobredosificacion, con los problemas de toxicidad asociados, y la infradosificacion que
puede conducir a fallo terapéutico y aparicion de resistencias, aln estdn presentes en la
terapéutica antibiotica. Realmente, el tratamiento médico definitivo de las enfermedades
infecciosas es la administracion del antimicrobiano mas apropiado, entendiendo como tal no
solo la seleccion del antibidtico sino también la dosificacion adecuada desde la perspectiva
farmacocinética y farmacodinamica (PKPD). No disponiendo de un parametro clinico que
asegure la idoneidad del tratamiento y la resolucion de la infeccion, ultimo objetivo del
tratamiento, se utilizan parametros PKPD subrogados de la eficacia terapéutica, como ya se
comentd para amicacina.

La dosificacion inicial de amicacina plantea un importante reto, pues una dosis no cumple las
necesidades en todos los pacientes. Los aminoglucésidos, con un efecto concentracion-
dependiente y unos parametros PKPD bien definidos, estdn sometidos a una elevada
variabilidad farmacocinética inter e intra-individual que obliga a la adopcion de estrategias
personalizadas de dosificacion. Como ejemplo cabe mencionar que la dosis requerida para
alcanzar una concentracién maxima de 60 mg/L puede variar entre 500 y 1500 mg, dependiendo
de las caracteristicas PK individuales del paciente. Ajustando los regimenes de dosificacion de
amicacina con el objetivo de alcanzar los parametros PKPD definidos, es posible incrementar la
probabilidad de alcanzar las concentraciones séricas y resultados terapeuticos deseados.

El carécter hidrofilico de los aminoglucésidos condiciona sus caracteristicas PK, tales como la
distribucion y eliminacion. Fundamentalmente se distribuyen en el liquido extracelular,
presentan volumenes de distribucion relativamente pequefios y son excretados por via renal,
sujetos fundamentalmente a filtracion glomerular. Esto se traduce en una importante
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variabilidad farmacocinética interindividual, agravada por el hecho de que la propia situacion
clinica del paciente puede provocar cambios en el volumen de distribucion (Vd) y en el
aclaramiento (CL) renal del antibiético. En determinados grupos de pacientes, ej. criticos o
hematoldgicos, frecuentemente tratados con amicacina, se producen cambios fisiopatoldgicos
asociados a importantes modificaciones en la farmacocinética del antibi6tico que,
desafortunadamente, no siempre son considerados en su dosificacion. En sepsis se produce un
incremento significativo del volumen de distribucion de amicacina al que contribuyen distintos
factores: fugas capilares, hipoalbuminemia, administracion de grandes volimenes de liquido por
via intravenosa o comorbilidades. Las modificaciones en la funcion renal del paciente que
pueden incrementar o reducir el aclaramiento del antibidtico, junto con los cambios en el
volumen de distribucién, condicionan de forma significativa los requerimientos de dosificacion
de amicacina, tanto en la dosis como en el intervalo posoldgico. Especial importancia revisten
los incrementos en el volumen de distribucion con la consiguiente reduccién de la concentracion
maxima. Con amicacina, cuyo efecto es concentracion-dependiente, una reduccion en la
concentraciéon maxima puede comprometer la eficacia de los tratamientos. Igual importancia
revisten las modificaciones en la funcion renal del paciente, con repercusiones clinicas también
significativas en su eficacia o toxicidad.

Las dosis empiricas o estandarizadas solamente son adecuadas en una proporcion muy reducida
de pacientes. El problema de la variabilidad farmacocinética tnicamente puede abordarse desde
las Estrategias de Dosificacion de Precision basadas en Modelos de prediccion debidamente
validados (EDPM). Para ello es necesario identificar todos los factores que condicionan la
variabilidad y la magnitud del efecto, informacidn que, plasmada en modelos poblacionales, nos
permitiré individualizar la posologia desde el inicio del tratamiento. Teniendo en cuenta que los
cambios fisiopatoldgicos paralelos a la evolucion de la enfermedad pueden dar lugar a
modificaciones farmacocinéticas intra-individuales, solamente la monitorizacién sistematica de
concentraciones séricas (TDM) del antibi6tico durante el tratamiento podra maximizar las

probabilidades de éxito del mismo.
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La cuantificacion de la funcién renal del paciente es un pilar indispensable en la programacion
posoldgica de farmacos eliminados fundamentalmente por via renal. Una estimacion segura de
la funcién renal del paciente resulta esencial para la Optima dosificacion de medicamentos
eliminados del organismo por esta via. La sobreestimacion de la funcion renal puede conducir a
la administracion de dosis elevadas y posiblemente tdxicas de estos farmacos, al contrario de la
infraestimacion que puede desembocar en una dosificacion infraterapéutica y fallos del
tratamiento.

Los aminoglucésidos, como amicacina, son completamente eliminados mediante filtracion
glomerular, es por ello que la tasa de filtraciéon glomerular (TFG) del paciente controla su
aclaramiento. Los ajustes posoldgicos adaptados a la funcion renal excretora resultan
indispensables para estos medicamentos. Sin embargo, existe gran debate relacionado con la
Optima metodologia a utilizar en la dosificacion de farmacos.

El gold-estandard para la valoracion de la filtracion glomerular se realiza mediante la
cuantificacion del aclaramiento plasmatico de una sustancia exdgena de referencia. Sin
embargo, la complejidad, coste y dificultad para llevar a cabo este tipo de estudios, ha
conducido al desarrollo de ecuaciones para la estimacion del filtrado glomerular de forma rapida
y segura en la préctica clinica. La mas antigua y ampliamente utilizada durante décadas es la
ecuacion de Cockcroft-Gault (CG) generada en 1976, 20 afios mas tarde se desarrollé la
ecuacién denominada MDRD (Modification of Diet in Renal Disease). Ambas fueron obtenidas
con datos de creatinina sérica cuantificada con una técnica no estandarizada, hecho que segln
algunos autores representa su principal limitacion. En 2009 se desarroll6 la ecuacion CKD-EPI
(Chronic Kidney Disease Epidemiology Collaboration) y en la Gltima década se han publicado
nuevas ecuaciones, como Lund-Malmd, que posteriormente fue revisada (rLM), BIS1 (Berlin
Iniciative Study 1) y FAS (Full Age Spectrum). Todas ellas se desarrollaron en poblaciones
especificas, siendo rLM y FAS las Unicas que incluyeron pacientes de todas las edades (1).

La ecuacion CG proporciona un estimado del aclaramiento de creatinina (eCLCr), subrogado de
la TFG, y el resto de las ecuaciones proporcionan directamente la TFG. A efectos de
comparacion y clasificacion de la insuficiencia renal, en la préctica clinica se utilizan

95



Discusién

indistintamente ambos parametros, siendo frecuente sustituir el eCLCr por la TFG. Numerosos
estudios han comparado el comportamiento y resultados de estas ecuaciones en la valoracion de
la funcion renal del paciente, llegando todos ellos a resultados dispares entre las distintas
formulas (1-3). Ello es atribuido en parte a las diferencias en los pardmetros utilizados en el
disefio de cada una de las formulas, incluida la técnica analitica para la determinacion de la
creatinina sérica.

A excepcién de CG, todas las ecuaciones expresan la TFG normalizada para una superficie
corporal (SC) de 1,73 m? En los estudios comparativos de formulas para la estimacion de la
TFG los resultados discrepantes se han atribuido en ocasiones al efecto de la normalizacion,
especialmente si la poblacion de estudio incluia pacientes con valores extremos de SC. Este es
el motivo por el cual los resultados deberian expresarse adaptados a la SC real del paciente, lo
gue ha sido recomendado, entre otros, por la Agencia Europea del Medicamento (EMA) (4). La
ecuacion CG ha sido la utilizada tradicionalmente, sin embargo, con la aparicion de las nuevas
ecuaciones su uso esta actualmente cuestionado (1,2). En el laboratorio clinico es frecuente que
la concentracion de creatinina sérica vaya automaticamente acompafiada del valor de la TFG
estimada (5,6). Aunque en afios anteriores se indicaba la TFG estimada en funcion de la
ecuaciéon MDRD, en la actualidad se ha extendido la utilizacién de la formula CKD-EPI,
informando del resultado normalizado para SC de 1,73 m? (6). La férmula utilizada en el
laboratorio para la estimacion de la TFG no despierta gran interés en los destinatarios del
resultado. Sin embargo, especialmente cuando esta informacién va a ser utilizada para la
dosificacion de farmacos, es necesario ser conscientes de la ecuacion disponible y sus
limitaciones para este uso.

De manera similar a la evaluacion de la funcion renal, las ecuaciones de estimacion de la TFG
también han sido comparadas para su utilizacion en la dosificacion de farmacos en distintos
grupos de poblacion (7-10). Més especificamente, disponemos de estudios de comparacion de
estas ecuaciones en la dosificacion de antibiéticos aminoglucésidos (11,12). Para este propésito,
la ecuacion de CG ha sido la mas utilizada y es la recomendada por la FDA para los estudios
farmacocinéticos en el desarrollo de farmacos, aunque también ha propuesto la ecuacion MDRD
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como alternativa (13). El argumento mas frecuentemente utilizado en la recomendacion de CG
para la dosificacién de farmacos es su seguridad, evitando la sobreestimacion de la TFG a la que
se encuentran sometidas las otras ecuaciones, con el riesgo de sobredosificacion, especialmente
en pacientes geriatricos y aquellos con insuficiencia renal (7,9). Sin embargo, estudios mas
recientes no recomiendan la utilizacién CG, siendo CKD-EPI la ecuacidén mas aceptada (2).

En la individualizacion posoldgica de amicacina, excretada mediante filtracion glomerular, la
estimacion segura de su aclaramiento resulta ser una herramienta de gestion terapéutica basica
para la personalizacién de los tratamientos. Ante el debate existente en la literatura, hemos
evaluado la utilidad y capacidad predictiva de las ecuaciones antes mencionadas para el
aclaramiento de amicacina (14). Tratamos, por tanto, de conocer el mejor descriptor del
aclaramiento de amicacina. Con un total de 566 datos de concentracion obtenidos en la TDM
habitual de amicacina en 198 pacientes, mediante la aplicacion de un modelo poblacional no
lineal de efectos mixtos, utilizando el programa NONMEM®, analizamos el efecto de las
distintas ecuaciones en el aclaramiento de amicacina. La mayoria de los pacientes incluidos en
el estudio presentaban hipoalbuminemia, siendo el 59% oncohematolégicos y el 16% pacientes
criticos con sepsis. La individualizacion posoldgica de amicacina habitualmente se realiza
mediante la TDM vy el control adaptado bayesiano utilizando modelos farmacocinéticos
poblacionales (PopPK). Aunque disponemos de distintos modelos PopPK de amicacina, todos
ellos estan basados en la TFG (o CLCr) estimada mediante las ecuaciones mas antiguas. Este
estudio incorpora nuevas ecuaciones predictoras de la TFG para poder identificar aquella que
mejor predice el aclaramiento de amicacina, siendo este el objetivo de este tipo de
comparaciones en terapéutica. Mediante un analisis poblacional hemos identificado las
ecuaciones CKD-EPI y Lund-Malmé revisada como aquellas que presentan mejor capacidad
predictiva del aclaramiento de amicacina en la poblacién general. Sin embargo, en pacientes con
insuficiencia renal moderada o grave (CICr < 60 mL/min) la ecuacién CG con peso total es la
que mayor precision presenta, siendo la recomendada por nosotros en esta situacion. Este
resultado esta de acuerdo con estudios previos que recomiendan la utilizacion de la ecuacion CG
en la dosificacion de farmacos en pacientes geriatricos o pacientes con insuficiencia renal, para
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evitar la sobredosificaciéon a la que pueden conducir las otras ecuaciones disponibles (9,10). A
su vez, otros estudios también habian advertido de la posible inferioridad de la ecuacion CKD-
EPI en el célculo del aclaramiento de farmacos en pacientes con insuficiencia renal (2). Hasta
donde conocemos, este es el primer estudio que evalla diversas ecuaciones de estimacion de la
TFG para la prediccion del aclaramiento de amicacina. Por otra parte, la ecuacion Lund- Malmo
revisada, que ha sido evaluada y recomendada para la estimacion de la funcion renal, es
analizada por primera vez desde el punto de vista de la dosificacién terapéutica (15).
Recientemente, se han propuesto las EDPM para predecir la dosis 6ptima individualizada de un
medicamento que alcanzaria objetivos predefinidos de exposicion al farmaco (16). Para poner
en practica en nuestro entorno la estrategia EDPM, se ha planteado como segundo objetivo de la
Tesis caracterizar la farmacocinética de amicacina en pacientes con hipoalbuminemia mediante
una aproximacion poblacional. EI modelo se desarrollé con datos recogidos retrospectivamente
de 215 pacientes adultos (mediana: 61 afos; intervalo: 18-93 afios) en tratamiento con este
antibidtico en perfusion intravenosa (623 concentraciones plasmaticas de amicacina),
administrado en el 70% de los casos a intervalos > 24 horas. El 75% de los pacientes
presentaban valores de albumina < 3,5 g/dL y funcién renal normal o insuficiencia renal
moderada (mediana CKD-EPI: 98 mL/min; intervalo: 17-194 mL/min).

El modelo PopPK que mejor ha descrito la disposicion de amicacina en nuestra poblacién ha
sido un modelo monocompartimental que considera en el aclaramiento la influencia de la
funcidn renal del paciente y el tratamiento concomitante con vancomicina y en el volumen de
dsitribucion la albuminemia y el peso del paciente (Ecuaciones 1y 2). Tanto los parametros de
efectos fijos como aleatorios se estimaron con suficiente precision y exactitud para permitir la

simulacion de distintos escenarios clinicos.

CL (L/h) = (0,525 + 4,78 x CKD-EP1/98) x 0,77"2comicina Ecuacién 1

Vd (L) = 26.3 x (albimina/2,9)*** x [1 + 0.006 x (peso - 70)] Ecuacion 2
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Los pardmetros medios estimados en nuestra poblacion con el modelo propuesto, CL=5,3 L/hy
V=26,3 L, son proximos a los descritos por otros autores en pacientes criticos (17). Valores de
albumina por debajo del valor normal (3,5 g/dL) aumentarian el volumen de distribucion, con la
consecuente disminucion de concentraciones plasmaticas de amicacina. Al ser amicacina un
farmaco hidrofilico, el incremento del volumen de distribucién estd justificado por el
incremento del agua extracelular, incluso con edemas generalizados, debido a la reduccion de la
presion oncédtica secundaria a la hipoalbuminemia. La administracién concomitante de
vancomicina produce una disminucién del 23% en el aclaramiento renal de amicacina segun
nuestro modelo. Esto concuerda con la elevacion de la creatinina sérica y la nefrotoxidad
asociada al tratamiento concomitante de vancomicina y aminoglucésidos.

Para la utilizacion clinica de un modelo de poblacién es necesaria su previa validacion. Por ello
se planted en el trabajo evaluar la capacidad descriptiva y predictiva del modelo poblacional
desarrollado, mediante estrategias de validacion interna y externa. La validacion interna,
mediante una técnica de replicacion de muestra (1000 replicaciones), confirmé que el modelo es
adecuado para describir la evolucion temporal de las concentraciones plasmaticas de amicacina
y su variabilidad en la poblacion de estudio, estando todos los parametros estimados dentro del
intervalo de confianza del 95%. Para la validacién externa se recogieron retrospectivamente
datos de 79 pacientes adicionales (250 concentraciones plasmaticas de amicacina) que
presentaron caracteristicas demograficas y clinicas similares a la poblacion de desarrollo del
modelo. Similarmente a la validacién interna, las concentraciones predichas con el modelo
propuesto no presentaron diferencias estadisticamente significativas con las observadas en la
poblacién de validacion.

En los ultimos afios ha aumentado el interés por la modelizacidn con estrategias de regresion no
lineal de efectos mixtos. La FDA considera que estos modelos, ademés de establecer
recomendaciones para la individualizacion terapéutica, pueden guiar el desarrollo de farmacos,
y facilitar la toma de decisiones por las agencias reguladoras (18). Pero como dice Hennig et al.
(2020) en un trabajo recientemente publicado, hay pocos estudios que permitan la transferencia
de estos conocimientos a la practica clinica (19). La complejidad de este tipo de modelos hace

99



Discusién

que sus resultados sean dificiles de interpretar, se necesite mucho tiempo y equipos
multidisciplinares para su utilizacion e implantacién en la practica clinica.

En el caso de los tratamientos con amicacina, cuando el clinico se enfrenta a infecciones graves,
es crucial asegurar una adecuada exposicion al farmaco desde el inicio del tratamiento: maxima
eficacia, con el menor riesgo de toxicidad y resistencia al antibi6tico. Para ello, es necesario
tener en cuenta los multiples factores que influyen en la probabilidad de éxito del tratamiento.
Hay que calcular la dosis necesaria para conseguir un balance adecuado de los indices de
eficacia y toxicidad habitualmente utilizados para amicacina, considerando la susceptibilidad
del patégeno: concentracion maxima / concentracion minima inhibitoria (Cmax/CMI), tiempo
gue la concentracion del antibiético se mantiene superior a la CMI (%T>CMI), area bajo la
curva de concentraciones-tiempo / CMI (ABC/CMI) y concentracién minima (Cmin). A su vez,
ésta dosis dependera de los parametros clinicos y cinéticos del individuo y del régimen
posolégico que se vaya a utilizar. Las estrategias EDPM presentan la ventaja de combinar todos
estos factores, permitiendo alcanzar los objetivos propuestos del tratamiento, pero debido a la
dificultad para manejar toda esta informacion, es habitual que en la practica clinica se adapten
las recomendaciones generales de dosis sin una dptima individualizacion.

El siguiente objetivo planteado ha sido implementar el modelo desarrollado en una aplicacién
interactiva que facilite la toma de decisiones clinicas sobre individualizacion terapéutica de
amicacina (AMKdose).

AMKdose permite identificar facilmente y en tiempo reducido el régimen inicial de dosificacion
mas adecuado para un paciente concreto. En primer lugar, introduciendo Gnicamente los datos
de peso, albuminemia, comedicacién con vancomicina y funcién renal del paciente, se obtiene
una recomendacion de la dosis minima necesaria para alcanzar el valor objetivo de los indices
de eficacia y seguridad. Los resultados se representan graficamente de una forma muy intuitiva
de manera que de un solo vistazo, es posible conocer las concentraciones esperadas (con su
probabilidad de éxito asociada) y los valores de los tres indices de eficacia en condiciones de
tratamiento estandar (1 hora de infusion e intervalo de dosificacion de 24 horas).
Posteriormente, es posible modificar el objetivo de los indices de eficacia del tratamiento y/o el
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régimen posologico, para adecuarlo a la situacion especifica en la que se va a administrar el
farmaco. Toda esta informacion, asi como los pardmetros cinéticos del paciente se pueden
extraer en un informe editable, disefiado para su archivo en la historia clinica electrénica.
Igualmente, la aplicacion permite al clinico evaluar la probabilidad de éxito del tratamiento para
diferentes regimenes de dosificacion, situaciones clinicas del paciente y susceptibilidad del
patdgeno (CMI). Para la dosis seleccionada, se puede simular la probabilidad de alcanzar el
90% del valor objetivo de los tres indices de eficacia evaluados considerando diferentes CMI.
Esto permite comparar distintos escenarios en situaciones de incertidumbre del patgeno
causante de la infeccion. Por altimo, se puede ver la evolucién de los pardmetros de eficaciay la
probabilidad de alcanzarlos con una determinada dosis, cuando varian las principales
covariables del modelo (peso y albumina).

Partiendo de la capacidad de nuestro modelo de predecir adecuadamente la evolucién de las
concentraciones de amicacina en diferentes situaciones, se ha procedido a la comparacion de las
recomendaciones de dosificacion de amicacina internacionales més utilizadas, elaboradas con
un amplio consenso: European Committee on Antimicrobial Susceptibility Testing guidance
2020 (EUCAST), Guia terapéutica antimicrobiana Mensa 2020, Aminoglycoside dosing in
adults guideline of State of Queensland 2018, The Sanford Guide to Antimicrobial Therapy
2019 y UpToDate® 2020.

Utilizando el modelo PopPK desarrollado y mediante simulaciones de Monte Carlo, se ha
calculado la probabilidad de alcanzar en el estado de equilibrio los indices de eficacia
(Cmax/CMI=10 y %T>CMI=60) y toxicidad (Cmin < 4 mg/L) de cada recomendacion de
dosificacion de amicacina para 1000 sujetos de 70 kg con diferentes grados de funcion renal y
valores de albimina sérica. La mayoria de las recomendaciones de dosificacion evaluadas
adaptan sus recomendaciones a la funcion renal del paciente, pero ninguna consigue los
objetivos de eficacia y seguridad en todas las situaciones clinicas estudiadas. La guia Sanford no
consigue alcanzar los indices de eficacia definidos en este estudio en ningin caso, mientras que
la recomendacion de EUCAST, iniciando el tratamiento con la misma dosis en todos los
pacientes y posteriormente realizando TDM, consigue eficacia, pero con una alta probabilidad
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de toxicidad en pacientes con insuficiencia renal, aumentando el riesgo en situaciones de
hipoalbuminemia. Un resultado parecido se obtiene con las recomendaciones de Queensland
que reducen las dosis al disminuir la funcién renal, la principal diferencia se encuentra en
pacientes con filtracion glomerular de 40-60 mL/min que incrementa el intervalo de
dosificacion a 36 horas consiguiendo reducir la probabilidad de toxicidad a costa de no alcanzar
el objetivo de %T>CMI=60. Una mayor reduccion de dosis para pacientes con insuficiencia
renal recomienda la guia Mensa, lo que compromete la eficacia en todas las situaciones. Las
bajas dosis recomendadas por UpToDate en pacientes con insuficiencia renal grave no
consiguen alcanzar el indice Cmax/CMI deseado; lo alcanzan para mayores tasas de filtracion
glomerular, pero solo cuando los pacientes no presentan hipoalbuminemia. En pacientes que
presentan hipoalbuminemia, el aumento del volumen de distribucion reduce aun mas las
probabilidades de alcanzar valores eficaces de concentracion maxima con las recomendaciones
de las guias clinicas. Queda claramente de manifiesto la escasa utilidad de los regimenes de
dosificacion estandar para amicacina y la necesidad de individualizar las recomendaciones
segun la situacién clinica del paciente.

Evaluar la influencia que puede tener la concentracion sérica de albimina y otros factores como
el peso y la funcion renal en los requerimientos de dosificacion inicial de amicacina, se ha
planteado como ultimo objetivo del trabajo. Basados en el modelo poblacional propuesto, se ha
desarrollado una herramienta de construccion de nomogramas interactivos, mediante la
aplicacion AMKnom, que muestra los cambios de dosificacién necesarios para alcanzar el éxito
del tratamiento (indices de eficacia y seguridad) segun los distintos valores de TFG, peso y
albimina que puede presentar un paciente. Hasta ahora estaba claramente aceptado dosificar
amicacina en funcién del peso del paciente (utilizando diferentes medidas) y del grado de
funcion renal, expresado habitualmente como TFG. Modificando los valores de entrada en los
nomogramas, se puede comprobar como las necesidades de dosificacion inicial de amicacina
son mas dependientes de la albumina sérica que de los otros dos factores mencionados.
Realmente, el efecto de la hipoalbuminemia en los requerimientos de dosificacion de amicacina
constituye una de las mayores aportaciones de esta Tesis.
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Figura 1. Dosis de amicacina (mg/kg) administrada cada 24 horas, en infusion de 1 hora y
ausencia de tratamiento concomitante con vancomicina, necesaria para alcanzar un indice
Cmax/CMI=10 en un paciente con diferente funcién renal (CKD-EPI) (A), albimina sérica (B)
y peso (C), calculada con AMKnom. Titulo de cada plot, valor de la variable fija en la
simulacion; lineas discontinuas rojas, valor de las variables no fijas en un paciente tipico (70 kg
de peso, albimina de 4 g/dL, CKD-EPI1=120 mL/min). Areas verdes y rojas, escenarios donde
las concentraciones por encima de la CMI representan mas del 60% del intervalo de
dosificacion (eficacia) y las concentraciones minimas son superiores a 4mg/L (toxicidad),
respectivamente.

En un paciente normoalbuminémico, se puede recomendar una dosis que sea efectiva y segura
con los datos del peso y la funcién renal, sin embargo, si mantenemos la dosis en este mismo

paciente en situacion de hipoalbuminemia no se alcanzarian los objetivos del tratamiento
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deseados. El impacto de los cambios de albimina sérica sobre las necesidades de dosificacion es
mucho mayor que el de los cambios en el peso o en la funcion renal.

En la Figura 1 se puede observar como la dosis necesaria para alcanzar determinados indices de
eficacia en un paciente de 70 kg con funcion renal normal (CKD-EPI=120 mL/min) y albimina
sérica de 4 g/dL, debe reducirse Unicamente un 10% (desde 14,5 mg/Kg a 13,0 mg/Kg) cuando
su funcidn renal se reduce aproximadamente a la mitad. En cambio, si la albumina sérica se
reduce a la mitad seria necesario aumentar la dosis de amicacina a 20 mg/kg (36%). Igualmente,
aumentando 20 kg el peso del paciente habria que reducir la dosis un 14%.

A la vista de estos resultados, podemos afirmar que la hipoalbuminemia es el factor clinico con
mayor peso en la farmacocinética de amicacina, por lo que consideramos que las guias clinicas

deberian incluir la influencia de la albuminemia en las recomendaciones de dosificacion.
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Conclusiones

Mediante andlisis farmaco-estadistico se ha demostrado que entre distintas ecuaciones de
las utilizadas para la estimacion de la funcion renal, las ecuaciones Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) y Lund-Malmd revisada (rLM) son las que poseen
mayor capacidad predictiva del aclaramiento de amicacina en el conjunto de la poblacién
estudiada, justificando su uso en el ajuste de regimenes de dosificacién de farmacos
eliminados principalmente por via renal.

En pacientes con insuficiencia renal grave la ecuacion de Cockcroft-Gault con peso
corporal total mostré una mayor precision que el resto de ecuaciones comparadas, por lo
que en esta situacion clinica, podria ser el método de eleccion para la programacion de
regimenes posologicos de farmacos eliminados a través del rifién.

Se ha desarrollado y validado, interna y externamente, un modelo farmacocinético
poblacional de amicacina utilizando una metodologia de efectos mixtos no lineales con el
programa NONMEM®, en el que la albimina sérica, el peso corporal total, el filtrado
glomerular estimado mediante la ecuacion CKD-EPI y el tratamiento concomitante con
vancomicina fueron los factores con un impacto significativo en su comportamiento
farmacocinético.

La hipoalbuminemia produce un incremento significativo del volumen de distribucién de
amicacina, lo que en regimenes de dosificacion con ampliacion del intervalo (> 24 horas)
implica requerimientos de dosis superiores a los necesarios para alcanzar los objetivos
PKPD terapéuticos en situaciones de normoalbuminemia.

Se ha desarrollado una aplicacion interactiva (AMKdose), basada en el modelo
farmacocinético poblacional elaborado, y disponible de manera gratuita online, para la
dosificacion inicial de amicacina. Esta aplicacién puede resultar de gran utilidad en la
individualizacion posologica inicial de amicacina favoreciendo el éxito del tratamiento sin
necesidad de disponer de informacion farmacocinética individual.

Existen importantes diferencias entre las distintas recomendaciones internacionales de

dosificacion de amicacina. Aunque éstas resultan de gran utilidad en grupos de poblacion
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con caracteristicas similares, la dosificacion basada en nomogramas adaptados a las
caracteristicas individuales del paciente puede ofrecer mayor precision.

Las recomendaciones posolégicas del European Committee on Antimicrobial Susceptibility
Testing (EUCAST) y Queensland Health System presentan una alta probabilidad de
alcanzar los pardmetros PKPD de eficacia de amicacina. Sin embargo, en pacientes con
insuficiencia renal podrian estar asociadas a toxicidad, aumentando el riesgo en situacion
de hipoalbuminemia. Por el contrario, las dosis recomendadas en la Guia Sanford y
UpToDate ofrecen en la mayoria de los pacientes escaso riesgo de toxicidad, pero también
baja probabilidad de alcanzar la eficacia terapéutica deseada.

Se ha desarrollado una aplicacién interactiva (AMKnom), disponible de manera gratuita
online, basada en criterios PKPD y caracteristicas del paciente, muy intuitiva y de gran
utilidad para la elaboracion de nomogramas y optimizacion de regimenes posoldgicos de
amicacina individualizados.

La magnitud del efecto de la hipoalbuminemia en la farmacocinética de amicacina sugiere
su consideracion en las guias de dosificacién inicial de este antibiético y posiblemente de

todos los aminoglucdsidos.
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