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1. Introduccion

Las infecciones osteoarticulares son frecuentes en la practica hospitalaria y tienen un
impacto importante para el paciente y el sistema sanitario, al asociarse con multiples
cirugias y tratamientos antibidticos prolongados. Algunas de estas infecciones se
asocian a la presencia de material ortopédico (infecciones de proétesis articular,
osteomielitis asociadas a cuerpo extrafio, infecciones de instrumentacion de espalda)
mientras que otras son nativas (artritis séptica, osteomielitis vertebral y periférica). Las
infecciones osteoarticulares pueden estar asociadas a la presencia de bacteriemia, que

puede considerarse como causa o consecuencia de las mismas.

Las infecciones osteoarticulares se encuentran dentro del grupo de infecciones de dificil
tratamiento, fundamentalmente por la presencia de biofilm bacteriano. Estas
estructuras complejas son dificiles de erradicar con tratamiento antibidtico
convencional, ya que las bacterias se vuelven menos susceptibles a los antimicrobianos
(tolerancia antibidtica). El biofilm es especialmente relevante en la patogenia vy
dificultad de tratamiento en las infecciones asociadas a cuerpo extrafio y/o infecciones

cronicas.

Desde el punto de vista clinico y, de forma general, las infecciones se dividen en agudas
y cronicas. Las primeras incluyen infecciones de instauracidon brusca, ocasionalmente
bacteriémicas, y se suelen presentar con signos y sintomas inflamatorios, dolor agudo,
fiebre, supuracion (en infecciones post-quirdrgicas) y/o derrame articular. Estas
infecciones estdn causadas fundamentalmente por microorganismos virulentos, como
Staphylococcus aureus, Streptococcus spp. y bacilos Gram negativos. En cambio, las
infecciones crdnicas se asocian a un cuadro clinico de instauracién subaguda con signos
y sintomas leves o moderados con dolor, limitacion funcional y ocasionalmente derrame
articular, con escasos signos inflamatorios. Estas infecciones suelen estar causadas por
microorganismos poco virulentos, como estafilococos coagulasa-negativos o

Propionibacterium acnes.

El diagnostico incluye datos clinicos y analiticos ademas de pruebas de imagen y técnicas
microbioldgicas, tanto de hemocultivos como de muestras locales. El tratamiento global
incluye frecuentemente la necesidad de desbridamiento quirlrgico. Las infecciones

asociadas a cuerpo extrafio pueden manejarse mediante desbridamiento, antibidticos y



retencion del implante (DAIR), habitualmente en infecciones agudas post-quirurgicas o
hematdgenas, o mediante explante del implante, habitualmente en infecciones crdénicas
post-quirurgicas o cuando el DAIR fracasa. Las infecciones nativas también suelen
manejarse con desbridamiento quirurgico, con diferentes técnicas en funcidn del tipo

de infeccion.

El tratamiento antibidtico es otro componente fundamental en el manejo global de
estas infecciones y se suele individualizar en funcién del tipo de infeccion, perfil de
sensibilidad del microorganismo y caracteristicas del paciente. Idealmente, debe ser un
tratamiento antibidtico poco téxico y que permita ser administrado durante largos
periodos de tiempo, ademas de tener actividad frente a bacterias estacionarias e

intracelulares.

En infecciones estafilocécicas, este tratamiento suele incluir la administracion de
rifampicina, que tiene un papel clave cuando el manejo incluye la retencion del
implante. En infecciones por bacilos Gram negativos, especialmente Pseudomonas
aeruginosa, suelen recomendarse las quinolonas. Sin embargo, el incremento sustancial
de la resistencia a fluoroquinolonas ha generado la necesidad de alternativas
terapéuticas, que podria incluir el empleo de colistina en combinacion con beta-

lactamicos y la administracion de los beta-lactamicos mediante infusién continua.

En los ultimos afios se ha progresado en el conocimiento de las infecciones
osteoarticulares, aunque la mayoria de estudios son pequefos y con muestras
heterogéneas. Hay, sin embargo, multiples cuestiones no resueltas, como por ejemplo,
particularidades de las infecciones bacteriémicas. Asimismo, en una época dominada
por la multiresistencia y la ausencia de alternativas antibidticas, es esencial encontrar
opciones terapéuticas que permitan mejorar el prondstico de estos pacientes. En ese
sentido, alternativas terapéuticas como el uso de beta-lactamicos en infusién continua
o las combinaciones de los mismos con colistina podrian ser Utiles. Asimismo, los datos
obtenidos de estudios experimentales pueden ser utiles para disefiar estrategias de

tratamiento antibiotico.



2. Objetivos

A. Impacto y pronostico de la infeccion osteoarticular bacteriémica
A.1. Impacto de la infeccion osteoarticular bacteriémica

Objetivo 1 — Describir tendencias epidemioldgicas y microbioldgicas de

infecciones osteoarticulares bacteriémicas a lo largo de las Ultimas décadas.

Objetivo 2 — Analizar las caracteristicas de las infecciones osteoarticulares

bacteriémicas asociadas a la presencia de endocarditis infecciosa.

Objetivo 3 — Comparar las caracteristicas de los pacientes con artritis séptica

bacteriémica, en relacidn con el sitio de adquisicion.
A.2. Pronodstico de la infeccidon osteoarticular bacteriémica

Objetivo 4 — Analizar la mortalidad y factores de riesgo asociados en pacientes

con infecciones osteoarticulares bacteriémicas.

B. Tratamiento antibidtico de las infecciones osteoarticulares por Pseudomonas

aeruginosa
B.1. Estudios clinicos

Objetivo 5 — Analizar la eficacia y la monitorizacion plasmatica de los beta-
lactdmicos en infusidon continua para las infecciones osteoarticulares por

Pseudomonas aeruginosa resistente a fluoroquinolonas.
B.2. Estudios experimentales

Objetivo 6 — Evaluar la actividad de ceftolozano-tazobactam, con y sin colistina,
frente a una infeccion de biofilm por Pseudomonas aeruginosa multiresistente

en un modelo dindmico in vitro.

Objetivo 7 — Evaluar las caracteristicas farmacocinéticas y farmacodinamicas de
ceftazidima en infusion continua, con y sin colistina, frente a una infeccién de

biofilm por Pseudomonas aeruginosa en un modelo dinamico in vitro.



3. Métodos

3.1. Investigacion clinica

Los estudios clinicos incluidos en esta tesis se han desarrollado dentro del marco de la
Unidad de Infeccidon Osteoarticular del Hospital Universitari de Bellvitge. Esta unidad es
de referencia nacional, habiendo sido reconocida como tal por el Ministerio de Sanidad
(CSUR desde 2010 y renovado en 2019), y en ella se realiza un manejo multidisciplinar
de las infecciones osteoarticulares. También ha participado el grupo de estudio de
bacteriemias, con la recogida prospectiva de los casos. Los estudios clinicos realizados
en esta unidad han contado con la colaboracién del Laboratorio de Microbiologia y de
Bioquimica del hospital, donde se han realizado el procesamiento de las muestras de
cultivo y el desarrollo y estandarizacidon de los métodos de UHPLC-MS/MS para la

determinaciéon de concentraciones de antibidtico, respectivamente.

3.2. Investigacion experimental

Hay dos estudios experimentales incluidos en la presente tesis y ambos son estudios in
vitro que utilizan el modelo del CDC Biofilm Reactor de infeccidn de cuerpo extrafio. Uno
de los estudios ha sido realizado en el Laboratorio de Infeccidon Experimental de la
Universitat de Barcelona (Campus Bellvitge), vinculado al Servicio de Enfermedades
Infecciosas del Hospital Universitari de Bellvitge. Este estudio evalua la actividad de
ceftolozano-tazobactam, con y sin colisitina, frente a una infeccién de biofilm por

Pseudomonas aeruginosa multiresistente.

El segundo estudio se realizd6 en el Monash Biomedicine Discovery Institute, en la
Monash University (Melbourne, Australia), donde el doctorando se trasladé para la
realizacion del proyecto en el grupo del Profesor Jian Li. Este estudio evalua las
caracteristicas farmacocinéticas/farmacodinamicas de ceftazidima en infusidén continua,
con vy sin colistina, frente a una infeccion de biofilm por Pseudomonas aeruginosa

sensible a ambos antibidticos.
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4. Resultados por objetivos

Objetivo 1 — Describir tendencias epidemioldgicas y microbioldgicas de infecciones

osteoarticulares bacteriémicas a lo largo de las ultimas décadas.

Articulo 1 — The changing epidemiology of bacteremic osteoarticular infections in the
early 21°" century. O. Murillo, I. Grau, J. Lora-Tamayo, J. Gdmez-Junyent, A. Ribera, F.

Tubau, J. Ariza, R. Pallarés. Clinical Microbiology and Infection 2015; 21(3):254 e1-8.

En este estudio observacional y retrospectivo, se incluyeron todos los episodios de
infecciones osteoarticulares bacteriémicas en el Hospital Universitari de Bellvitge entre
1985 y 2011. Se incluyeron 601 episodios, lo que representan un 1.8% del total de
bacteriemias durante ese periodo. Las infecciones osteoarticulares eran artritis séptica
(46%), osteomielitis vertebral (38%) y osteomielitis periférica (16%). Al comparar los
periodos 1985-91 y 2007-11, la incidencia de infecciones osteoarticulares bacteriémicas
aumento de 2.34 a 5.78 episodios/100000 habitantes y afio (p<0.001). Los episodios
nosocomiales y asociados al ambito sanitario aumentaron de un 18% a un 30% (p<0.001)

y de un 10% a un 25% (p<0.001), respectivamente.

Las caracteristicas de los pacientes también se modificaron, con un aumento de la edad
media (49 a 65 anos, p<0.001), presencia de comorbilidades (23% a 59%, p<0.001) e
infecciones asociadas a material ortopédico (7% a 28%, p<0.001). El tipo de infecciones
también se modificd, con un descenso de la proporcidn de artritis séptica respecto al
total de casos (57% a 38%, p<0.001). La incidencia de artritis nativa descendid, con
aumento paralelo en el numero de infecciones protésicas (p<0.001), asi como la
incidencia de osteomielitis vertebral. La proporcidn de infecciones asociadas a material

ortopédico aumentd del 7% al 28% (p<0.001).

Comparado con pacientes jévenes, los mayores de 65 afios presentaron mads
frecuentemente osteomielitis vertebral, infeccién de prétesis articular e infecciones
enterocécicas. El porcentaje de infecciones osteoarticulares bacteriémicas causadas por
cepas de Staphylococcus aureus meticilin-sensible descendid, mientras que los casos por
S. aureus meticilin-resistente, estreptococos, enterococos y bacilos gram-negativos

aumentaron.
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Objetivo 2 - Analizar las caracteristicas de las infecciones osteoarticulares

bacteriémicas asociadas a la presencia de endocarditis infecciosa.

Articulo 2 — Endocarditis associated with vertebral osteomyelitis and septic arthritis of
the axial skeleton. O. Murillo, I. Grau, J. Gdmez-Junyent, C. Cabrera, A. Ribera, F. Tubau,

C. Pefia, J. Ariza, R. Pallarés. Infection 2018 Apr;46(2):245-251.

Se trata de un estudio observacional (1993-2014) que incluye dos cohortes: a) pacientes
con endocarditis infecciosa (n=607) y b) pacientes con infecciones osteoarticulares
bacteriémicas (n=458). Hubo 70 casos con endocarditis infecciosa e infeccion
osteoarticular concomitante, representando el 11.5% de todas las endocarditis y el 15%

de todas las infecciones osteoarticulares bacteriémicas.

De los casos con endocarditis infecciosa, la infeccién osteoarticular asociada afectaba
principalmente al esqueleto axial (n=54, 77%): 43 eran osteomielitis vertebral (61%),
mayormente causadas por microorganismos poco virulentos (estreptococos de los
grupos viridans y bovis, enterococos y estafilococos coagulasa-negativos), y 15 eran
artritis séptica del esqueleto axial (21%), principalmente causadas por Staphylococcus

aureus.

La infeccidn osteoarticular bacteriémica con afectacidon del esqueleto axial se asocid
independientemente a la presencia de endocarditis infecciosa (OR ajustada=2.2; 1C95%

1.1-4.3), tras ajustar por edad, sexo y microorganismo.

Objetivo 3 — Comparar las caracteristicas de los pacientes con artritis séptica

bacteriémica, en relacion con el sitio de adquisicién.

Articulo 3 — Clinical findings of bacteremic septic arthritis according to the site of
acquisition: the overlap between healthcare-related and community- and nosocomial-
acquired cases. O. Murillo, J. Gdmez-Junyent, |. Grau, A. Ribera, C. Cabrera, S. Pedrero,
F. Tubau, J. M. Nolla, J. Ariza, R. Pallarés. European Journal of Internal Medicine 2016

Mar;28:38-42.
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En este estudio, evaluamos de forma retrospectiva todos los casos de artritis séptica
bacteriémica en nuestro hospital entre 1985 y 2013 en relacion al sitio de adquisicion.
Durante ese periodo, hubo 273 casos de artritis séptica bacteriémica, de las cuales el
51% eran comunitarias, el 31% eran nosocomiales y el 18% eran asociadas al dmbito

sanitario.

Los casos nosocomiales y asociados al ambito sanitario se presentaron mas
frecuentemente en individuos mayores y con mds comorbilidades (tratamiento
inmunosupresor y enfermedad renal crénica, principalmente). La artritis séptica
periférica fue la presentacién clinica mas habitual. Las infecciones del esqueleto axial
predominaron en los casos comunitarios y asociados al ambito sanitario (24%), mientras
gue las infecciones de prétesis articular fueron mas frecuentemente nosocomiales

(44%).

En cuanto a la etiologia, los casos por Staphylococcus aureus meticilin-resistente y
Pseudomonas aeruginosa fueron mds frecuentemente nosocomiales (21% y 6%,
respectivamente) y asociados al ambito sanitario (14% y 8%, respectivamente). Los
casos causados por estreptococos fueron mds habitualmente comunitarios (30%) y

asociados al ambito sanitario (28%).

Objetivo 4 — Analizar la mortalidad y factores de riesgo asociados en pacientes con

infecciones osteoarticulares bacteriémicas.

Articulo 3 — Clinical findings of bacteremic septic arthritis according to the site of
acquisition: the overlap between healthcare-related and community- and nosocomial-
acquired cases. O. Murillo, J. Gdmez-Junyent, |. Grau, A. Ribera, C. Cabrera, S. Pedrero,
F. Tubau, J. M. Nolla, J. Ariza, R. Pallarés. European Journal of Internal Medicine 2016

Mar;28:38-42.

Articulo 4 — Analysis of mortality in a cohort of 650 cases of bacteremic osteoarticular
infections. J. Gomez-Junyent, O. Murillo, I. Grau, E. Benavent, A. Ribera, X. Cabo, F.

Tubau, J. Ariza, R. Pallarés. Seminars in Arthritis and Rheumatism 2018; 48(2):327-333.



En este trabajo, pretendimos analizar la mortalidad y factores de riesgo asociados en
una cohorte de infecciones osteoarticulares bacteriémicas, entre 1985 y 2014. En 650
casos, la mortalidad fue del 12.2% (41.8% fallecieron en los primeros 7 dias). Comparado
con otros tipos de infecciones osteoarticulares, la artritis séptica periférica se asocié con
mayor mortalidad (18.6% vs 8.3%, p<0.001). La mortalidad a los 30 dias en las artritis
sépticas fue mayor en los casos nosocomiales (26%), comparado con las adquiridas en

el ambito sanitario (18%) y comunitarias (7%)

La mortalidad por artritis séptica periférica fue mayor que por otros tipos de infeccion
osteoarticular en todos los grupos de edad. La mortalidad asociada a las infecciones por
Staphylococcus aureus fue del 14.9%, mayor en las cepas meticilin-resistentes que en
las sensibles (26.7% vs 12.6%, p=0.005). Aunque la mortalidad asociada a S. aureus fue
mayor en todos los tipos de infeccidon osteoarticular, aquellos con artritis séptica
periférica presentaron mayor mortalidad. En un modelo multivariado, la artritis séptica
periférica (OR ajustada 2.12, 1IC95% 1.22-3.69, p=0.008) y la infeccidn por S. aureus se
asociaron a mayor mortalidad (OR ajustada 2.19, IC95% 1.23-3.90, p=0.006).

También evaluamos el impacto del desbridamiento quirdrgico en 239 pacientes con
artritis séptica periférica; los pacientes tratados con cirugia no presentaron grandes
diferencias comparados con los pacientes manejados de forma conservadora, a
excepcion de una mayor proporcién de infeccién por S. aureus. La mortalidad fue menor
en aquellos tratados con desbridamiento quirdrgico (14.7% vs 33.3%, p=0.003). El
desbridamiento quirurgico se asocid a una menor menor mortalidad en un analisis
multivariado (OR ajustada 0.23, 1C95% 0.09-0.57, p=0.002) y tras propensity-score
matching (OR 0.81, 95%CI 0.68-0.96, p=0.014).

Objetivo 5 — Analizar la eficacia y la monitorizacion plasmatica de los beta-lactamicos
en infusion continua para las infecciones osteoarticulares por Pseudomonas

aeruginosa resistente a fluoroquinolonas.

Articulo 5 — Efficacy and therapeutic drug monitoring of continuous beta-lactams
infusion for osteoarticular infections caused by fluoroquinolone-resistant Pseudomonas

aeruginosa: a prospective cohort study. J. Gdmez-Junyent, R. Rigo-Bonnin, E. Benavent,



L. Soldevila, A. Padullés, X. Cabo, F. Tubau, J. Ariza, O. Murillo. Eur J Drug Metab
Pharmacokinet. 2020 May 21. Online ahead of print.

Articulo 6 — Measurement of ceftolozane and tazobactam concentrations in plasma by
UHPLC-MS/MS. Clinical application in the management of difficult-to-treat
osteoarticular infections. R. Rigo-Bonnin, J. Gémez-Junyent, L. Garcia-Tejada, E.

Benavent, L. Soldevila, F. Tubau, O. Murillo. Clinica Chimica Acta 2019; 488:50-60.

Este estudio prospectivo realizado en el Hospital Universitari de Bellvitge, en el seno de
un programa institucional para la optimizacién del tratamiento antimicrobiano, incluyd
a los pacientes con infecciones osteoarticulares por Pseudomonas aeruginosa tratados
con beta-lactdmicos en perfusion continua. Durante el tratamiento, se realizd
monitorizacion plasmatica de concentraciones mediante UHPLC-MS/MS. Se incluyeron
52 pacientes, 19 (36.5%) con infecciones por cepas resistentes a fluoroquinolonas. Habia
13 pacientes (68.4%) con cepas MDR o XDR y 11 pacientes (57.9%) tenian infecciones

asociadas a material de osteosintesis.

En los pacientes con infecciones osteoarticulares por P. aeruginosa resistente a
fluoroquinolonas, la duracion mediana de los beta-lactamicos en infusién continua fue
de 36 dias y 10 pacientes (52.6%) recibieron combinaciones con colistina. Se usaron
dosis menores de beta-lactdamico de las que se hubieran utilizado en caso de
administrarse en bolus. Se recogieron 82 muestras plasmaticas y la mayoria de pacientes
tuvieron concentraciones de mantenimiento entre 3y 10 veces la CMI de la cepa aislada.
Concentraciones mayores se obtuvieron mayoritariamente en pacientes con
insuficiencia renal mientras que concentraciones menores fueron mas habituales ante
microorganismos con CMI altas. Hubo 17 ajustes de dosis; 8 pacientes necesitaron

disminucion de la dosis, 5 por insuficiencia renal crénica o aguda.

En los pacientes con infecciones osteoarticulares por P. aeruginosa sensible a
fluoroquinolonas (n=33), la duracion mediana de los beta-lactdmicos en infusiéon
continua fue significativamente menor (18 dias) y el mas utilizado fue ceftazidima. La
mayoria recibié tratamiento de combinacién con ciprofloxacino, previo a la

secuenciacion a fluoroquinolona en monoterapia. Se recogieron 110 muestras para
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monitorizacion de concentraciones plasmaticas y se realizaron 19 ajustes de dosis, 10

descensos (5 por insuficiencia renal crénica o aguda).

Hubo 4 pacientes con infecciones por cepas resistentes a fluoroquinolonas que
fracasaron (21.1%), similar a aquellos con cepas sensibles tratados con quinolonas
(16.7%) (p=0.699). Los beta-lactamicos en infusién continua fueron bien tolerados y el

efecto adverso mas frecuente fue la insuficiencia renal aguda.

Objetivo 6 — Evaluar la actividad de ceftolozano-tazobactam, cony sin colistina, frente
a una infeccion de biofilm por Pseudomonas aeruginosa multiresistente en un modelo
dindmico in vitro.

Articulo 7 — Efficacy of ceftolozane/tazobactam, alone and in combination with colistin,
against multidrug-resistant Pseudomonas aeruginosa in an in vitro biofilm
pharmacodynamic model. ). Gdmez-Junyent, E. Benavent, Y. Sierra, C. El Haj, L.
Soldevila, B. Torrején, R. Rigo-Bonnin, F. Tubau, J. Ariza, O. Murillo. International Journal

of Antimicrobial Agents 2019; 53(5): 612-619.

De cara a estudiar la actividad de ceftolozano-tazobactam, con y sin colistina, frente a
biofilm de Pseudomonas aeruginosa multiresistente, se realizaron experimentos
mediante un modelo dinamico in vitro basado en el CDC Biofilm Reactor. Se utilizaron 3
cepas, todas resistentes a ceftazidima y sensibles a colistina: MDR-HUB1, ceftolozano-
tazobactam y meropenem sensibles; XDR-HUB2, ceftolozano-tazobactam sensible y
meropenem resistente; y MDR-HUBS3, ceftolozano-tazobactam resistente y meropenem
sensible. Se compararon pautas de ceftolozano-tazobactam, meropenem y ceftazidima,

con y sin colistina, ademas de monoterapia con colistina.

En cuanto a la actividad de monoterapias, ceftolozano-tazobactam fue poco eficaz pero
no aparecieron resistencias, ceftazidima fue ineficaz y colistina fue inicialmente eficaz,
pero hubo recrecimiento y aparicidon de cepas resistentes. Meropenem fue bactericida

ante cepas sensibles a carbapenems.

En cuanto a la actividad de las combinaciones, ceftolozano-tazobactam con colistina fue

el tratamiento mas eficaz ante la cepa resistente a meropenem XDR-HUB2 (Alog UFC/mL
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54-0h = -4.42 vs -3.54 para meropenem-colistina; p=0.002), mientras que esta
combinacidn para la cepa sensible MDR-HUBL1 (-4.36) fue menos eficaz que meropenem
con colistina (Alog UFC/mL = -6.25; p<0.001). Ceftolozano-tazobactam con colistina fue
ineficaz para la cepa resistente a este betalactamico (MDR-HUB3); meropenem con
colistina fue el tratamiento mas activo (Alog UFC/mL = -6.37; p<0.001 vs otros

tratamientos).

Las combinaciones de beta-lactamicos activos con colistina evitaron la aparicién de

cepas resistentes a colistina.

Objetivo 7 — Evaluar las caracteristicas farmacocinéticas y farmacodinamicas de
ceftazidima en infusion continua, con y sin colistina, frente a una infeccién de biofilm

por Pseudomonas aeruginosa en un modelo dindmico in vitro.

Articulo 8 — In vitro pharmacokinetics of ceftazidime and its combinations with colistin
against Pseudomonas aeruginosa biofilm. J. Gdmez-Junyent, O. Murillo, H. H. Yu, M. A.
K. Azad, H. Wickremasinghe, R. Rigo-Bonnin, E. Benavent, J. Ariza, J. Li. Enviado a

publicacion.

De nuevo usando el modelo dinamico in vitro del CDC Biofilm Reactor, evaluamos la
actividad anti-biofilm de concentraciones crecientes de ceftazidima en infusién continua
(4, 10, 20 y 40 mg/L), con y sin colistina, frente a Pseudomonas aeruginosa sensible a
ambos antibiéticos. Se emplearon dos cepas, una fue la de referencia PAO1 y la segunda

fue una cepa clinica (HUB8) causante de infeccidn osteoarticular.

En cuanto a la actividad de las monoterapias, frente a PAO1 a las 54 horas, se observd
una actividad anti-biofilm ligeramente superior con concentraciones de ceftazidima de
20 mg/L (Alog UFC/mL = -2.84) y 40 mg/L (-3.05). En cambio, no se observaron
diferencias frente a la cepa HUB8. Una mayor proporcion de colonias resistentes a
ceftazidima aparecieron en experimentos con concentraciones menores de este
antibidtico. Colistina en monoterapia fue bactericida frente a HUB8 (Alog UFC/mL = -

3.07), pero tuvo una actividad menor frente a PAO1 (-1.12).

Las combinaciones de ceftazidima con colistina incrementaron la actividad de las

monoterapias. Se observé mayor actividad anti-biofilm con combinaciones de colistina

Xiii



y ceftazidima con concentraciones de 40 mg/L (Alog UFC/mL = -4.19 PAO1; -4.71 HUBS)
que con 4 mg/L (-3.10 PAO1; -3.44 HUBS). Las combinaciones evitaron la aparicién de

cepas resistentes a colistina o ceftazidima.

5. Discusion
5.1. Infecciones osteoarticulares bacteriémicas
5.1.1. La incidencia creciente de las infecciones osteoarticulares bacteriémicas.

Nuestros resultados sugieren una tendencia creciente en la incidencia de las infecciones
osteoarticulares bacteriémicas, que se ha asociado a un incremento de la esperanza de
vida y de las comorbilidades. Los cambios tecnoldgicos introducidos en la practica
médica han supuesto una mejora de la calidad de vida de individuos de todas las edades,
pero también un incremento de la incidencia de infecciones asociadas a material

ortopédico.

El patron actual de estas infecciones se ha modificado por el impacto de las infecciones
asociadas a implantes, que son practicamente un tercio del total. Esto ha modificado
asimismo el patron de las infecciones nativas, con un incremento de la osteomielitis
vertebral. De hecho, los cambios también parecen relacionarse con la edad, ya que la
artritis séptica nativa y la osteomielitis periférica predominarian en los jovenes, mientras

gue la infeccidn protésica y la osteomielitis vertebral son mads frecuentes en mayores.

Aunque S. aureus sigue siendo el microorganismo mas habitual, su proporciéon en
relacion con otros microorganismos ha decaido, en relacién con un incremento de casos
por estreptococo y enterococo. La introduccion de MRSA en los ultimos afos es
asimismo un hecho destacable. Las infecciones por MRSA, estreptococo y enterococo

también se han relacionado con una mayor edad.

5.1.2. La asociacion de la endocarditis infecciosa con las infecciones osteoarticulares del

esqueleto axial.

En este estudio, los diferentes microorganismos causantes de endocarditis infecciosa

tuvieron capacidades distintas de producir tipos concretos de infecciones
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osteoarticulares secundarias. Curiosamente, los microorganismos menos virulentos (S.
viridans, S. bovis, enterococos y estafilococos coagulasa negativos) presentaron mayor

frecuencia de osteomielitis vertebral.

La prevalencia de endocarditis infecciosa asociada a infecciones osteoarticulares varia
del 5-10% al 25-30% en funcién del tipo de infeccion osteoarticular analizada. En nuestro
estudio, el mayor porcentaje de endocarditis fue en aquellos con afectacion del
esqueleto axial y, de hecho, observamos que la mayoria de infecciones osteoarticulares
asociadas con endocarditis infecciosa tuvieron especial tropismo por dichas

localizaciones.

Aunque S. aureus fue el microorganismo mas frecuentemente encontrado, la presencia
de infeccion osteoarticular por los microorganismos menos virulentos se producia
frecuentemente en contexto de endocarditis infecciosa. De hecho, observamos que
estos microorganismos, en contexto de endocarditis infecciosa, causaron de forma casi
exclusiva osteomielitis vertebral. En cambio, pese a que S. aureus es capaz de producir
todos los tipos de infeccidn osteoarticular, la presencia de artritis séptica del esqueleto
axial por dicho microorganismo se produjo habitualmente en contexto de endocarditis
infecciosa. En conjunto, la afectacién del esqueleto axial (osteomielitis vertebral y/o
artritis) en contexto de bacteriemia sugiere la necesidad de descartar endocarditis

infecciosa y la realizacion de ecocardiograma.

5.1.3. La importancia del sitio de adquisicion sobre las caracteristicas y el prondstico de

las artritis sépticas bacteriémicas.

Aunque las diferencias entre infecciones nosocomiales y comunitarias son bien
conocidas, en los ultimos afios han ganado protagonismo aquellas asociadas al ambito
sanitario. En nuestro estudio, hemos mostrado que los casos de infecciones
osteoarticulares asociadas al ambito sanitario comparten caracteristicas con los casos

comunitarios y nosocomiales.

Como era de esperar, los pacientes con infecciones nosocomiales y asociados al dmbito
sanitario eran mayores y con mas comorbilidades. En cuanto al patrén clinico, las

infecciones nosocomiales mostraron predileccion por la artritis periférica y la infeccién
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protésica. Estos casos nosocomiales probablemente se relacionan con episodios post-
quirurgicos precoces, mientras que los episodios de infeccién protésica de adquisicidon

comunitaria o en dmbito sanitario, se podrian relacionar con infecciones hematogenas.

Aunque S. aureus fue el principal microorganismo, el porcentaje de MRSA fue
francamente elevado en episodios nosocomiales y asociados al ambito sanitario y
practicamente inexistente en las de adquisicion nosocomial. Los estreptococos fueron
mas frecuentemente causantes de infecciones comunitarias y asociadas al ambito
sanitario, mientras que los bacilos Gram negativos fueron mas habituales de adquisicién

nosocomial y asociadas al ambito sanitario.

En conjunto, la identificacién de los casos relacionados con el ambito sanitario,
incluyendo los episodios nosocomiales, es de gran importancia en la practica habitual,

de cara al disefio del tratamiento antimicrobiano empirico y el manejo clinico global.

5.1.4. La notable mortalidad de las infecciones osteoarticulares bacteriémicas y el rol del

desbridamiento quirurgico en el manejo de las artritis sépticas periféricas.

La mortalidad es un factor pobremente estudiado en trabajos observacionales de
infecciones osteoarticulares. En nuestro estudio, la mortalidad fue significativa,
especialmente en aquellos con artritis de articulaciones periféricas y con infecciones
causadas por S. aureus. De hecho, la mortalidad de la bacteriemia estafilocdcica es
relativamente alta y, especialmente, en casos de bacteriemia por cepas meticilin-

resistente.

Estudios previos que incluyeron casos bacteriémicos y no bacteriémicos de artritis
séptica han descrito cifras de mortalidad de alrededor del 10%. La alta mortalidad
descrita en nuestra cohorte se explica por la inclusion de casos exclusivamente
bacteriémicos y por el alto porcentaje de pacientes mayores y con enfermedades
subyacentes. Sin embargo, las particularidades de la artritis séptica podrian jugar algun
papel, especialmente en relacién al acimulo purulento en un espacio cerrado, el alto
indculo o la significativa respuesta inflamatoria. Los datos de mortalidad en artritis

séptica sugieren mayor riesgo en episodios nosocomiales y relacionados con el dmbito
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sanitario, especialmente en infeccion protésica, lo que ha sido descrito en estudios

previos.

Nuestros resultados apoyan el desbridamiento quirdrgico para el manejo de pacientes
con artritis séptica periférica. Esta maniobra permite evacuar el contenido purulento de
la articulacion, lo que podria mejorar la actividad antibidtica y reducir la respuesta
inflamatoria. En aquellos que no estan en condiciones de someterse a cirugia, el drenaje
por artrocentesis deberia considerarse a la espera de poder realizar el procedimiento

quiruargico.

5.2. Tratamiento antibiotico de las infecciones osteoarticulares por Pseudomonas

aeruginosa

5.2.1. Los beta-lactamicos en infusion continua son una estrategia vdlida para las

infecciones osteoarticulares por P. aeruginosa resistente a fluoroquinolonas.

Ante la incidencia creciente de infecciones osteoarticulares por P. aeruginosa resistente
a fluoroquinolonas, son necesarias nuevas estrategias terapéuticas. Nuestros datos
sugieren que el uso de beta-lactamicos en infusidn continua, guiado por monitorizacién
plasmatica de concentraciones y usado frecuentemente en combinacién con colistina,
se asocia a un pronostico similar al de los pacientes con infecciones por cepas sensibles

y tratados con fluoroquinolonas. Ademas, su uso fue muy bien tolerado.

El uso de beta-lactdmicos en infusion continua permite la optimizacién de su
farmacodinamia, al obtener concentraciones por encima de la CMI durante el 100% del
tiempo. En este contexto, laimportancia de obtener concentraciones mas alla de 4 veces
la CMI no es bien conocida, pero podria tener un papel relevante en las infecciones

asociadas a biofilm.

La monitorizacidén plasmatica de concentraciones de beta-lactdmicos fue util para el
manejo clinico de los pacientes. Su uso fue especialmente relevante para aquellos
pacientes en las que las concentraciones de mantenimiento (fCss) son menos
predecibles o mas variables (insuficiencia renal) asi como en aquellos con infecciones
por microorganismos con CMI altas, donde la obtencién de fCss relevantes puede ser

complicado. Obtuvimos concentraciones adecuadas de beta-lactamicos con dosis
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menores que las administradas con bolus intermitente. Aunque es improbable que las
concentraciones plasmaticas se correlacionen con las locales, el uso de beta-lactamicos
en infusidon continua probablemente asegura concentraciones locales libres de forma

constante, lo que podria explicar en parte los buenos resultados obtenidos.

5.2.2. Colistina en combinacion con ceftolozano-tazobactam como estrategia util en las

infecciones de biofilm por P. aeruginosa multiresistente.

El aislamiento de P. aeruginosa MDR/XDR limita de forma extraordinaria las opciones
terapéuticas en infecciones de cuerpo extrafo. La recuperacion de colistina y la
aparicidon de nuevos antibiéticos, como ceftolozano-tazobactam, abre la posibilidad de

nuevas opciones de tratamiento.

Ceftolozano-tazobactam en monoterapia tuvo una eficacia limitada frente a biofilm de
P. aeruginosa, lo que contrasta con la sorprendente actividad anti-biofilm de
meropenem ante cepas sensibles, por un mecanismo no claramente conocido. Algunos
estudios que empleaban microscopia confocal habian sugerido buena actividad de
meropenem, pero nuestro estudio es el primero en realizar estudios de recuentos
bacterianos. Futuros estudios son necesarios para dilucidar los mecanismos de esta

actividad anti-biofilm particular de meropenem.

Las combinaciones de beta-lactdmicos con colistina incrementé de forma significativa la
accion de las monoterapias ante biofilm de P. aeruginosa. Mientras que colistina podria
actuar ante las capas mas profundas del biofilm, dada su actividad preferente ante
bacterias con menor metabolismo, los beta-lactamicos podrian actuar ante las bacterias
mas activas de las capas mas superficiales. Ceftolozano-tazobactam con colistina seria
la combinacién mas adecuada para las cepas resistentes a carbapenems (no productoras
de carbapenemasas), mientras que meropenem con colistina tendria mayor actividad

para las cepas sensibles.

Los beneficios de usar combinaciones de beta-lactamicos con colistina se extienden a
minimizar la amplificacion de subpoblaciones resistentes a colistina en cepas de P.
aeruginosa heteroresistentes. Este hecho parece depender de la sensibilidad del beta-

lactamico, siendo mayor la proteccion si la cepa es sensible. Esto contrasta con el uso
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de colistina en monoterapia, que se asocia a un cambio poblacional en cepas

heteroresistentes con el riesgo de desarrollo de resistencias.

5.2.3. La actividad concentracion dependiente de los beta-lactdmicos en infusion

continua frente a infecciones de biofilm por P. aeruginosa.

El conocimiento de los pardmetros PK/PD asociados con mayor eficacia antibacteriana
es crucial para definir la dosis éptima para el manejo de las infecciones. Este estudio ha
evaluado los datos PK/PD de ceftazidima en infusién continua ante biofilm de P.
aeruginosa sensible a beta-lactamicos, que sugieren un efecto concentracién
dependiente del beta-lactamico, especialmente cuando se combina con colistina.
Evaluamos concentraciones que se pueden obtener en practica clinica, lo que puede ser

uatil para los clinicos.

Ceftazidima en monoterapia (en infusidon continua) tuvo una eficacia anti-biofilm
notable en ambas cepas de P. aeruginosa, pero se observd un ligero aumento de
actividad con concentraciones altas ante la cepa PAO1. Asimismo, observamos mayor
proteccion del desarrollo de resistencias a ceftazidima con mayores concentraciones.
Este potencial efecto concentracidon dependiente se observd especialmente con las
combinaciones con colistina; ante ambas cepas, altas concentraciones de ceftazidima

con colistina fueron mas eficaces que las bajas concentraciones con colistina.

Los mecanismos de este efecto concentracidén dependiente de ceftazidima ante células
de biofilm de P. aeruginosa no son bien conocidos. Posiblemente, altas concentraciones
permiten una mayor difusion de ceftazidima a través de la estructura heterogénea del
biofilm. La adicién de colistina lo facilitaria, al desestructurar el biofilm y permitir el

acceso de beta-lactdmicos a subpoblaciones de capas mas profundas.

Nuestro estudio también subraya el rol de las combinaciones de ceftazidima y colistina
para disminuir la aparicion de cepas resistentes a colistina e incluso evitar el cambio

poblacional en cepas de P. aeruginosa heteroresistentes.
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6. Conclusiones (por objetivos)
A. Impacto y pronostico de la infeccion osteoarticular

Objetivo 1 - Describir tendencias epidemioldgicas y microbioldgicas de

infecciones osteoarticulares bacteriémicas a lo largo de las ultimas décadas.

1.1. Las infecciones osteoarticulares bacteriémicas han aumentado a lo largo
del tiempo, en contexto de una poblacion de mayor edad y con mas
enfermedades crénicas. Este aumento se asocia a una mayor incidencia de
bacteriemia, pero también a mayor frecuencia de afectacién osteoarticular.

1.2.  La osteomielitis vertebral y los casos asociados con cuerpos extrafios han
presentado un mayor incremento relativo, asi como aquellos de adquisicion
nosocomial o relacionados con el ambito sanitario.

1.3.  Staphylococcus aureus es el microorganismo mas frecuentemente
asociado con las infecciones osteoarticulares bacteriémicas, pero los casos por

cepas meticilin-resistentes o por estreptococos y enterococos han aumentado.

Objetivo 2 — Analizar las caracteristicas epidemioldgicas, clinicas y microbiologicas
de las infecciones osteoarticulares bacteriémicas asociadas a la presencia de

endocarditis infecciosa.

2.1. Las infecciones osteoarticulares bacteriémicas que afectan el esqueleto axial
(osteomielitis vertebral y artritis séptica) parecen estar asociadas a endocarditis

infecciosa.

2.2. Las endocarditis infecciosas por Staphylococcus aureus parecen asociarse a
artritis séptica del esqueleto axial, mientras que las causadas por el grupo de
microorganismos menos virulentos (Streptococcus viridans, Streptococcus bovis,

enterococos y estafilococos coagulasa-negativo) a osteomielitis vertebral.

2.3. Deberia considerarse realizar una ecocardiografia transesofagica en estos

pacientes.

Objetivo 3 — Comparar las caracteristicas y prondstico de los pacientes con artritis

séptica bacteriémica, en relacién con el sitio de adquisicidon.
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3.1. Los casos de artritis séptica bacteriémica relacionados con el ambito
sanitario presentan caracteristicas clinicas similares con casos comunitarios y su

etiologia se solapa con los casos nosocomiales.

3.2. El sitio de adquisicion de la artritis séptica bacteriémica deberia considerarse

al planificar procedimientos diagndsticos y terapéuticos.

Objetivo 4 — Analizar la mortalidad y factores de riesgo asociados en pacientes con

infecciones osteoarticulares bacteriémicas.

4.1. Las infecciones osteoarticulares bacteriémicas presentan mortalidad
significativa, especialmente en pacientes mayores, con artritis reumatoide o
cirrosis hepatica, casos nosocomiales y asociados al ambito sanitario, y casos

causados por Staphylococcus aureus.

4.2. La artritis séptica periférica se asocia con mayor mortalidad comparado con

otras formas de infeccion osteoarticular bacteriémica.

4.3. El desbridamiento quirdrgico en la artritis séptica periférica se asocia a
menor mortalidad, por lo que deberia incorporarse de forma sistematica en el

manejo global de estos pacientes.

B. Tratamiento antibidtico de las infecciones osteoarticulares por Pseudomonas

aeruginosa

Objetivo 5 — Analizar la eficacia y la monitorizacién plasmatica de los beta-
lactdmicos en infusion continua para las infecciones osteoarticulares por

Pseudomonas aeruginosa resistente a fluoroquinolonas.

5.1. La administracion de beta-lactdmicos en infusién continua con
monitorizacion plasmatica de niveles es una estrategia terapéutica segura y util,

asegurando concentraciones plasmaticas deseadas y evitando toxicidad.

5.2. La administracidén optimizada de beta-lactamicos en infusidon continua, con
o sin colistina, es una estrategia terapéutica prometedora para el manejo de
infecciones osteoarticulares por Pseudomonas aeruginosa resistente a

fluoroquinolonas.
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Objetivo 6 — Evaluar la actividad de ceftolozano-tazobactam, con y sin colistina,
frente a una infeccion de biofilm por Pseudomonas aeruginosa multiresistente en

un modelo dinamico in vitro.

6.1. Ceftolozano-tazobactam en monoterapia muestra baja actividad ante cepas
multiresistentes de Pseudomonas aeruginosa en un modelo dindmico in vitro,
pero su combinacion con colistina seria una alternativa adecuada para cepas

resistentes a carbapenemes, sensibles a este nuevo beta-lactamico.

6.2. Meropenem, con o sin colistina, muestra mayor eficacia que ceftolozano-

tazobactam en este modelo ante la cepa sensible a ambos antibidticos.

6.3. La combinacién de beta-lactdmicos con colistina podria ser altamente eficaz
y proteger frente al desarrollo de resistencias frente a infecciones de cuerpo

extrafio por Pseudomonas aeruginosa MDR/XDR.

Objetivo 7 — Evaluar las caracteristicas farmacocinéticas y farmacodinamicas de
ceftazidima en infusidn continua, con y sin colistina, frente a una infeccién de

biofilm por Pseudomonas aeruginosa en un modelo dindmico in vitro.

7.1. Altas concentraciones de beta-lactdmicos en combinacién con colistina se
asocian con clara actividad anti-biofilm ante Pseudomonas aeruginosa en un
modelo dindamico in vitro y protegen ante el desarrollo de resistencias en estas
infecciones.

7.2. Los beta-lactamicos podrian tener actividad concentracién dependiente
frente biofilms de Pseudomonas aeruginosa sensible. Este fendmeno podria ser
relevante y deberia tenerse en cuenta en la practica clinica habitual, mediante el

uso de altas concentraciones en infusidn continua.
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INTRODUCTION






1. Osteoarticular infections

Osteoarticular infections (OAls) include a wide range of infections affecting bone and
joints, often with the participation of orthopaedic devices or implants. OAls are often
defined as difficult-to-treat infections and usually require a multidisciplinary approach
involving orthopaedic surgeons, infectious diseases specialists and clinical

microbiologists.

Due to ageing of population, the frequent management of orthopaedic diseases with
surgery and the growing prevalence of individuals with multiple baseline conditions and
immunosuppressive diseases or treatments, the incidence of OAls seem to be increasing

over time. Therefore, it should be considered as a first magnitude health problem.

1.1. Orthopaedic device-related infections — Prosthetic joint infections

As mentioned above, OAls often involve an orthopaedic device, such as intramedullary
nails, external-fixation pins, plates, screws... which are used for the fixation of fractures.
Orthopaedic devices also include material used for the management of conditions of the

vertebral spine, such as scoliosis, canal stenosis or disk herniation.

Figure 1. Radiographies of different orthopaedic devices.

The classical paradigm of device-related OAls are prosthetic joint infections (PJI), which

are a serious and feared complication of joint replacement. The implant of prosthetic
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joints has significantly increased over the years (1) and has improved the quality of life
of most individuals. Most prosthesis are implanted in patients with joint degenerative
diseases, such as arthrosis, aseptic necrosis of the femoral head or rheumatoid arthritis.
Other prostheses are placed in patients with certain types of fracture of the femoral
head, especially among older patients. Most prostheses are placed in the hip or the
knee, but other joint locations may also be replaced, such as the shoulder, the elbow or

the ankle.

Prosthetic joints can involve all components of the joint (total prosthesis) or only a part,
as in the case of hip hemiarthroplasties or unicompartmental prosthetic knee joints.
Metallic components of the prostheses, which can be made of different materials, are
frequently stabilized by cementing them to the bone. Prosthetic joints can either be
primary (a first substitution of the native joint) or a revision arthroplasty (secondary and

subsequent substitution of prosthetic joints).

1.2. Epidemiology and risk factors

OAls are a growing problem in the infectious disease field, frequently seen in hospitals
and emergency departments. However, the current prevalence and incidence of non-
device related OAls, such as native septic arthritis (SA) and osteomyelitis, are often
difficult to precise. A retrospective study performed in the United States between 2009-
2012 found that SA was responsible for more than 16,000 visits in Emergency

Departments, representing 0.01% of all visits (2).

Regarding PJI, different studies suggest that the overall likelihood of infection is 0.5-4%
(1, 3-7). Apparently, the rate of PJI is highest during the first two years after index
arthroplasty, being 1.5%, compared to 0.5% after two years of prosthesis placement (8).

Infections in the first 2 years may represent around 70% of all PJI (6).

Several risk factors have been described for OAls, some of which are shared by the
different entities. These include underlying baseline conditions, such as diabetes
mellitus, rheumatoid arthritis, liver cirrhosis or chronic kidney disease. The use of
immunosuppressive drugs, including steroids, have also been associated with OAls (9).

Regarding device-related infections, pre-operative factors, like obesity or ASA score, and
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post-operative complications, such as hematoma, superficial surgical site infection,
wound drainage and wound dehiscence, have been linked to a greater risk of infection.
A revision prosthesis is also associated with a higher risk of PJI, compared to a primary

prosthesis (5, 10-12).

Bacteraemia is often intimately associated to particular OAls, like SA or vertebral
osteomyelitis (VO). In contrast, device-related infections are mostly acquired in the
post-operative phase, usually without concurrent bacteraemia. However, a
haematogenous seeding to devices can also occasionally occur and represent a well-
recognized form of infection. Actually, the risk of haematogenous seeding is also
dependent on the microorganism causing the bacteraemia and has been found to be

significantly higher with Staphylococcus aureus (30-40%) (13, 14).

1.3. The impact of osteoarticular infections

OAls represent an important health problem in our current societies, with repercussions
on patient’s quality of life and also on health systems. At the individual level, OAls can
cause relevant morbidity and patients may require multiple surgeries, long antimicrobial
treatments and sequelae with immobility, leading occasionally to the need of
wheelchairs or even becoming bedridden. All these factors can also have a psychological

impact on affected patients (15).

Although overall mortality rates may not be as significant as with other infections, this
may be changing due to a shift in patients’ characteristics. The ageing of the population
and the more frequent coexistence of multiple medical comorbidities may be leading to
an increase in mortality rates of patients with OAls. Actually, OAls may result in
decompensation of underlying diseases in old patients. However, it should be

considered that OAl-related mortality has received scarce attention in the literature.

Since patients with OAI usually require long hospital admissions and multiple
interventions and antimicrobial treatments, it is clear that such infections may have an
impact on already budget-constrained health systems. The global management of OAls
is costly, which includes not only the treatment of the infection itself, but also patients’

rehabilitation, with further admissions at specialized centres (4, 16).
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Therefore, itis important to increase our current knowledge on OAls in order to improve
the healthcare provided. Most studies of OAls are observational, retrospective and
unicentric in their design; moreover, they often include heterogeneous cohorts of
patients with OAls, caused by different microorganisms. There is a clear need of
randomized clinical trials and large observational multicentre studies, in order to clarify

issues concerning diagnosis, treatment and prognosis.

2. Pathogenesis and microbiological aspects

2.1. Aetiology of osteoarticular infections

The microbiology of OAls depend on the type and source of infection and the
characteristics of patients, including their medical baseline conditions. The site where
the infection has been acquired may also play a role in defining the aetiology of the
infections. In this line, nosocomial and healthcare-related infections, which have clearly
emerged in the last decades, may be associated with the presence of specific

microorganisms and, also, with particular patterns of antimicrobial resistance (17, 18).

Non-device associated infections, like SA and osteomyelitis, are mainly caused by S.
aureus, representing more than 50% of all cases (19-24). Streptococci are the second
most frequent aetiologic agent (30%) and may be more frequent among the elderly.
Gram-negative bacilli (GNB) represent around 15-20% of all cases, occurring usually in
older adults, immunosuppressed patients or intravenous drug users. The most frequent
species are Escherichia coli and Pseudomonas aeruginosa. The occurrence of GNB is also
frequent in patients with osteomyelitis associated with open fractures after trauma and

such infections tend to be polymicrobial (25). Fungal infections are infrequent.

The aetiology of device-related infections, particularly PJI, is similar to OAls without
device, but some considerations should be made. Again, the microbiology is dependent
on the type of infection (see below) and the patients’ characteristics (7, 12). A large
multicentre study in Spanish hospitals during 10 years including more than 2000 PJI
showed that Gram-positive cocci (GPC) are predominant, accounting for almost 80% of

all cases (26). Coagulase-negative staphylococci (CNS) are the most frequent GPC,
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especially in chronic infections (27), whereas S. aureus represents around 30% of all
cases, especially in early and haematogenous infections. Streptococci represent 8-10%
of all cases, but more frequently in the context of haematogenous infections and older
adults, whereas Enterococci represent 8% of PJI. PJI by GNB account for 25% of all cases
and, again, E. coli and P. aeruginosa are the most frequent microorganisms. Anaerobic
bacteria cause Pl in less than 7% of all cases, but the role of Propionibacterium acnes
should be acknowledged, especially in shoulder infections (28, 29). Polymicrobial
infections are also frequent in the setting of PJI, especially in early post-operative

infections (27, 30).

It is important to consider that the microbiology of PJI may be changing over time, as
suggested by Benito et al (26). The authors found that there was a trend towards a mild
decline in cases by GPC, parallel to an increase in cases by GNB. Importantly, the
emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
microorganisms is likely to change this scenario, with significant increases in cases
caused by these resistant bacteria. As an example, methicillin-resistant S. aureus (MRSA)

and MDR GNB may account for 8-14% and 4-7% of all cases, respectively.

2.2. The role of bacterial biofilm

OAls are generally considered difficult-to-treat infections, due to the presence of
bacterial biofilms. This is especially true with device-related infections and chronic
osteomyelitis, due to the presence of foreign or biologic inert material. The biofilm
component of other acute OAls, such as SA or VO, may also be present but less
predominant. Bacterial biofilms represent a challenge for the antimicrobial
management of these infections and are often the cause of clinical failure because they

are very difficult to eradicate (7, 31).

Bacterial biofilms are defined as complex communities of bacterial cells enclosed in a
hydrated extracellular matrix and generally adhered to inert or living surfaces (32). The
extracellular matrix of biofilms contains polysaccharides, proteins and bacterial DNA and

depends on the bacterial strain and the growth conditions (33). Channels within the

23



biofilm structure allow the flow of water and nutrients (34). Almost all bacteria organize

themselves in such structures in order to survive in hostile environments.

The formation of biofilm begins when bacterial cells attach to surfaces (Figure 2). Then,
cells can proliferate and initially form small microcolonies which can lead to large
populations of aggregated cells. Actually, some studies have suggested that aggregates
of free-floating bacteria may have advantage to attach to surfaces and form biofilm

structures, compared to individual cells (35, 36).

Figure 2. Representation of biofilm formation and life cycle (37).
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Then, bacteria excrete the extracellular matrix that will protect them from
environmental challenges. In this stage, the biofilm is still unstable and susceptible to
eradication. Maturation of the biofilm is a critical step in avoiding its eradication and is
mediated by several physiological regulatory processes. Among such processes,
guorum-sensing plays a key role. This is a cell-to-cell communication process which
allows bacteria to adapt their phenotype in response to cell density and composition of
the biofilm (38). The synthesis of signalling molecules called autoinducers usually
parallels an increase in the cell population and can allow gene regulation by individual
cells. As a result, biofilm-embedded cells undergo several metabolic and replicative

changes which will transform the biofilm into a sessile structure and allow the survival
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of the community (39). Within a mature biofilm, cells can disperse and modify their
status to planktonic growth, colonizing close or distant sites, initiating the cycle and

extending the biofilm (32, 40).

Biofilm structures are heterogeneous and nutrient and oxygen gradients are present
according to the different layers. Outer or superficial layers of the biofilm tend to have
greater concentration of nutrients, whereas cells in the deeper or inner layers of the
biofilm survive in an anaerobic environment (41, 42). In this line, cells in the deeper
biofilm layers usually reduce their metabolic and growth status, whereas cells in the

outer layers may be more similar to cells in the planktonic state.

Figure 3. Physical heterogeneity of bacterial biofilms (41).
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The biofilm structure largely explains why biofilm-associated infections are generally
difficult to eradicate only with antibiotics. Several inherent resistance mechanisms have

been defined for biofilm infections:

- Slow penetration of antimicrobial agents: Particular molecules may have difficulties in
accessing the glycoproteic matrix. Glycopeptides may have special difficulty in diffusing

within the biofilm (43).

- Inactivation within the biofilm: An increased concentration of extracellular beta-
lactamases has been described within biofilms when exposed to beta-lactams (44-46)

and aminoglycosides are usually inactive in acidic pH (47).
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- Tolerance to antibiotics: This is a characteristic mechanism of resistance. Most
antimicrobial agents are active when bacteria are in a growing state. Thus, given the
altered growth rate of biofilm-embedded cells, susceptibility is dramatically modified as
compared to the same microorganism in the planktonic state and higher antibiotic

concentrations are usually needed (32).

- Formation of persister cells: These slow or non-dividing cells (dormant state) are less
susceptible to antibiotics and can lead to infections when antibiotics are not present.
They are usually a very low fraction within biofilm structures and are different from

classical tolerant subpopulations (48).

It is also important to acknowledge that biofilms can develop protective mechanisms
against host immune responses (49). Other acquired mechanisms of antimicrobial
resistance have also been described, such as horizontal gene transmission and increased

mutation frequency (50-52).

Some bacteria may also be present as intracellular microorganisms (53), which have
been described in the setting of clinical and experimental foreign-body infections (54).
These intracellular microorganisms may be less susceptible to the activity of the immune
system (55) and some antimicrobials may have difficulties in accessing the intracellular
space or may be inactivated once inside. Particular intracellular microorganisms,
including S. aureus, may also be able to escape phagocytosis, avoiding the elimination

of the pathogen (56, 57).

Taken together, all these phenomena make it very challenging and almost impossible to
eradicate biofilm-associated infections only with antimicrobial agents. Indeed, in the
setting of OAls, a surgical approach is almost always necessary, together with an
individualized antimicrobial treatment tailored to patients’ characteristics and infection

particularities.
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2.3. Particular microorganisms
2.3.1. Staphylococcus aureus

S. aureus is a major cause of community-acquired and nosocomial infections and has a
significant ability to attach to medical devices, causing biofilms and chronic infections.
S. aureus has also a particular tropism for the osteoarticular tissue, especially necrotic
or damaged tissue (58, 59). Several factors have been implicated in biofilm formation,
such as the polysaccharide intercellular adhesion, surface-associated proteins or eDNA
within the biofilm matrix (60). S. aureus biofilms also have dispersal strategies which will
facilitate the dissemination of the infection and seem to be mediated by proteases that

are regulated with the quorum sensing system agr (61, 62).

Although also present in other microorganisms, the existence of certain subpopulations
of S. aureus presenting as small colony variants has been linked to infection persistence
(63). These are phenotypically different colonies of S. aureus that can persist in host cells
and resist intracellular elimination, causing recurrent infections (64). These small colony
variants need to regulate their metabolism and growth to persist intracellularly and have

been viewed as a means of survival for S. aureus inside cells (65).

2.3.2. Pseudomonas aeruginosa

P. aeruginosa is another well-known microorganism prone to biofilm formation and
recurrent infections. Although the classical paradigm are respiratory infections in
patients with cystic fibrosis or chronic respiratory conditions, it can cause biofilm-
associated infections in multiple tissues (66). It has an ability to adapt to anaerobic
environments, forming mucoid biofilms, and can also develop resistance mechanisms
when challenged by antibiotic pressure. Actually, biofilm-forming P. aeruginosa may be
more prone to mutation than planktonic cells (50). In this line, strains with high mutation
rates have also been described, which may be more frequently present within biofilms

(67).
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3. Clinical aspects

3.1. Clinical presentation and classification

The clinical presentation of OAls depend on the route of acquisition, the presence of a
device and on the virulence of the causative microorganism. The anatomic location

affected by a particular OAIl also influences the clinical presentation.

In this line, SA can usually be divided into peripheral or axial, depending on the location
of the affected joints. Patients with peripheral SA usually present acutely with a warm,
swollen and painful joint together with fever and movement restriction of the affected
joint (9, 21). Low virulent microorganisms can result in a subacute presentation. SA can
either be monoarticular or polyarticular. The most frequently involved joints are the
knee and the hip, followed by the shoulder and the ankle. Axial arthritis include those
occurring on acromioclavicular, sternoclavicular, sternoocostal, pubic symphysis,
interapophyseal, and sacroiliac joints and have been poorly described in the literature;
such joints have particular characteristics (limited movement range, some have small
joint spaces, some are cartilaginous joints) and septic arthritis in these locations may

result in particular clinical presentations.

VO usually presents as back pain, which is exacerbated with physical activity and
palpation of the affected area, motion limitation and fever (68). The most frequent sites
are the lumbar spine, followed by the thoracic spine and the cervical spine (69).
Neurological symptoms such as radicular pain, motor and sensory symptoms or even
cord compression may occasionally be present and suggest the extension of the

infection to the epidural space.

The clinical symptoms associated with PO will also depend on the route of acquisition
(trauma, haematogenous seeding...) and whether its presentation is acute or chronic
(70, 71). Acute PO usually presents with pain at the involved site, local findings
(tenderness, warmth, erythema) and fever. Chronic PO may also present with pain,

erythema or swelling and a sinus tract is often encountered.

Regarding implant-associated infections, the most available knowledge is based on
research focused on PJI. Many extrapolate classifications on PJI for other implant-

associated infections, although they are definitely not the same entities. Further studies
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will necessarily deal with these issues and classify all implant-associated infections

according to their particularities.

In the last decades, many classifications for PJI have been suggested, which mainly
depend on the route of acquisition and the time to infection from index arthroplasty.
The most frequently used classifications are those suggested by Tsukayama (72) and
Zimmerli (7). In recent years, Zimmerli and colleagues have proposed a new

classification (73):

e Acute haematogenous: Infection with a symptoms duration of 3 weeks after an
uneventful postoperative period.

e Early post-interventional: Infection that manifests within 1 month after an
invasive procedure (surgery or arthrocentesis).

e Chronic: Infection with symptoms duration >3 weeks, beyond the early post-

interventional period.

Different causative microorganisms (with different virulence) probably explain the fact
that these forms present differently according to time to infection or with limited

symptoms.

These classifications have been used to select those patients to be managed successfully
with debridement, antibiotics and implant retention (DAIR), avoiding implant removal,
although there is still discussion on this issue. Actually, the choice of DAIR over implant
removal according to time to infection from arthroplasty is still unresolved and
controversial in the most recent classifications or guidelines, such as the Second

International Consensus Meeting on orthopaedic infections (74).

Early post-interventional and haematogenous PJI usually present as an acute event with
warmth, swelling and erythema of the affected joint. Joint effusion is also a frequent
symptom, as purulent discharge from the wound. Fever and bacteraemia (especially
with haematogenous PJI) may be present, occasionally with shock; the collection of
blood cultures is recommended. These forms are usually caused by virulent

microorganisms, such as S. aureus, Streptococcus spp. and GNB.

Late chronic PJI usually presents with mild or moderate symptoms such as chronic pain,

functional limitation and occasionally joint effusion. Low-grade warmth and erythema

29



INTRODUCTION

may also be present. A sinus tract, although often missing, is highly suggestive of such
infections. Less virulent microorganisms such as coagulase-negative staphylococci or P.

acnes are the most common causative microorganisms.

Figure 4. Sinus tract with purulent discharge from a PJI.

SSSa

3.2. The role of bacteraemia

Bloodstream infections have a close relationship with OAls, either implant-associated or
not. Actually, whether bacteraemia is the cause or consequence of an OAl is often
difficult to elucidate. Certain OAls are frequently associated with the concomitant
presence of bacteraemia, such as native SA or VO (22-24). Implant-associated infections
are most frequently post-surgical, where the occurrence of bacteraemia is usually
uncommon. However, such infections can also be haematogenous, in the setting of a

bacteraemia, either documented or not.

S. aureus is the paradigm of a microorganism presenting a haematogenous seeding to
bone, joints and associated devices, although Streptococci may also cause such
infections. The proportion of patients with metastatic infection of a joint prosthesis
among those with staphylococcal bacteraemia can be as high as 34% (13). A study has
suggested that the risk of a haematogenous seeding in patients with S. aureus
bacteraemia may be higher if it is community-acquired (in contrast to nosocomial) and

also associated with the number of arthroplasties (75).
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3.3. Diagnosis of osteoarticular infections

The clinical diagnosis of OAls depends on the presence of classical symptoms and signs,
a compatible physical examination and the performance of complementary tests. Local
inflammatory signs, fever, sinus tract and/or wound discharge may suggest an OAl. Late
chronic implant-associated infections may be much more difficult to diagnose, since

often the only symptom is chronic insidious pain, without local findings (3).

White cell count, C-reactive protein and erythrocyte sedimentation rate should be
measured upon suspicion of an OAl. These parameters can support the presumptive
diagnosis, although their sensitivity and specificity is usually low (7, 9, 21, 70, 76, 77).
However, they are useful to monitor the response to treatment, although the preferred

marker is C-reactive protein (78).

Figure 5. Radiologic signs of implant loosening in a patient with prosthetic joint infection.

Imaging is also a key part of the diagnostic evaluation
of OAls. Plain radiographs are an important first step,
as they can reveal an alternative diagnosis and detect
suggestive signs of infection. Although rarely useful for
native SA diagnosis, they can be helpful for VO and PO;
for the latter, it may reveal the presence of bone
destruction or sequesters (71). Plain radiographs are

also very useful for the diagnosis of PJI, especially with

late chronic infections and studied serially over time
(79). Typical radiologic signs of infection include peri-implant radiolucency, peri-implant
osteolysis and prosthesis loosening or components migration. They can also help

discriminate if the implant is fixed.

VO and PO usually require more complex imaging techniques, like CT-scan and MRI. CT-
scan can discriminate between normal and abnormal tissue, provide excellent images of
sequestered tissue and fair description of surrounding soft tissues. However, image

artefacts in the presence of implants can limit their interpretability. Currently, the main
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role of CT-scan is as an alternative when MRI cannot be performed and also to perform

guided biopsies for microbiological sampling.

MRI currently represents the gold standard for the diagnosis of VO, although it is
sometimes used for PO. Its main limitation is its contraindication in patients with
incompatible implants. MRI is very sensitive and accurate for the diagnosis of VO,
showing high intensity in the affected disk and two adjacent vertebral bodies (80). It has
the advantage of providing accurate images of surrounding soft tissues, revealing the
presence of abscesses, and is very helpful when the patient has neurological symptoms
and signs, in order to rule out epidural/medullary complications. However, it should be
noted that bone oedema or bone/disk findings may persist beyond end of treatment
without representing therapeutic failure; thus, repeating MRI after treatment is

probably unnecessary in the absence of symptoms/signs suggesting failure (81).

Nuclear medicine can also be used as an imaging technique, mainly for the study of
presumptive PJI (82, 83). Gammagraphy with Mn-marked leukocytes has traditionally
been used, although it can be limited by a suboptimal sensitivity and specificity,
especially with non-cemented prosthesis. In recent vyears, positron-emission
tomography with 18-F-Fluoro-D-deoxyglucose has been incorporated in the diagnostic
workout of OAls (84, 85), although it is not widely available and systematically

performed.

Microbiological studies are fundamental in OAls diagnosis and characterization. Blood
cultures should be collected in many cases, especially with an acute presentation of
fever and local inflammatory signs. Due to the high percentage of bacteraemia in native
SA and VO, it should be common clinical practice to obtain them before antibiotic
treatment. The causative microorganism can be known with positive blood cultures and,

frequently in the case of VO, they can spare the performance of invasive procedures.

Local samples are essential in most cases, especially when the infection is not associated
with concomitant bacteraemia. Pre-operative samples, such as swabs from sinus tracts,
usually have low predictive value and may often reveal the colonization of the sinus tract
from the patient’s skin flora. However, results from swabs may be relevant if virulent

microorganisms such as S. aureus are isolated (3).
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Figure 6. Trypticase soy agar plate showing colonies of P. aeruginosa.

Obtaining local samples prior to surgery
should be part of the routine diagnostic
workup, when possible. Clinicians
should aim to obtain high-quality
samples, such as synovial fluid, purulent
material from abscesses or bone biopsy.
Procedures to obtain such samples,

such as arthrocentesis or imaging-

guided bone biopsy, should be performed. Joint aspirate cell count may suggest
infection (especially when >1700 leukocytes/mm? or if >65% neutrophils) (86) and may
rule out crystal arthritis, which can mimic SA (87). Gram staining can occasionally reveal
the potential aetiological agent (88) and all samples should be sent for culture, in order

to identify the causative microorganism and susceptibility profile.

Positive intraoperative cultures are of high value and, thus, antibiotics should be
withheld (if possible) until the collection of such samples, unless the microorganism has
been previously identified. Regarding implant-associated infections, the number of
samples that should be collected is not well defined and probably differs according to
the type of infection (acute vs chronic). Some authors have recommended that several
peri-implant samples (at least 5-6) should be taken, which is probably most useful for
chronic post-operative infections. Such number of samples may facilitate ruling out the
presence of contaminant microorganisms from the patient’s skin flora, such as
coagulase-negative staphylococci (CNS) or P. acnes. Isolating the same microorganism
in >2 samples has >97% specificity (89), although isolating virulent microorganisms (S.
aureus, GNB or virulent Streptococci) in 21 sample may be sufficient. Sonication of
implants has also been suggested to improve the diagnostic yield, especially in chronic
infections (90). Samples in both aerobic and anaerobic media should be incubated at

least 7 days and a longer incubation may increase the rate of positive cultures, especially
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for slow-growing bacteria (91). The incubation of samples in media for mycobacteria

and fungi is also usually performed.

Histopathological findings can also support the diagnosis of OAI. The presence of 1-10
polymorphonuclear leukocytes in peri-implant samples defines acute inflammation and
is suggestive of infection (92). Other findings may guide the causative agent, such as the

presence of granulomas for M. tuberculosis.

4. Surgical management

The adequate management of OAls is complex and requires the participation of multiple
medical and surgical specialists. The reasons behind the need of a multidisciplinary
approach rely on the frequent presence of biofilms, the multiple comorbidities affecting
patients and the importance of preserving the functional mobility and tissues of the
infected site. Surgery is central in the management of OAls, by removing necrotic and
infected tissue and the implant, if present, as well as reducing the bacteria inoculum,
which facilitates the activity of the antimicrobial therapy. Given the tolerance within
biofilms, it is unlikely that osteoarticular biofilm-associated infections may be cured only

with antibiotics.

The decision on which surgical approach should be performed is often not obvious and
a case-by-case approach is usually necessary. Despite this and especially regarding PJI,
in the last decades, multiple authors have suggested algorithms to select the optimal
management for each patient. Surgeon’s and patient’s preferences are also important

factors in the management of OAls.

4.1. Implant-associated infections

Whether implant-associated infections can be managed with implant retention or
removal will depend on multiple factors. Often, the same criteria are followed for all
implant-associated infections, although the most available knowledge is based on PJI.
For the purpose of this section, the management of PJI will be illustrated, although it

may be applicable to other implant-associated infections.
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4.1.1. Debridement, antibiotics and implant retention (DAIR)

This treatment strategy allows the maintenance of the original prosthesis, while
removing necrotic tissue, haematoma, abscesses and debris. A thorough debridement
is recommended to increase the likelihood of cure and, in this line, the removal of
mobile components of the prosthesis (e.g. polyethylene) is usually performed (93, 94).
Actually, not removing such components is commonly associated with an increased

failure risk (95).

Although DAIR has usually been associated with higher risk of failure compared to
implant removal, it can be an optimal strategy for several reasons: it is less aggressive
than implant removal, the original fixed prosthesis can be maintained, there is less bone
stock loss and has economic benefits in comparison to implant removal (96-98).

Moreover, DAIR failure may not represent a limitation for a further removal surgery.

Figure 7. Knee prosthetic joint infection managed with DAIR, with removal of polyethylene components.

A key decision in the approach to any patient
with PJl is whether that patient qualifies for DAIR
or not. In recent years, many authors have
attempted to establish several criteria to select
those patients that will be successfully managed

with DAIR. Zimmerli’s criteria is among the most

commonly used (7). According to these criteria,
DAIR should be recommended to patients with haematogenous or early post-surgical
infections (<3 months), clinical symptoms duration <21 days, with a fixed implant, good
condition of periprosthetic soft tissues and causative microorganisms susceptible to
antimicrobials with activity against biofilms. It should be considered, though, that some
of these criteria are rather arbitrary and not based on evidence. This is especially
relevant for time to infection from arthroplasty and time from diagnosis to
debridement, but generally reflect the difficulty in eradicating an infection when the

biofilm is mature.
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4.1.2. Implant removal

When DAIR is not indicated or has failed, implant removal is usually performed.
Occasionally, the limb cannot be preserved and an amputation is needed to control the
infection, but fortunately, this is a rare procedure in patients with PJI, representing less
than 0.5% procedures in one study (99). In general, implant removal can be divided into

3 surgical strategies:

a) Two-stage exchange: It is the gold standard for PJI managed with implant removal.
With this strategy, the success rate is between 85-90% (98, 100-102). This strategy
involves two surgeries. In the first surgery, after obtaining cultures, debridement and
removal of prosthesis and mobile components are performed, followed by the
implantation of an antibiotic-loaded spacer during the same procedure. An antibiotic-
free period of 6 weeks or greater is generally recommended. In a second surgery,
cultures are obtained to confirm the sterility of the surgical site, the spacer is removed
and a new arthroplasty or arthrodesis is implanted. Second-stage cultures can be
positive in 6-20% of cases (103-105) being CNS the most frequent microorganism

isolated.

b) One-stage exchange: Usually reserved for patients with good bone stock and
condition of soft tissues, without many systemic compromising conditions and the
absence of difficult-to-treat microorganisms (7, 106). Although there are some reports
on knee PJI (107), it is usually performed in patients with hip PJI. In this procedure, an
open arthrotomy is performed, followed by extensive debridement and removal of the
prosthesis and associated cement. In the same surgical act, a new prosthesis is

implanted, typically using antibiotic-impregnated cement to fix the prosthesis.

c) Resection arthroplasty: This procedure is usually performed as salvage surgery and
reserved for patients with multiple prior surgeries in order to avoid amputation. In a
single procedure, after obtaining cultures, debridement and removal of prosthesis and

mobile components are performed, without implantation of spacer or new arthroplasty.
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This is generally performed for hip PJI (Girdlestone procedure) (108). Arthrodesis may

also be an elective procedure in patients undergoing removal of a knee arthroplasty.

4.2. Other infections

Non-implant associated infections commonly managed with surgery in adult patients
are native SA and PO. Surgical treatment is usually not necessary for VO, although it may
be needed in particular circumstances, especially when severe neurological symptoms

are present.

The optimal management of native SA requires the removal of the intraarticular pus
from the infected joint, which may facilitate the activity of antimicrobials. Methods
include needle aspiration, arthroscopy and open arthrotomy, being the last two the
most frequently performed. It is common that patients may be managed initially with
less aggressive procedures (needle aspiration), requiring arthroscopy or arthrotomy
based on the clinical course. Most centres, however, perform arthroscopy or arthrotomy
for joint drainage. Several retrospective and prospective studies have suggested that
there are similar outcomes with both procedures, but arthroscopy seems to be
associated with a faster recovery, less complications and reduced costs (109, 110). A
randomized trial in a single centre including 25 patients with knee septic arthritis found

similar results (111).

Debridement is usually a key step in the global treatment of PO (70, 71). The removal of
sequesters, dead bone and necrotic tissue down to living bone is essential to increase
the likelihood of cure. Occasionally, extensive bone resection needs to be performed,
leading to dead spaces which need to be filled with spacers or beads, impregnated with
antibiotics. Bone transports can be carried out in a second stage and the collection of
samples for culture in subsequent surgeries after debridement is recommended to
confirm the sterility of the surgical site. Bone grafting and myocutaneous flaps may also

be needed, which involves the participation of plastic surgeons.
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5. Antimicrobial treatment

5.1. General principles

Antimicrobial treatment is another key component of the management of OAls.
Although guidelines and recommendations have been extensively published, antibiotics
should be tailored to each clinical case, taking into account the patient’s circumstances
and comorbidities, the duration of treatment and the type of infection. In this line, the
presence of biofilm in most OAls, especially when associated to implants, represents a
challenge in defining the most appropriate antimicrobial treatment. Most antibiotics
that are commonly used in the clinical practice of infectious diseases are aimed to or
licensed for infections involving planktonic bacteria. Such antibiotics are not necessarily

the most active drugs against biofilm-embedded bacteria.

As mentioned above, tolerance within biofilms is responsible for the lower activity
observed with most antibiotics in this setting. The
pharmacokinetics/pharmacodynamics (PK/PD) parameters defined for antimicrobials
are based on studies involving planktonic bacteria and not necessarily correlate with
PK/PD parameters for biofilm-embedded bacteria. Similarly, the in vitro parameters that
we commonly use to define susceptibility to antimicrobials, such as the minimum
inhibitory concentration (MIC) or the minimum bactericidal concentration, are not
applicable. Some authors have defined alternative parameters, such as the minimum
biofilm inhibitory concentration (MBIC) or the minimum biofilm eradication
concentration (MBEC) (112), but the feasibility and usefulness of these are controversial
(113). As a general rule, the use of high doses of antimicrobials, often in combination,

and for longer period of times, has been recommended (3, 114).

Given all these considerations, the selection of the antibiotic is an important point. The
optimal antibiotic for biofilm-associated infections should have good diffusion in bone
tissue and biofilm, activity against intracellular and/or biofilm-embedded bacteria and a
low probability of causing adverse events if administered over long periods of time. As
an example, rifampin may have excellent anti-biofilm activity in infections by
staphylococci (95, 115, 116). The ability of antibiotics to diffuse within bone tissue is

critical and, overall, there is insufficient data on this issue, since most studies have
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included samples obtained from uninfected bone tissue. Fluoroquinolones, macrolides
and linezolid seem to have good diffusion in bone (ratio bone/plasma concentration
0.30-1.2), followed by cephalosporins, glycopeptides and penicillins (ratio 0.10-0.30)
(117, 118).

The duration of therapy is also controversial and should be tailored to each clinical case.
As mentioned, long treatments are often needed; peripheral native SA is generally
treated between 3-6 weeks, according to the causative microorganism. Antimicrobial
treatment for VO is usually extended for 6-8 weeks (119), although some authors may
recommend longer periods, especially if the patient has abscesses that could not be
drained (68). A randomized clinical trial found that 6 weeks of antimicrobial treatment

resulted in similar cure rates as 12 weeks of therapy in patients with VO (120).

Regarding PJI, the IDSA guidelines recommend that the antimicrobial treatment should
be given between 3-6 months after surgery (114), but this is not supported by other
scientific communities or authors (3, 7). These groups suggest that an optimal treatment
can be limited to 6-8 weeks, depending on the surgical approach; patients managed with
DAIR may receive treatment for longer duration (8 weeks). Some studies have found

good outcomes with shorter treatment duration (121-123).

The route of antibiotic administration has also been a matter of discussion. Although
some antibiotics may have excellent bioavailability by oral administration, there has
been a general belief to prioritize the intravenous route for the management of patients
with OAls, with potential associated complications (124). Recently, a randomized trial
compared oral vs intravenous administration of antibiotics for OAls in adult patients and
found that there were not statistically significant differences in failure rates. As
expected, catheter-related complications and a longer hospital stay were more frequent

in patients assigned to the intravenous arm (125).

Overall, there is paucity of data on antimicrobial treatment for biofilm-related, implant-
associated OAls. Prospective observational studies and randomized trials, although not
impossible, are often difficult to perform or may be limited by the inclusion of
heterogeneous populations or different treatment approaches between participating

centres. Most studies were not designed to evaluate the particular efficacy of antibiotics
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and, therefore, conclusions may be misleading. Most recommendations are based on
empirical experiences and/or expert opinions, thus reducing the quality of the available

evidence.

In this context, translational research including in vitro and in vivo studies may
contribute to the overall understanding of the antimicrobial activity against biofilms,
although such studies are certainly limited by their experimental design. Several biofilm
models have been described, such as the tissue cage (54), osteomyelitis (126) or PJI
models (127). Thus, translational research may result in a bench-to-bedside circuit, by
raising clinical questions which may be partially answered in the laboratory and guide

therapeutic tools and prompt further clinical research.

5.2. Antimicrobial therapy against Pseudomonas aeruginosa

Fluoroquinolones are the mainstay of the antimicrobial treatment of OAls caused by
GNB, including P. aeruginosa. It has been suggested that these antibiotics have good
anti-biofilm activity and good diffusion within tissues (128). Retrospective studies have
found a better outcome in patients with PJI by GNB managed with DAIR when treated
with fluoroquinolones compared to alternative therapies (129-131). A large multicentre
study found that treatment with fluoroquinolones was an independent protective factor
in these patients (aHR 0.23, 95%Cl 0.13-0.40); in this study, the beneficial effect of
fluoroquinolones was present for all GNB-PJI but also for those caused by P. aeruginosa

(132).

Other antimicrobials are usually associated with worse outcomes, but these may be
needed in some circumstances, particularly due to growing fluoroquinolone resistance
among GNB, even in the field of OAls (26). In this line, the activity of beta-lactams (BLs)
in this setting has been questioned, due to biofilm tolerance (133). The best
antimicrobial treatment for OAls by fluoroquinolone-resistant GNB is unclear. Actually,
fluoroquinolone resistance among GNB can also be associated with resistance to many
antimicrobials, including BLs and aminoglycosides (134). In recent years, unfortunately,
infectious diseases clinicians and clinical microbiologists have become familiar with the

emergence of MDR and XDR GNB, which limits the available therapeutic options, given
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the lack of new antimicrobials (135). This has renewed the interest for other
alternatives, such as old antibiotics (polymixins), or the optimization of antibiotics

administration (continuous infusion of BLs).

5.2.1. Colistin

Polymixins are peptide antibiotics which became available for clinical use in the 1960s,
but were abandoned shortly after due to toxicity. In recent years, due to the emergence
of MDR and XDR strains with resistance to many antimicrobial families, polymixins have
emerged as a last-line therapy for the treatment of infections by these microorganisms.
Two polymixins have been classically used in clinical practice: polymixin B and polymixin

E (colistin), which is most commonly employed (136).

Colistin has a wide antimicrobial spectrum, including GNB and P. aeruginosa, and is a
bactericidal concentration-dependent antibiotic, with the ratio AUC/MIC being the best
PK/PD parameter that predicts its efficacy. Colistin is administered as an inactive pro-
drug, colistimethate, which is mostly cleared by the kidney. A fraction of colistimethate
is converted into colistin, which has predominant non-renal clearance (137). These
metabolic pathways result in low plasma concentrations of colistin, despite high doses

of colistimethate being administered.

Actually, population PK/PD analyses, mostly performed among patients in intensive care
units (ICUs), have found high inter-individual variability in colistin plasma
concentrations. In a study performed among 214 critically-ill patients, median average
steady-state plasma colistin concentrations were 2.35 mg/L, ranging from 0.24-9.92
mg/L (138). These results illustrate important interpatient variation, even among those
with similar renal function. In addition, adequate colistin plasma concentrations can
increase slowly after parenteral administration of colistimethate and a loading dose has
been suggested (139). All these PK data translate the challenges in administrating
colistimethate and obtaining adequate colistin plasma concentrations. This is relevant
since colistin MIC90 for most microorganisms is 1mg/L and protein binding is

approximately 50% (140). Following the current available knowledge on colistin PK,
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efforts have been made to provide recommendations on optimal dosing and monitoring

(141).

The clinical use of colistin has some inconveniences. Firstly, heteroresistance among
strains of P. aeruginosa, Klebsiella spp or Acinetobacter spp has been described (142-
144). This translates a potential for resistance emergence if resistant subpopulations are
exposed to suboptimal concentrations. Secondly, nephrotoxicity limits the
administration of colistin and a minimum plasma concentration >2.4 mg/L has been
associated with the risk of renal function deterioration (145, 146). Nephrotoxicity seems

to be mediated by the accumulation of polymixins in tubular cells (147).

Given these drawbacks, combination therapy with another antibiotic has been
recommended when using colistin. A synergistic effect is aimed, to increase antibacterial
activity and minimize the emergence of resistance (148). Combination therapy could
result in subpopulation synergy, as different antimicrobials may target different
subpopulations. A mechanistic synergy effect has also been proposed: colistin, which is
positively charged, acts by targeting the negatively-charged bacterial membrane,
enhancing its uptake and that of other molecules (149). The resulting permeabilisation

of the cell membrane may facilitate the penetration of other antimicrobials (150).

Combination therapy has been evaluated in experimental models of planktonic bacteria
(151-153) and there are also clinical studies showing good results against infections
caused by MDR microorganisms (154, 155). Regarding biofilm-embedded bacteria,
colistin has shown remarkable activity against P. aeruginosa. Actually, studies using
confocal laser scanning microscopy have shown that colistin may target predominantly
deeper layers of P. aeruginosa biofilm, in contrast with other antibiotics such as BLs or
ciprofloxacin (156). This may be linked to colistin’s activity being independent of the
hydroxyl radicals’ formation and, thus, being especially bactericidal in anaerobic

conditions (157, 158).

PK/PD studies using an in vitro biofilm model have shown that the combination of
carbapenems and colistin are synergistic and bactericidal against P. aeruginosa,
including MDR and carbapenem-producing isolates (159). There are no data, however,

on other subclasses of BLs. Clinical experience of colistin with/or without other
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antibiotics against OAls is scarce. One study found that combination therapy of BLs plus
colistin was associated with better outcomes than any monotherapy against OAls by

MDR/XDR P. aeruginosa (160).

5.2.2. Ceftolozane-tazobactam

In recent years, new BLs have been developed to tackle the crisis on antimicrobial
resistance and the lack of active drugs. Ceftolozane-tazobactam and ceftazidime-
avibactam are two cephalosporins in combination with beta-lactamases, with activity

against most MDR and/or XDR GNB.

Ceftolozane is a novel cephalosporin with activity against most GNB and some
Streptococci, but limited against Staphylococci (161). It has a potent activity against P.
aeruginosa and is stable against AmpC mediated hydrolysis (162). Its activity is enhanced
by the combination with tazobactam, expanding its spectrum of activity against
extended spectrum beta-lactamase (ESBL)-producers GNB. However, it should be

reminded that it lacks activity against carbapenemase-producers GNB (163).

Ceftolozane-tazobactam has been approved for the treatment of complicated urinary
tract and intraabdominal infections, after results from randomized clinical trials (164,
165). From its approval, clinical experience, mostly from retrospective case-series and
including several types of infections, has been reported (166, 167). Resistance
emergence has also been reported in some of these studies, although cure rates were

generally favourable (around 70%).

Experience with ceftolozane-tazobactam against biofilm-associated infections is scarce
and is limited to small case-series, either alone or in combination (168). Indeed,
ceftolozane-tazobactam in vitro activity against biofilm-embedded MDR P. aeruginosa

has not been extensively evaluated, including the potential role of combination therapy.

5.2.3. The use of continuous beta-lactam infusion

BLs are generally administered several times a day by intermittent bolus (IB), because

they have short half-lives (47). Their activity is time-dependent; this means that their

43



efficacy depends on the time that the free concentration of BL is above the MIC
(%T>MIC), which needs to be between 40-60%. However, higher %T>MIC rates may be
needed in particular scenarios to manage difficult-to-treat infections, for example in

critically ill patients or OAls, where biofilm tolerance is frequent (169, 170).

Pharmacodynamic data suggest that continuous infusion (Cl) may be more effective
than IB, because it maintains the antibiotic concentration above the MIC for longer
(ensuring %T>MIC=100%). This may also be beneficial for preventing the emergence of
resistant strains (171-173). There are clinical studies, including randomized trials, which
have suggested that Cl may result in better outcomes compared to IB, in particular
scenarios (174-176). The use of continuous BL infusion may be particularly interesting in
the setting of infections by resistant microorganisms with high MIC to BL, as these may

recover their antimicrobial activity if given in Cl, in contrast to IB (Figure 8).

Figure 8. Differences in PK/PD by using beta-lactams in intermittent or continuous infusion.
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Experimental studies in planktonic bacteria have also shown that maximum killing rates
are obtained at concentrations of free drug 4 times the MIC (47, 173) and thus,
increasing the concentration above this ratio does not result, apparently, in a higher

killing. However, the usual IB administration achieves peak concentrations well above
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this target in order to be able to ensure an appropriate T>MIC value, due to the short

half-life of most BLs.

In the particular field of biofilm-related OAls, in which the bactericidal effectiveness of
BL has been questioned (130, 132), the required levels of BL are unclear but it seems
reasonable that a higher plasma concentration at a longer %T>MIC could reflect higher
BL levels at the site of infection, improve clinical outcomes, and also result in a lower
risk of selecting resistant strains or even reduce health costs. Moreover, in the presence
of fastidious microorganisms such as P. aeruginosa or MDR GNB, an optimized BL

administration (usually in combination) is advisable.

Overall, Cl of BL is a promising alternative for the management of complex OAls by GNB

and P. aeruginosa, but there is scarce data on its role in the literature.
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HYPOTHESIS AND JUSTIFICATION OF THE
DOCTORAL PROJECT






OAls and those affecting orthopaedic devices are health problems of first magnitude in
our societies. These infections have been increasing in recent years and it is highly likely
that their incidence will continue to grow, mainly due to the ageing of populations, who
frequently undergo orthopaedic procedures, with the risk of post-operative infections.
The presence of bacterial biofilms makes OAls very complex and challenging diseases.
This characteristic is crucial to understand the pathogenesis, diagnostics and treatment

options.

In order to provide the best possible management for these difficult-to-treat infections,
it is essential to undertake well-designed studies. The lack of clinical trials in the setting
of bone and joint infections is worrisome, although it should be acknowledged that
these studies are often difficult and expensive to perform. In recent years, however,
large multicentre studies have been performed, providing insight in the management
and outcome of these infections, mainly PJI. Most of these studies are observational,
retrospective or include small heterogeneous samples, which may limit their

generalizability and applicability.

Although progress has been made in the last decades, there are several clinical
guestions that are still unresolved. The objectives of this thesis are to address common
clinical problems of OAls and potential therapeutic options from a perspective of an
infectious disease specialist. Specifically, the role of bacteraemia in OAls has been poorly
described in the literature, including particular clinical presentations, the association

with endocarditis and its impact on mortality.

Recently, we have become used to managing infections caused by MDR microorganisms
and this is especially difficult in biofilm-associated infections. In this setting, it is essential
to find treatment alternatives which can result in good outcomes. Given the difficulties
in performing large multicentre studies, including clinical trials, to evaluate the role of
particular antimicrobials, experimental models have been developed to provide a
practical approximation to clinical therapeutics. Actually, translational research has
become relevant in recent years to provide valuable information on the potential
activity of antimicrobials against particular microorganisms or settings, such as biofilm-
embedded bacteria. Findings from these studies can support clinical practice and

provide ideas for future research.
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In this line, the role of new antimicrobials against biofilm infections by P. aeruginosa,
such as ceftolozane-tazobactam, with or without colisitin, has not been addressed.
Other alternatives that have been suggested, such as the optimization of BLs by
administering them in Cl, have not been explored in the setting of OAls. Actually, the

PK/PD of BLs in biofilm infections are not well understood.

This thesis has been conceptualized as a continuation of several research projects
previously performed by the Osteoarticular Infections Unit of Hospital Universitari de
Bellvitge. This group is integrated by the directors of this thesis, who are both professors
in the Faculty of Medicine of Universitat de Barcelona. In the last years, this group has
developed an academic line of research on osteoarticular and biofilm-associated
infections, from clinical and experimental backgrounds. As a result, multiple doctoral
projects with recognized results have been carried out, with several publications of high
impact. Also, new hypothesis and questions have arisen during these years, which we

attempt to answer in the following pages.

The thesis directors and the doctoral candidate have aimed to deepen in the available
current knowledge of two fundamental issues of OAls. Firstly, the epidemiological,
microbiological and prognosis aspects of bacteraemic clinical forms. These projects
began when the doctoral candidate was finishing his specialty training in Internal
Medicine and Infectious Diseases, in collaboration with infectious disease specialists
performing surveillance of bloodstream infections in the hospital. These studies are
based on databases including data on bloodstream infections during >30 years. As a
result of that data collection and the subsequent analyses, several communications and
manuscripts were performed. The doctoral candidate was intimately and progressively
involved in that process, which was especially evident when he was incorporated as a
pre-doctoral fellow. Secondly, given the importance of P. aeruginosa causing OAls and
the emergence of MDR in this field, we aimed to provide some evidence on antimicrobial
alternatives for such infections, namely the use of continuous beta-lactam infusion
(clinical research) and colistin and beta-lactam combinations

(experimental/translational research).

The Osteoarticular Infection Unit at Hospital Universitari de Bellvitge provides an

excellent framework to develop clinical studies and attempt to answer some of these
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clinical questions. This research activity is integrated within the platforms of the Spanish
Network for Research in Infectious Diseases (REIPI) and Grupo Espaiiol de Infecciones
Osteoarticulares (GEIO) of Sociedad Espafola de Enfermedades Infecciosas y
Microbiologia Clinica (SEIMC). The ostearticular infections unit, led by Dr Javier Cabo,
includes a multidisciplinary team of different medical and surgical specialists in the
management of OAls. The doctoral candidate has been part of this team and
participated daily on the clinical work of the unit, also creating and updating clinical

databases that have been used for the clinical studies.

In Hospital Universitari de Bellvitge, an institutional program has been implemented in
the Osteoarticular Infection Unit to systematically use continuous beta-lactam infusion
for OAls caused by GNB. Plasma samples have been prospectively collected to monitor
target achievement and prevent toxicity, which have been measured in the Clinical
Laboratory Department. Data collected from this clinical experience has been used to
evaluate its potential role against fluoroquinolone-resistant P. aeruginosa and also
standardize the measurement of ceftolozane-tazobactam concentration in human

plasma.

Finally, experimental studies have also been performed for this thesis, evaluating the
role of ceftolozane-tazobactam and colistin combinations against biofilm-embedded
MDR P. aeruginosa, and exploring PK/PD of BLs against biofilm-embedded P.
aeruginosa. Both studies have given the doctoral candidate the opportunity to deepen
the knowledge on clinical microbiology and understand the importance of performing
translational research. The former study was performed in the Laboratory of
Experimental Infection (Universitat de Barcelona, Campus Bellvitge), also integrated
within the platform REIPI. The latter study was performed in collaboration with Jian Li’s
group at the Monash Biomedicine Discovery Institute (Melbourne, Australia), which was

also a fantastic professional experience.

During these years of doctoral research, several public and private competitive grants
have been obtained and have enabled sufficient funding to undertake some of these
studies. The investigations presented in this thesis provide new and relevant

information on clinical and therapeutic aspects of OAls, including basic research.
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AIMS






A.

Impact and prognosis of bacteraemic osteoarticular infections

A.1 Impact of bacteraemic osteoarticular infections

Aim 1 — To describe epidemiological and microbiological trends of bacteraemic

osteoarticular infections across time.

Aim 2 — To analyse the characteristics of bacteraemic osteoarticular infections

associated with the presence of infective endocarditis.

Aim 3 — To compare the characteristics of bacteraemic septic arthritis, according to

the site of acquisition.

A.2 Prognosis of bacteraemic osteoarticular infections

Aim 4 — To analyse the mortality and associated risk factors in patients with

bacteraemic osteoarticular infections.

Antimicrobial treatment against infections by Pseudomonas aeruginosa

B.1 Clinical studies

Aim 5—To analyse the efficacy and therapeutic drug monitoring of continuous beta-
lactam infusion for osteoarticular infections by fluoroquinolone-resistant

Pseudomonas aeruginosa.

B.2 Experimental studies

Aim 6 — To evaluate the activity of ceftolozane-tazobactam, with and without
colistin, against a biofilm infection by multidrug-resistant Pseudomonas aeruginosa

in a dynamic in vitro model.

Aim 7 —To evaluate the pharmacokinetics and pharmacodynamics of ceftazidime in
continuous infusion, with or without colistin, against a biofilm infection by

Pseudomonas aeruginosa in a dynamic in vitro model.
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MATERIALS AND METHODS






1. Clinical Research

1.1. Setting
The Osteoarticular Infection Unit at Hospital Universitari de Bellvitge

Hospital Universitari de Bellvitge is a 700-bed, tertiary-care teaching hospital in
Barcelona, Spain, with a dedicated multidisciplinary unit for bone and joint infections.
This unit has been recognized by the Spanish Ministry of Health as a reference centre

within the National Health System for the management of difficult-to-treat OAls.

Specialists in the management of such infections include infectious disease specialists,
orthopaedic surgeons, microbiologists, rheumatologists and radiologists. A specialized
nurse team also ensures excellent care of infected and contaminated wounds. In the
unit, standard sterility measures are applied, together with strict hand-washing policies.
Patients colonized with MDR microorganisms (e.g. MRSA, MDR P. aeruginosa or ESBL-
producers Enterobacteriaceae) are isolated in airlock-provided rooms, which also have

a double-door entry system to prevent further resistant strains dissemination.

Patients with a wide variety of OAls are hospitalized in this unit, including native SA, VO
and PO, diabetic foot infections, complicated skin and soft tissue infections and device-

associated orthopaedic infections, such as PJI and implant-associated osteomyelitis.

Daily, orthopaedic surgeons, infectious disease specialists and nurses assess together
the clinical situation (including medical and surgical problems) of admitted patients.
Decisions about the surgical and medical management, such as wound dressings or
antibiotic treatment, are made. Then, microbiologists and infectious diseases specialists
have a meeting to evaluate and discuss the microbiology results of available samples
from those patients. The laboratory of microbiology is key for a specialized management
of OAls in our unit, supporting the clinical practice. Patients are also followed-up in the
outpatient clinic by the same orthopaedic surgeons and infectious diseases specialists;
the outpatient clinic for both specialists is on the same weekday, which enables joint

assessment of the patient.
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The leaders of the Osteoarticular Infections Unit are the orthopaedic surgeon Prof.
Javier Cabo and the infectious disease specialist Prof. Javier Ariza, who is also one of the

directors of this thesis.

Figure 1. The PhD student (last on the right), PhD directors (third and sixth from left to right) and infectious

disease specialists in charge of the Osteoarticular Infection Unit.

Bloodstream infections surveillance at Hospital Universitari de Bellvitge

Since early 1980s, infectious disease specialists have been prospectively collecting all
cases of bloodstream infections. Working daily in close collaboration with the
Department of Microbiology, these specialists fill a case report form containing data on
demographics, clinical characteristics, source of bacteraemia, microbiology and
mortality data at 30 and 90 days since the episode. Such large database has been used

to provide data on epidemiological trends and publish several studies on such infections.

Clinical Research Platforms

The Osteoarticular Infection Unit at Hospital Universitari de Bellvitge undertakes
research projects in collaboration and within the framework of research platforms. One
platform is called “Difficult to Treat Infections and Antimicrobians Use” from Bellvitge

Biomedical Research Institute (IDIBELL), which is coordinated by Oscar Murillo, director
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of this thesis. This group aims to optimise the antimicrobial medications of difficult-to-
treat infections, including their mechanism of action and their ability to reach the

pathogenic organisms.

Another platform is The Spanish Network for Research in Infectiosus Diseases (REIPI)
(www.reipi.org), which was funded by Instituto de Salud Carlos Il and represents an
attempt to perform multicentre studies within Spanish teaching hospitals in order to
deepen on the available knowledge of infectious diseases, including diagnostics and
therapeutic management. The Department of Infectious Diseases of Hospital
Universitari de Bellvitge is part of this network. There is a specific research line of OAls,
integrated within the work-package “Management of other complex infections”, which
is, in part, coordinated by Oscar Murillo, director of this thesis. Several publications and
diagnostic and therapeutic guidelines performed within this group are the result of such

a multicentric research effort.

Finally, the Grupo de Estudio de Infeccidn Osteoarticular (GEIO) from Sociedad Espafiola
de Enfermedades Infecciosas y Microbiologia Clinica (SEIMC) was created in 2015 as a
joint network of specialists on clinical microbiology and infectious diseases, with a
particular interest on OAls. This group is currently headed by Dra. Natividad de Benito
(Infectious Diseases specialist at Hospital Santa Creu i Sant Pau, Barcelona, Spain) and
Dr. Oscar Murillo, director of this thesis. The main objectives of this group are designing
updated protocols and guidelines, participating in multicentre studies and sharing
opinions between experts. As a result, several meetings have been held and research

projects have been performed or are under way.

Clinical Laboratory Department at Hospital Universitari de Bellvitge

This department includes specialists in different fields, such as clinical biochemistry,
clinical molecular biology, haematology and immunology. These specialists are
responsible for the clinical and teaching activities of the hospital, facilitating the
diagnosis, prevention and follow-up of several diseases. All these activities need to be
approved by the Departament de Sanitat i Seguretat Social de la Generalitat de
Catalunya (Decret 7/1995). Within this laboratory, several research projects are also

undertaken, related to the fields mentioned above.
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The Clinical Laboratory Department participates actively in the therapeutic drug
monitoring of BL for patients with OAls, admitted in the hospital. Currently, there is an
institutional program for the optimization of antimicrobials for such infections, which
includes the administration of BL in continuous infusion. This has required the
implementation of ultra-high performance liquid chromatography — tandem mass
spectrometry (UHPLC-MS/MS) for the simultaneous measurement of BL concentrations
in human plasma. Such methods have been standardized and validated by Dr Raul Rigo-
Bonnin, a clinical biochemist, who has also reported his findings and methodology in

prestigious journals from the field (177, 178).

1.2. Clinical approach to osteoarticular infections and definitions
1.2.1. Clinical and microbiological diagnosis of osteoarticular infections

All cases included in the studies fulfilled the main diagnostic criteria for each type of OAI.
Patients with a short history of a warm, swollen and tender joint were considered to
have SA until proven otherwise. SA included native cases and PJI. An arthrocentesis is
routinely performed to obtain synovial fluid samples for microbiological analyses and a
pair of blood cultures is taken; in cases in which the process affects joints with difficult
access (ie., the axial skeleton) only blood cultures are initially taken. Non-infectious
aetiologies of acute arthritis are also ruled out prior to establishing the diagnosis of SA.
Joint involvement was classified as ‘peripheral’ (i.e., joints of the appendicular skeleton,
which were either native or PJI) and ‘axial’ (i.e., the axial skeleton, including the
acromioclavicular, sternoclavicular, sternocostal, pubic symphysis, inter-apophyseal,

and sacroiliac joints).

PJI was defined according to current guidelines (114) by the isolation of a pathogenic
microorganism from two or more surgical, joint-aspirated or blood cultures, or by one
such positive culture plus the presence of typical signs and clinical symptoms
(inflammatory signs, the presence of a sinus tract or purulence around the prosthesis

during surgery).

VO, with or without spine arthrodesis, was defined by the presence of back pain, motion

limitation, spinal tenderness, and/or macroscopic pus through the surgical wound,
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together with characteristic imaging findings (computed tomography or magnetic
resonance imaging) (68). PO was defined by the presence of typical signs and symptoms
such as a draining fistula, bone tenderness, and/or local swelling, and characteristic
imaging findings (bone radiograph, computed tomography or magnetic resonance

imaging) (70) and included cases with or without an orthopaedic device.
Due to their particular characteristics, we usually categorize OAls into three groups:

a) PJI

b) Osteoarthritis with device (vertebral or peripheral osteomyelitis associated with
the presence of a device).

c) Osteoarthritis without device (native septic arthritis and vertebral or peripheral

osteomyelitis not associated with the presence of a device).

Some patients with OAls, especially with concomitant bacteraemia, also present with
infective endocarditis (IE). This is more frequent with Gram-positive microorganisms,
such as S. aureus or Streptococcus spp. In these cases, IE is ruled out with transthoracic
or transoesophageal echocardiography. Cases of IE are diagnosed when fulfil Duke

criteria (Table 1) (179).

1.2.2. Surgical management

Patients are usually managed with surgery according to current guidelines and
recommendations (7, 9, 21, 70, 71). However, the ultimate decision on performing
surgery or the final surgical option relies on the treating clinician, based on patient’s
circumstances and condition. Generally, this decision is taken within a multidisciplinary

team of orthopaedic surgeons and infectious diseases specialists.

Acute orthopaedic-associated infections (early acute post-surgical PJI, haematogenous
PJI and device-associated osteoarthritis) are commonly managed with DAIR, according
to current recommendations. Stable devices and soft tissues in good conditions are
usually also required for performing DAIR; this consists of an extensive debridement or
necrotic tissues, pus and/or hematoma, together with exchange of mobile components,

when feasible.
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Table 1. Definition of terms used in the modified Duke criteria for the diagnosis of infective endocarditis.

Major criteria | Blood cultures positive for IE

Typical microorganisms consistent with IE from 2 separate blood
cultures in the absence of a primary focus, or microorganisms
consistent with IE from persistently positive blood cultures defined
as follows: at least 2 positive cultures of blood samples drawn >12
hours apart or all 3 or a majority of >4 separate cultures of blood
(with first and last sample drawn at least 1 hour apart)*

Single positive blood culture for Coxiella burnetii or anti-phase 1 1gG
antibody titer >1:800

Evidence of endocardial involvement

Echocardiogram positive for IE

Minor criteria | Predisposing heart condition or IDU

Fever

Vascular phenomena, major arterial emboli, septic pulmonary
infarcts, mycotic aneurysm, intracranial haemorrhage, conjunctival
haemorrhages, and Janeway lesions

Immunological phenomena: glomerulonephritis, Osler nodes, Roth
spots, and rheumatoid factor

Microbiological evidence: positive blood culture but does not meet
a major criterion (excluding single positive culture for coagulase-
negative staphylococci and organisms that do not cause
endocarditis) or serological evidence of active infection with

microorganism consistent with IE
A definitive diagnosis of IE is based on pathological criteria (microorganisms demonstrated by culture or
histological examination of a vegetation, a vegetation that has embolized, or an intracardiac abscess
specimen; or pathological lesions; vegetation or intracardiac abscess confirmed by histological
examination showing active endocarditis) or clinical criteria (2 major criteria, 1 major criterion and 3 minor
criteria, or 5 minor criteria). A possible diagnosis of IE is based on 1 major criterion and 1 minor criterion,
or 3 minor criteria). Viridans streptococci, Streptococcus bovis, HACEK group, Staphylococcus aureus or
community-acquired enterococci. 2Oscillating intracardiac mass on valve or supporting structures, in the
path of regurgitant jets, or on implanted material in the absence of an alternative anatomic explanation;
abscess; or new partial dehiscence of prosthetic valve or new valvular regurgitation.

IE: Infective endocarditis. IDU: Injection drug user. HACEK: Haemophilus species, Aggregatibacter species,
Cardiobacterium hominis, Eikenella corrodens and Kingella species.

Patients with chronic device-associated infections (chronic post-surgical PJI and device-
associated osteoarthritis) are commonly managed with implant removal. Patients with
acute infections who failed after DAIR often require implant removal. For PJI, implant
removal has been classified into three surgical approaches, which have been described

in the Introduction section (12):
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a) Two-stage exchange: Patients are considered under the two-stage exchange
scheme if the intention is to implant a new prosthesis or arthrodesis, irrespective
if this second stage is finally performed.

b) One-stage exchange

c) Hip resection arthroplasty

PO is usually managed with debridement and occasionally requires a radical resection
of sequestered bone, which may leave dead spaces. In such cases, antibiotic-
impregnated spacers are also used to fill the space and provide local antibiotic activity.
These patients often require further reconstructive surgeries of the bone and soft
tissues, which can include bone grafting or plastic surgery. If osteomyelitis occurs on
non-consolidated fractures, local external fixation is sometimes needed to provide

mechanical stability.

VO usually is managed without surgery, only with medical treatment. Associated
complications, such as spinal cord compression or epidural abscesses, occasionally need

surgery.

Peripheral SA usually requires joint drainage which, in our hospital, is mostly performed
with an arthrotomy. Extensive debridement and irrigation is performed to eliminate all
purulent content and debris, rapidly decompressing the joint. Occasionally, some
patients can be managed with arthroscopic debridement or single or repeated needle
aspiration (arthrocentesis). SA of the axial skeleton is often only treated with antibiotics,

although eventually some patients may require needle aspiration.

1.2.3. Medical management

Surgical treatment is complemented with an antimicrobial therapy, specifically selected
for each patient. Antibiotics are usually withheld until valuable surgical samples are
taken, provided that the microorganism is unknown or if permitted by the patient’s
condition. An empirical broad-spectrum combination of antimicrobials (i.e. vancomycin
plus ceftazidime) is initiated until microorganisms are identified and the antimicrobial

susceptibility profile is known.
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Then, a tailored antimicrobial therapy is administered for a variable time period, usually
ranging between 6 and 8 weeks, according to patient’s particularities and infection
characteristics. SA is usually treated for a shorter period of time, being 3-4 weeks for

staphylococcal and streptococcal infections and around 6 weeks for GNB infections.

The treatment scheme of OAls is usually divided in two phases. In an initial phase, which
lasts for a few days or weeks, antibiotics with activity against planktonic bacteria are
administered, targeting rapidly growing bacteria which may be present next to the
surgical site, especially after the procedure. Intravenous BLs, lipopeptides or
glycopeptides are usually given. In a second phase, which represents the majority of
treatment duration, antimicrobials targeting biofilm-embedded bacteria are added.
During this phase, staphylococci are usually treated with a rifampin-based combination,
either with levofloxacin (if methicillin-susceptible) or linezolid (if methicillin-resistant).
Streptococci and enterococci are usually treated with BLs, although levofloxacin with or
without rifampin can be used for the former. Ciprofloxacin is usually the drug of choice

for infections by GNB.

For the particular case of P. aeruginosa, a combination therapy with BL and another
antipseudomonal agent is often administered. For fluoroquinolone-susceptible P.
aeruginosa, oral ciprofloxacin (750-1000mg twice daily but adjusted according to renal
function) is combined with a BL for at least 7-14 days, before sequencing to ciprofloxacin
alone. For fluoroquinolone-resistant P. aeruginosa, we combine BL with colistin, which
is started at 2 million IU (MIU) every 8 hours (without loading dose) when renal function
is normal, but adjusted in those with chronic kidney disease (CKD) (138). In order to
prevent potential toxicity, colistin is generally not considered in fragile patients (those
aged >75 years and/or with comorbidities), especially if they have CKD (180) and/or are
managed with implant removal or bone resection. The antipseudomonal BL is generally
ceftazidime except in cases of MDR/XDR strains when the BL with the lowest MIC is
usually chosen. Doses of BL and combination agents are also adjusted if acute kidney

injury (AKI) occurred during therapy (181).

Actually, since 2015, in Hospital Universitari de Bellvitge, there is an institutional
program to promote the administration of continuous BL infusion (BL-Cl) for OAls by

GNB. The daily dosage of BL-Cl is based on previously described formula and our own
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experience (173, 182), according to BL total body clearance (TBC) and desired target

concentrations.
- Daily dose (mg) = 24 (h) x TBC (L/h) x fCss (mg/L)
TBC: Total Body Clearance.

fCss: The target free steady-state concentration

Since ceftazidime, cefepime and ceftolozane are almost completely cleared by
glomerular filtration, creatinine clearance (calculated using the Cockcroft-Gault
formula) (183) is used to estimate the antibiotic’s TBC. For piperacillin and aztreonam,
given their combined renal (glomerular filtration and active tubular secretion) and non-
renal clearance, TBC values are used from previously reported studies (184, 185). A
loading dose is commonly administered to rapidly achieve target steady-state
concentrations (Css). Loading doses of BL are 2 g (ceftazidime, cefepime, aztreonam),

2/1 g (ceftolozane-tazobactam), and 4/0.5 g (piperacillin-tazobactam).

In each patient, the first blood samples to obtain Css are extracted at least 24h after BL-
Cl initiation. Then, samples are extracted to monitor Css at the clinicians’ discretion,
weekly if possible. Clinicians are encouraged to obtain a new sample at least 24-48h
after modifying the daily BL dose. Once extracted, samples are immediately centrifuged

and frozen at -802C until analysis to avoid stability disturbances.

In general, we aim to optimize the most relevant PK/ PD target for BL by ensuring that T
> MIC = 100% and that fCss is at least 3 or 4 times the MIC (3—4xMIC), since this
concentration has been correlated with the maximum killing effect of BL (47, 173).
However, as higher concentrations can also be desirable in OAls due to poor bone
penetration or biofilm-associated BL tolerance in these infections, we use fCss values of
between 3—-4xMIC and 10xMIC. The daily dosage is adjusted based on the measured BL
concentrations in plasma; our protocol suggests that dose adjustments (increases or
decreases) should be 50% of the initial dose. Dose reductions are usually performed
when concentrations are 10-15xMIC, higher than 100 mg/L (186), or when toxicity
occurs. However, the criteria for adjusting the dosage is ultimately decided by the

clinicians, and the decision to adjust the dose is taken by consensus after a
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multidisciplinary discussion. For isolates with high MICs, 3—4xMIC is often difficult to
achieve, so lower levels above the MIC (> 1.5-2xMIC) are considered acceptable. Free
BL fractions are estimated from reported protein binding in healthy subjects (184, 187-
190).

1.2.4. Outcome and follow-up

Follow-up after discharge takes place in the outpatient clinic, shared by orthopaedic
surgeons and infectious disease specialists. Patients are assessed at months 1, 3, 6 and

12 after the episode and often follow-up extends to 24 months.

In general, failure is usually defined as a composite endpoint of mortality and local
failure. Local failure is evaluated in patients not presenting mortality and only if related
to persistence/relapse, excluding superinfection or orthopaedic reasons as a cause for

extra surgeries. Therefore, failure consists of:

e Death related to the infection
e Local failure
o Managed with DAIR or debridement
= |mplant removal due to infection persistence/relapse, in patients
with device.
= New debridements >30 days since the first, due to
persistence/relapse.
= Relapsing symptoms during follow-up.
= Long-term suppressive antimicrobial therapy (SAT)
o Managed with implant removal
= Symptom persistence beginning within 30 days after implant
removal, leading to SAT and/or new surgeries, irrespective of
when these are performed.
= Relapsing symptoms in asymptomatic patients initially considered
cured after implant removal.
= Positive cultures in asymptomatic patients undergoing a second-

stage surgery.

68



Mortality is a key component of failure and has deserved special attention in our studies.
For the studies on bacteraemic OAls, mortality was recorded if death occurred within

30 days from the diagnosis, and early mortality if death occurred within 7 days.

1.3. Complementary tests
1.3.1. Microbiological process

Microbiological samples are collected during the diagnosis workup and occasionally
during follow-up. These include blood cultures and local samples, such as tissue
specimens, joint aspirates and surgical samples (synovial tissues, peri-prosthetic bone
and soft tissue, synovial fluid and prosthetic cement). Sonication of prosthetic

components is not routinely performed in our centre.

Blood samples are cultured following standard criteria by the automated BACTEC™
method, using both aerobic and anaerobic media. We use the following BACTEC™
systems (Becton-Dickinson Microbiology Systems, Franklin Lakes, NJ, USA): the BAC-
TEC™ NR-860 in the 1990s, the BACTEC™ 9240 in the 2000s, and the BACTEC™ FX in the
2010s. Identification of microorganisms and their antibiotic susceptibility have been
typically performed by standard biochemical reaction, disc diffusion or microdilution,
and the MicroScan system (Dade Behring, West Sacramento, CA, USA). Recently, the
MALDI-TOF Biotyper™ measurement system (Bruker, Billerica, MA, USA) has been
incorporated for microorganisms’ identification. Antimicrobial susceptibility is defined
according to Clinical and Laboratory Standards Institute and European Committee on

Antimicrobial Susceptibility Testing (191, 192).

Surgical samples are seeded in liquid (thioglycolate) and solid media (5% sheep blood,
chocolate and MacConkey agar) and incubated for 10 days. Liquid cultures are routinely
plated on solid media every 48 hours or whenever they become turbid. Specific media
are also used for investigations of anaerobic microorganisms, fungi and mycobacteria.
Assingle valuable sample with a virulent microorganism, such as S. aureus, Streptococcus,
P. aeruginosa or Enterobacteriaceae, is considered relevant. For low-virulence

microorganisms that can be skin-flora contaminants (i.e. CNS, P. acnes), two or more
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positive samples yielding the same microorganism are usually needed to consider it the

causative agent of the infection.

1.3.2. Sequential procedures for the development of the UHPLC-MS/MS method used

for the measurement of ceftolozane-tazobactam concentration in human plasma

Following the implementation of a program for the use of BL-Cl in our hospital, the
standardization of a UHPLC-MS/MS methodology for measuring BL concentrations has
been developed. The ideal sample for measuring BL concentrations is plasma. The
methodology for the simultaneous measurement of amoxicillin, ampicillin, cloxacillin,
piperacillin, cefepime, ceftazidime, cefuroxime, aztreonam and meropenem, in addition
to two B—lactamase inhibitors (clavulanat and tazobactam), has been described
elsewhere (177, 178). Recently, our group also standardized the measurement of

ceftolozane and tazobactam in human plasma and the methodology is depicted below.

e Preparation of calibration, control and internal standards (IS)

For ceftolozane (donated by Merck, Sharp & Dohme S.A., Barcelona, Spain) and
tazobactam (purchased from United States Pharmacopeia, Rockville, MD, USA), two
stock solutions of each one from independent weighing were prepared at a
concentration of 2.00 g/L. For each drug, several working standards were prepared,
representing growing concentrations (from 10 to 1250 mg/L). These solutions were
stored light-protected at (-75 + 3)°C. On the day of analysis, 100 uL of calibration

materials (from 1 to 125 mg/L) were also prepared and also four plasma quality controls.

Stock solutions of ceftazidime-D5 and sulbactam in 1:10 proportion were prepared.
These solutions were stored at (=75 £ 3) °C. A working solution of IS was prepared freshly

for 20 samples analysis by adding 150 pL of each stock solution to 5.70 mL of acetonitrile.

e Sample preparation

One hundred plL of calibration, quality control or plasma samples from patients were

transferred to 1.50 mL-polypropilene microcentrifuge tubes and 300 uL of internal
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standard were added for protein precipitation. Tubes were vortexed for 3 minutes,
subsequently centrifuged for 10 minutes and 100 pL of supernatant transferred to new
microcentrifuge tubes containing 400 pL of 0.1% (v/v) formic acid in water. The tubes
were vortexed for ten seconds and the full volume was transferred into specific screw-

neck glass vials with silicon septa caps and placed in the autosampler for injection.

Figure 2. Sequential procedure for measurement of BL concentrations from plasma.
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e Instrumentation and equipment

Analyses were conducted using an Acquity® UPLC® chromatographic system coupled to
an Acquity® TQD® tandem-quadrupole mass spectrometer (Waters, Milford, MA, USA).
The mass spectrometer operated in multiple reaction monitoring and in positive and
negative electrospray ionization modes. Two transitions were followed, one for

guantification and the other for identification or confirmation.

e Validation of the method

Validations were carried out according to the European Medicines Agency (EMA), CLSI
and EUROLAB guidelines. The developed procedure was validated in terms of selectivity,
carry-over, lower limit of quantification, imprecision, bias, dilution integrity, recovery,

matrix effect, stability and measurement uncertainty.
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e Applicability of the method

We evaluated the applicability of the UHPLC-MS/MS procedures by processing plasma
samples from patients with OAls treated with ceftolozane-tazobactam in Cl. Blood
samples were obtained at least 72 hours after the beginning of ceftolozane-tazobactam
in order to assure that it represented concentrations at the steady-state condition.
Samples were collected in BD Vacutainer® lithium-heparin tube (Becton Dickinson,
Franklin Lakes, NJ, USA) and immediately refrigerated at (2—8) °C. Finally, they were then
centrifuged at 2000g for 10 min at (4 £ 1) °C, aliquoted, and stored at (-75 % 3) °C until

analysis.

1.4. Study design and statistical analysis

The clinical studies included in this thesis are all observational; four of them are
retrospective analysis of prospectively collected data and the remaining study (the use
of BL-Cl for OAIl by P. aeruginosa) is a prospective study. Data has been collected and
introduced, after a critical revision, in Microsoft Access databases. The observational
prospective study on BL-Cl had a specific protocol which was approved by the hospital’s
Ethics Committee and authorized by the Spanish Agency of Drugs and Sanitary Products
(AEMPS); all patients signed an informed consent before entering into the study (Annex

1).

Data were analysed with Stata 13.1 (Stata Corporation, USA). Categorical variables were
described by counts and percentages, while median and interquartile range (IQR) were
used to summarize continuous variables. Comparisons between groups were performed
with the chi-square test or Fisher exact test for categorical variables and the t-test or
Mann—-Whitney test for continuous variables. Changing trends in categorical or

continuous variables across studies’ periods were analysed with non-parametric tests.
y

Risk factors for a defined outcome were analysed by univariate and multivariate logistic
regression, obtaining unadjusted and adjusted odds ratios (OR) with 95% confidence
intervals (95% Cl). Kaplan-Meier survival curves were used to evaluate the probability of

success during follow-up and the log-rank test analysed differences between groups.

72



The likelihood ratio test was used to obtain p values in regression modelling. A p value

<0.05 was considered statistically significant.

Given the observational design of our studies, to evaluate the impact of interventions
on certain outcomes, propensity score matching analyses were performed. Clinically
relevant variables were introduced in the propensity model, together with baseline
characteristics found to have a univariate association with the intervention being
evaluated (p < 0.1). Nearest neighbour matching with replacement was performed with
0.1 calliper. Mean standardized differences for covariates between matched groups

were checked prior to treatment effects estimation.

When evaluating the efficacy of antimicrobials, in order to avoid survivor’s bias, the
influence of the antimicrobial on the outcome was only considered in patients with the
same possibilities of receiving this antibiotic; thus, cases failing before a specified time
cut-off, and thus having received antimicrobials for a short period of time, were

excluded for this analysis.

2. Experimental Research

2.1. Setting

2.1.1. Laboratory of Experimental Infection at the School of Medicine (Universitat de

Barcelona, Campus Bellvitge)

The Osteoarticular Infection Unit from the Department of Infectious Diseases has
traditionally attempted to develop translational research, allowing a continuum
between the clinical bedside and the laboratory. This interest comes from the need to
find therapeutic alternatives for the management of complex, foreign-body infections
in an era of MDR and a lack of new antimicrobials. This translational research is an
excellent platform to provide relevant answers to questions that arise in the clinical field

and apply such answers to the clinical practice and research. This research is also

73



performed within the framework of REIPI, which include several in vitro and in vivo

experimental models of infectious diseases.

This laboratory is located in the Faculty of Medicine of Universitat de Barcelona, Campus
Bellvitge, and is also linked to Idibell, the research foundation associated with Hospital
Universitari de Bellvitge. Our group has led several projects on the in vitro and in vivo
efficacy of different antimicrobials against foreign-body infections. Initially, in vivo
models using the tissue cage in rats were developed to evaluate the activity of
antimicrobials and combinations against methicillin-susceptible and resistant S. aureus,
leading to several publications in recognized international journals (54, 193-196). In
recent years, in vitro experiments have been added, with a dynamic biofilm model (CDC
Biofilm Reactor [CBR]), to investigate the efficacy of antimicrobials and combinations

against P. aeruginosa and K. pneumoniae, which have also been published (159, 197).

2.1.2. Monash Biomedicine Institute, Monash University

The Monash Biomedicine Discovery Institute (Monash University, Melbourne, Australia,

www.monash.edu) is a large world-leading institution with more than 120 research

teams from multiple disciplines into six priority areas. The Department of Microbiology
is part of this renowned institute and include several research lines, such as
Antimicrobial Systems Pharmacology Laboratory, headed by Prof. Jian Li. Given the lack
of new antibiotics for Gram-negative superbugs in the near future, Prof. Li has dedicated
the majority of his research career to optimize the clinical use of polymixins and develop

novel and safer polymixins.

This research, which has also been done in partnership with the Monash Institute of
Pharmaceutical Sciences, has resulted in reducing the knowledge gap on colistin and
polymixin B, which are currently considered last-line therapies for MDR and XDR GNB.
Over the years, Prof. Li, in collaboration with others, has contributed to develop a simple
method to assay colistimethate sodium (CMS) and colistin by high performance liquid
chromatography (HPLC), has described the PK of CMS and colistin in patients, guiding
dosage regimens, has evaluated the PK/PD of colistin and polymixin B, alone or in
combination with other antimicrobials, against several MDR GNB and has deepen the

knowledge on polymixins toxicology.
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Figure 3. The Monash Biomedicine Discovery Institute (Monash University, Melbourne, Australia) and the

PhD student working in the laboratory.
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Prof. Li’s group and our research group collaborated in the past in evaluating the efficacy
of colistin, with or without doripenem, against a biofilm infection by MDR P. aeruginosa,
using the CBR (159). Such enriching collaboration, given the common interest on
polymixins, resulted in a new joint project on the PK/PD of ceftazidime in Cl, with or
without colistin, against a biofilm infection by P. aeruginosa. The doctoral candidate
moved to Melbourne (Australia) to perform this project, under the supervision of Prof.

Li.

2.2. Bacterial strains

All strains were subcultured from a frozen stock on nutrient trypticase soy agar plates
with 5% sheep blood (TSA; Becton Dickinson, Madrid) and preserved in cryotubes at -

80.C for subsequent use.

First study - Efficacy of ceftolozane/tazobactam, alone and in combination with colistin,
against multidrug-resistant Pseudomonas aeruginosa in an in vitro biofilm

pharmacodynamic model.

Three clinical isolates of P. aeruginosa from Hospital Universitari de Bellvitge (HUB), all
colistin-susceptible but ceftazidime-resistant strains, were used: HUB1, a
ceftolozane/tazobactam- and meropenem-susceptible MDR strain (ST308); HUB2, a
ceftolozane/tazobactam-susceptible and meropenem-resistant XDR strain (ST175); and

HUB3, a ceftolozane/tazobactam-resistant and meropenem-susceptible MDR strain
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(ST274). The three strains are worldwide disseminated and considered high-risk clones
(198); mechanisms of resistance were AmpC hyperproduction for all strains (MDR-HUB3

having the AmpR mutation G154R), plus OprD porin deletion in XDR-HUB2.

Second study - In vitro pharmacokinetics of ceftazidime and its combinations with colistin

against Pseudomonas aeruginosa biofilm.

Initially, four strains of P. aeruginosa were evaluated. One was the reference strain
PAO1 (American Type Culture Collection, Rockville, MD, USA) and the rest were clinical
isolates causing biofilm-related osteoarticular infections in HUB. All strains were
susceptible to ceftazidime and colistin. Finally, two strains of P. aeruginosa were
employed in experiments with the CBR; one was PAO1 and the other was a clinical

isolate (HUBS8), chosen based on preliminary studies.

2.3. Preliminary studies
2.3.1. Susceptibility studies

Susceptibility studies included the determination of MIC, MBIC and MBEC. MICs of BL
and colistin (sulphate) were determined by broth microdilution in Mueller-Hinton broth
(MHB) (Becton Dickinson, Madrid; Oxoid, Basingstoke, UK). The susceptibility profile to
both antibiotics in P. aeruginosa was defined according to the EUCAST breakpoints

(192).

MBIC and MBEC were determined using an MBEC™ device (Innovotech Inc., Edmond,
Canada), also with MHB. The methodology has been previously standardized (199, 200).
Briefly, colonies recovered from a subculture were incubated at 372C in a gyratory
shaker in Tryptone Soy Broth (TSB) to create an inoculum that matched 1 McFarland
concentration. This solution was diluted in MHB 1:30 and added to the MBEC™ device,

which was then incubated for 24h at 372C.

Later, the pegs were rinsed in phosphate buffer solution (PBS) and introduced into a
new 96-well microtiter plate that contained increasing concentrations of antibiotic
(challenge plate) and incubated for 24h at 372C. After rinsing again, the pegs were

transferred to a new microtiter plate containing fresh sterile MHB (recovery plate) and
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sonicated (Branson Ultrasonics, USA). Then, the peg lid from the recovery plate was
replaced by a lid of a microtiter plate and further incubated 24h at 372C. To determine
MBIC and MBEC value, we used a microtiter plate reader (Tecan Trading AG,
Switzerland) to obtain optical density measurements at 650nm (OD650). The MBIC was
defined based on OD650 measurements at 0 and 6h, as the lowest concentration that
resulted in an OD650 difference at or below 10% of the mean of two positive controls.
MBEC was determined after 24h incubation and clear wells (OD650 < 0.1) were taken as

evidence of biofilm eradication.

2.3.2. Generation times

We compared growth rates between strains that were going to be investigated in the
CBR. To do this, we incubated a bacterial inoculum of 10° cfu/mL in MHB at 372C in a
shaker during 24 hours. Samples were collected at different timepoints, serially diluted
with sterile saline and plated on drug-free TSA or nutrient agar (NA). Absolute bacterial

counts were obtained after incubation at 372C during 24 hours.
The generation time was calculated as:
g =Ln 2/y; where p is the growth rate

i = (Ln N = Ln NO)/(t — t0); where N is the number of bacteria at time t, and NO is the

number of bacteria at time t0.

2.3.3. Population Analysis Profiles of Colistin

Baseline heteroresistance to colistin was examined by performing population analysis
profiles (PAPs) of the P. aeruginosa strains, as reported elsewehere (142, 151). The
presence of subpopulations able to grow in the presence of >2, 4, 8, and 16mg/L of

colistin was screened.

Briefly, one colony previously incubated in TSA or NA was incubated in 10 mL of TSB
overnight at 372C in a shaker. Bacterial suspensions were serially diluted with sterile

saline and plated on Mueller Hinton Agar (MHA) or NA impregnated with colistin at
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MATERIALS AND METHODS

concentrations mentioned above. Colonies were counted after 24 hours of incubation

(48 hours for small colonies) at 372C.

2.3.4. Biofilm formation assays

The ability of the different strains to form biofilm was evaluated with a method
previously described by Stepanovic et al (201), based on using crystal violet (CV) to stain
biofilms. A colony subcultured in NA media was selected, grown in 10mL of TSB for 24h
at 372C and further diluted 1:100. Then, 200uL of this dilution were poured on each well
in a 96-well microtiter plate, together with negative controls (200uL of sterile TSB), and
incubated for 24h at 37 2C. Wells were emptied, washed three times in PBS and heat-
fixed at 602C for 60min. Then, 200uL of 2% CV were added to each well to stain the
biofilm for 15min, followed by washing three times in PBS. Finally, the biofilm was

solubilized by adding 200uL of 30% acetic acid to each well for 30min.

The OD was then read at 570nm. The cut-off value (ODc) was established by the
following equation: ODc = Mean OD of negative controls + (3 x standard deviation of
negative controls). The mean OD of the different isolates was then compared to ODc,

defining the ability of each isolate to form biofilm, as follows:
OD < 0Dc = No biofilm producer

ODc < OD < 2xODc = Weak biofilm producer

2x0ODc < OD £ 4x0Dc = Moderate biofilm producer

4x0Dc < OD = Strong biofilm producer

Figure 4. Biofilm formation assays based on crystal violet staining in 96-well plates.
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2.3.5. Time-kill curves

Time-kill curves were performed in the second study to evaluate the killing profile of
several concentrations of ceftazidime against the strains that would be studied in the
CBR. Ceftazidime concentrations evaluated were 1x, 2x, 4x, 8x, 16x and 32xMIC,

together with controls.

Isolates were subcultured on NA and incubated overnight at 372C. One colony was then
grown in 10 mL MHB at 379C; after that, an early log-phase culture was obtained.
Ceftazidime at the appropriate concentration was then added to 20 mL of a log-phase
broth culture of 106, and incubated at 379C for 24 hours. Samples were taken at different
points, serially diluted and plated onto NA. Plates were incubated at 372C for 24 hours

for viable counting.

2.4. A dynamic in vitro biofilm model
2.4.1. Components of the CBR

In vitro dynamic experiments were performed with a standardized and validated model,
the CBR (Biosurface Technologies, Montana, USA). This model has been previously used
by several authors to perform basic research on biofilms, allowing for PK/PD analysis of
antimicrobial efficacy (202). Our group has previously worked with this model and
standardized the procedure to obtain the best conditions for biofilm formation and

antimicrobial challenge (159, 197, 203).

The CBR consists of a one-litre glass vessel with an effluent spout giving place to an
operational volume of 350 mL. Continuous mixing of the broth is provided by a magnetic
baffled stir bar. Antibiotics and media can be added through the ports in the top lid of
the reactor, from where 8 rods descend, each housing 3 removable Teflon coupons
(biofilm growth surfaces), for a total of 24 sampling opportunities throughout the

experiment.

The CBR is placed on a hot magnetic stir plate, allowing to adjust the stirring to 130rpm
and temperatures of 372C. Media is placed on 10-20L autoclavable polycarbonate
carboys (Thermo Scientific-Nalgene) and pumped into the reactor with a peristaltic

pump (Masterflex, Cole-Parmer, USA) at the desired rate. Antibiotics can be
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administered into the reactor in continuous infusion (with the peristaltic pump, mixed
with the media) or in intermittent infusion with a syringe pump (NE-1000 Syringe Pump,

New Era Pump Systems Inc, USA).

2.4.2. Operating procedure

Our protocol followed previously reported methods (159, 203), and consisted of a
biofilm conditioning phase, in which the biofilm was formed for 48h, followed by a
therapeutic phase. Isolates were initially subcultured onto TSA or NA plates and
incubated at 379C for 24 hours. One colony was selected and incubated overnight in 10
mL of TSB at 372C for 24 hours. The biofilm conditioning phase started with bacteria
(from the overnight culture) inoculation into the reactor (initial inoculum of 7 log
cfu/mL), followed by a 24h batch culture at 372 in drug-free 20%-TSB. Then, fresh sterile
20%-TSB was infused into the model for 24h using a peristaltic pump (Masterflex, Cole-
Parmer, USA), to achieve a bacterial residence time within the reactor shorter than the
generation time for the suspended bacteria. Once the biofilm was formed, the

therapeutic phase started (time zero, Oh), which was prolonged for 54 hours.

Figure 5. The CDC Biofilm Reactor after the 24h-static phase (left) and during the 24h-dynamic phase

(right).
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2.4.3. Antibiotic regimens

Antibiotic regimens were administered into the reactor after the biofilm conditioning
phase and could be given in IB or Cl, as mentioned above. Independently of the antibiotic
infusion mode, media was continuously infused into the reactor at a flow-rate

reproducing the respective antibiotic half-life (t1/,).

In  the first study, regimens evaluated were ceftazidime, meropenem,
ceftolozane/tazobactam and colistin, as monotherapies, the respective BL in
combination with colistin, and controls (no antibiotic). For the three beta-lactam
regimens, a bolus dose was injected into the model every 8h to achieve the desired free-
drug peak concentration (Cmax) (fCmax; in accordance with the protein binding for each
drug). Pharmacokinetic parameters simulated for BL were: ceftazidime, 2g every 8h
(fCmax 134mg/L, half-life [t1/2] 2h, flow rate 2mL/min, protein binding considered 16%);
meropenem, 2g every 8h (fCmax 90mg/L, ti/> 1h, flow rate 4mL/min, protein binding
considered 10%); ceftolozane/tazobactam, 2g/1g every 8h (fCmax 111mg/L, ti; 2.5h,
flow rate 1.61mL/min, protein binding considered 21% / fCmax 25mg/L, t1/> 2.5h, flow
rate 1.61mL/min, protein binding considered 30%, respectively) (187, 188, 204). For the
particular case of ceftolozane/tazobactam combination, with different t;/; (2.5h and 1h,
respectively), we reproduced the t;;; of ceftolozane and assumed that tazobactam
would be eliminated at the same t;/,, this providing tazobactam concentrations during
the whole 8h-period always in adequate proportion with ceftolozane (at least 2:1). In all
cases, flow rates were calibrated prior to each experiment and monitored throughout

to ensure the system was performing optimally.

Colistin was pumped into the CBR as a Cl at 3.50mg/L, which mimicked the plasma
steady-state concentration observed in humans by 6-9MU colistin every 24h (139, 205).
This was achieved by bolus administration at Oh followed by infused medium with

colistin at the appropriate concentration.

In the second study, regimens evaluated were ceftazidime in Cl at clinically achievable
concentrations (4, 10, 20 and 40 mg/L), colistin in Cl, combinations of colistin plus 4 or
40 mg/L ceftazidime and controls. For ceftazidime regimens, a bolus dose was injected

at Oh and infused medium with ceftazidime at the appropriate concentration was
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administered. The flow-rate reproduced ceftazidime ti, (2h, flow rate 2mL/min).

Colistin was administered the same way as in the first study.

2.4.4. Pharmacodynamic analysis

Samples from media (free-floating bacteria) and at least three coupons from a rod
(biofilm-embedded bacteria) were collected at 0, 6, 24, 30, 48, and 54 hours (two extra

coupons were collected at 54h).

Coupons were rinsed twice in PBS for 3 minutes each time, to remove non-adherent
cells. Then, each coupon was placed in a 50-mL centrifuge tube containing 10 mL of PBS.
Biofilm-embedded bacteria were recovered by three alternating cycles of vortexing and
sonication, 1 minute each, followed by a final 1 minute of vortexing (Branson
Ultrasonics, USA). Biofilm-embedded and free-floating cells were serially diluted with
sterile saline and plated onto drug-free TSA or NA. Colonies were counted after 24 hours

of incubation at 352C and 48 hours for the plates with small colonies.

Bacterial counts were expressed as logio cfu/mL (means and standard deviations [SD]).
The efficacy of a therapeutic regimen was evaluated against biofilm-embedded and
free-floating bacteria using the log change method from hour 0 to each timepoint
(Alogyo cfu/mL Xh-0h). Treatments were considered to be bactericidal (99.9% kill) when
they led to a 23 log;o cfu/mL reduction, compared with the corresponding counts at zero
time. Monotherapy or combination regimens causing a reduction of 21 logyo cfu/mL at
a specified time were considered active. Synergy was defined as >2 log;o cfu/mL killing
for the combination relative to the most active corresponding monotherapy at a
specified time; additivity was defined as 1 to 2 logyo cfu/mL greater killing for the

combination.

2.4.5. Pharmacokinetic studies

Samples (1 mL) collected in duplicate from the model at different timepoints were
placed in 1.5 mL microcentrifuge tubes and immediately stored at -802C. Concentrations

of colistin and BL were measured using HPLC as previously described (177, 178, 206).
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2.4.6. Resistance studies

The emergence of resistance to ceftolozane-tazobactam and colistin (first study) and
ceftazidime and colistin (second study) was evaluated throughout the treatment phase,

when these antibiotics were administered.

MHA plates were prepared with a concentration at or above the EUCAST breakpoint of
resistance. Antbiotic concentrations evaluated with this method were: ceftolozane-
tazobactam 4-4 mg/L and colistin 2 mg/L (first study); and ceftazidime 16 mg/L and
colistin 4 mg/L (second study). Samples (100 L) of biofilm-embedded and free-floating

bacteria were plated and incubated at 372C for 24 hours (or 48 hours for small colonies).

Figure 6. Agar plates with antibiotics (ceftazidime 16 mg/L) with P. aeruginosa-resistant strains.

Additionally, for experiments containing
colistin in monotherapy or combination,
PAPs of biofilm-embedded and free-
floating cells recovered after 54 hours
were performed. Changes between
baseline and after treatment populations
were examined. The methodology for

PAPs has been described above.

2.4.7. Confocal laser scanning microscopy (CLSM)

In both experimental studies, coupons were evaluated by CLSM to confirm biofilm
infection (0h) and treatment activity (54h). Images of the biofilms stained with
LIVE/DEAD BaclLight Bacterial Viability Kit (ThermoFisher Scientific, USA) were acquired.

The microscopes employed differed in both studies:

e First Study: Leica TCS-SL filter-free spectral confocal laser scanning microscope
(Leica Microsystems, Germany) equipped with a 488nm argon laser and 543nm
He/Ne laser (Centres Cientifics i Tecnologics, Universitat Barcelona, Spain) using

a 63x oil immersion objective (1.4 numerical aperture). Different image stacks
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were acquired with a a 0.5 microns’ distance between planes and pinhole size
at 1AU.

e Second study: Nikon Eclipse Ti confocal laser scanning microscope (Nikon
Instruments Inc., Japan) equipped with a 488nm argon laser and 561nm He/Ne
laser (Monash Micro Imaging, Monash University, Australia) using a 20x dry
objective (0.75 numerical aperture) for the second study. Different image stacks
were acquired with 3 microns’ distance between planes and pinhole size at

1.2AU.

The number of total planes was calculated according with the thickness of each
biofilm. Different stacks were obtained randomly of each coupon. Selected fields
were acquired with image resolution of 1024x1024 pixels. The images obtained

were processed with IMARIS software (Bitplane AG, Switzerland).

2.4.8. Statistical analysis

Data were analysed using Stata 13.1 (Stata Corporation, USA). An analysis of variance
with Tukey’s post hoc test was performed for each treatment regimen to evaluate
changes in the log cfu/mL for free-floating and biofilm-embedded bacteria. A p value of

<0.05 was considered statistically significant.
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A. IMPACT AND PROGNOSIS OF BACTERAEMIC OSTEOARTICULAR INFECTIONS

A.1 Impact of bacteraemic osteoarticular infections

In the last years, our group has aimed to analyse several aspects of bacteraemic OAls,
including epidemiological trends, associations with infective endocarditis (IE) and
changes in patterns of SA. To do this, we analysed our hospital’s database on
bloodstream infections and added some specific variables on OAls. As years went by, we

included more cases and enlarged the database for the subsequent manuscripts.

Aim 1 - To describe epidemiological and microbiological trends of bacteraemic

osteoarticular infections across time

Article 1 —The changing epidemiology of bacteremic osteoarticular infections in the early
21°" century. O. Murillo, I. Grau, J. Lora-Tamayo, J. Gdmez-Junyent, A. Ribera, F. Tubau,

J. Ariza, R. Pallarés. Clinical Microbiology and Infection 2015; 21(3):254 e1-8.

Communication 1 - Changing epidemiology of bacteremic osteoarticular infections in a

teaching hospital in Barcelona. J. Gdmez-Junyent, J. Lora-Tamayo, O. Murillo, I. Grau,
M. Cisnal, J. Ariza, R. Pallares. 23th ECCMID, Berlin, Germany, 2013. Presentation
number 0286.

In this study, we aimed to determine changes over time in the types and characteristics
of OAls, the microorganisms causing these infections, associated comorbidities and
other patient characteristics. We retrospectively analysed a cohort of bacteremic OAls
from a large database of bacteraemia episodes collected from 1985 to 2011. To assess
the epidemiological changes over time, the bacteraemic episodes were grouped into
five periods: 1985-91 (P1), 1992-96 (P2), 1997-2001 (P3), 2002-06 (P4) and 2007-11
(P5). Data on this population were obtained from the public website page of the Official
Statistics in Catalonia (207): 2991146 inhabitants (P1), 2468378 (P2), 2740127 (P3),
3021176 (P4) and 3185079 (P5).
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1.1 Characteristics of the general cohort

A total of 32727 episodes of clinically significant bacteraemia were registered during the
period of study. Of these, 601 episodes (1.8%) had a concomitant OAl. There was an
increasing incidence of bacteraemic OAls in five periods (P1 to P5), rising from 2.34 to
5.78 episodes/100000 inhabitants per year (p<0.001); this was also the case for the
incidence of total bacteraemia in these periods, rising from 162 to 238 episodes/100000
inhabitants per year (p<0.001). The proportion of bacteraemic OAl in relation to all

bloodstream infections increased, from 1.45% in P1to 2.43% in P5 (p<0.001; Figure 1.1.).

Figure 1.1. Proportion of bacteraemic osteoarticular infections compared with the total

cases of bacteremia.
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The bacteraemic OAl were considered to be ‘primary’ (456 cases, 76%) or ‘secondary’
(145, 24%). Among the latter, the most frequent distant foci of infection were vascular

catheter-related infections (n = 49, 8%) and IE (n = 42, 7%). The prevalence of
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nosocomial episodes of bacteraemic OAls significantly increased during the study
period, whereas community-acquired infections diminished (P1 to P5, 18% and 72% to
30% and 45%, respectively; p<0.001). Concurrently, we observed the progressive

appearance of healthcare-associated episodes (from 10% to 25%; p<0.001).

Table 1.1. shows the most important characteristics of the patients with bacteraemic
OAls, and the changes observed over time. The median age increased significantly
throughout the period studied; this was also the case when intravenous drug users were
excluded (data not shown) taking into account that the proportion of this population
decreased over time (p<0.001). Concurrently, we observed an increasing percentage of

patients suffering from comorbid conditions (p<0.001).

Out of 601 cases of bacteraemic OAls, 36 (6%) had multiple OAls. Overall, SA was the
most frequent (n = 291, 46%), followed by VO (n = 241, 38%) and PO (n = 105, 16%).
Changes over time for different types of OAI are presented in Table 1. Although the
number of episodes of SA increased over the period, its frequency with respect to all
OAls significantly decreased (57% in P1 and 38% in P5; p<0.001). The type of SA changed
between the first (P1) and the last (P5) period of the study, with a lower incidence of
native arthritis and an increase in the number of PJI (p<0.001). Although the incidence
of PO remained stable throughout the period studied, the number of VO increased
significantly. In fact, the number of all foreign body-related infections increased from

7% in P1 to 28% in P5 (p<0.001).

1.2. Microbiology of bacteraemic OAI

Gram-positive cocci caused 80% of OAIl. The proportion of polymicrobial and anaerobic
OAl was very low (2.4% and 1%, respectively) (Table 1.2.). S. aureus was by far the most
frequent cause of episodes of all types of OAls, whereas other microorganisms showed
more affinity for a particular infection (Table 1.3.). In comparison with S. aureus, the
viridans streptococci and E. faecalis groups produced more VO (56% and 57%,
respectively), whereas pyogenic streptococci species caused SA (67%). Among cases of
bacteraemic OAIl caused by S. aureus, MRSA strains were more commonly involved in

cases of PJI than MSSA strains (p<0.05).
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Table 1.1. Characteristics of patients and episodes of bacteraemic osteaorticular infections and their changes over time.

Periods of study

All OAI 1985-1991 1992-1996 1997-2001 2002-2006 2007-2011 .

(n=601) (n=70) (n=70) (n=97) (n=181) (n=183) pvalue
Age (median, IQR) 63 (50-74) 49 (24-64) 58 (32-68) 64 (50-74) 64 (53-74) 65 (53-77) <0.001
Male 366 (61) 39 (56) 42 (60) 68 (70) 114 (63) 103 (56) 0.2
Underlying diseases
One or more 307 (51) 16 (23) 22 (31) 51 (13) 111 (61) 107 (59) <0.001
Intravenous drug users 57 (10) 17 (24) 9 (13) 13 (13) 11 (6) 7 (4) <0.001
Diabetes mellitus 153 (26) 11 (16) 13 (19) 24 (25) 55 (30) 50 (27) 0.013
Neoplasm 71(12) 1(1) 3 (4) 15 (15) 30 (16) 22 (12) 0.006
Cardiopathy 88 (15) 1(1) 2 (3) 14 (14) 29 (16) 42 (23) <0.001
Chronic kidney disease 44 (7) 0 2(3) 5(5) 17 (9) 20 (11) <0.001
't?;:;y"s”ppresswe 88 (15) 6(9) 4(6) 14 (14) 34(19) 30 (16) 0.01
Rheumatoid arthritis 30 (5) 5(7) 0 7(7) 10 (6) 8(4) 0.2
ZT’::S”:C autoimmune 16 (3) 1(1) 2(3) 3(3) 3(2) 7(1) 0.4
Type of OAI
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Septic arthritis®
Native®
Prosthetic®
Vertebral osteomyelitis®
Native®
Spine instrumentation®
Peripheral osteomyelitisb
With osteosynthesis®

Device-related infections®

291 (46)
228 (78)
63 (22)
241 (38)
206 (86)
35 (14)
105 (16)
16 (15)
114 (19)

41 (57)
37 (90)
4(10)
18 (25)
18 (100)
0
13 (18)
1(7)
5(7)

37 (49)
32 (86)
5 (14)
26 (35)
25 (96)
1(4)
12 (16)
3 (25)
9 (13)

50 (49)
40 (80)
10 (20)
37 (36)
37 (100)
0
15 (15)
1(7)
11 (11)

88 (45)
70 (79)
18 (21)
71 (37)
60 (85)
11 (15)
34 (18)
8 (23)
37 (20)

75 (38)
49 (65)
26 (35)
89 (46)
66 (74)
23 (26)
31 (16)
3 (10)
52 (28)

0.006

0.001
0.001

<0.001
0.9
0.3

<0.001

Data presented as numbers of cases (percentage), unless stated otherwise.

®p value represents the changing trends over periods of the study (Jonckheere—Terpstra test).

®Total: 637 OAI types in 601 cases of bacteraemic OAIl, with 36 cases that presented more than one concurrent infection (6%).

‘Percentages of episodes are calculated with respect to total episodes of septic arthritis, vertebral osteomyelitis or peripheral osteomyelitis, respectively.

Device-related infections include prosthetic joint infections and osteosynthesis hardware.
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Table 1.2. Microbiology of the 601 episodes of bacteraemic osteoarticular infections.

Gram-positive microorganisms

Staphylococcus spp.

Streptococcus spp.

Enterococcus spp.

Other Gram-positive
microorganisms®

Gram-negative microorganisms

Enterobacteriaceae

Non-fermenting Gram-negative
bacilli

S. aureus®

Coagulase-negative

S. pneumoniae
S. pyogenes

S. agalactiae

S. anginosus group

S. bovis®

Other group viridans

streptococci®

Other Streptococcus

spp.*

E. faecalis

E. faecium

E. coli

K. pneumoniae
P. mirabilis

S. enteritidis
M. morganii

E. cloacae

Citrobacter spp.

S. marcescens

P. aeruginosa
A. hydrophila

A. baumanii

368 (59%)

18 (3%)

14 (2%)
12 (%)
23 (4%)
7 (1%)
7 (1%)
15 (2%)

8 (1%)

5(2%)
1(0.2%)

58 (9%)
8 (1%)
8 (1%)
5 (0.8%)
3 (0.4%)
2 (0.3%)
2 (0.3%)
1(0.2%)

11 (2%)
1(0.2%)
1(0.2%)

492 (80%)

386 (62%)

86 (17%)

15 (2%)

5(0.8%)

126 (20%)
87 (14%)

13 (2%)
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Other Gram-negative 18 (3%)
microorganisms

N. meningitidis 8 (1%)
Haemophilus spp. 4 (0.6%)
Veillonella spp. 2 (0.3%)
E. corrodens 2 (0.3%)
K. kingae 1 (0.2%)
Campylobacter spp. 1(0.2%)
Anaerobic Gram-negative 8 (1%)
microorganisms
Bacteroides spp. 7 (1%)
Porphyromonas spp. 1(0.2%)

Total: 618 isolates in 601 episodes of bacteraemic osteoarticular infections, with 15 episodes
(2.4%) of polymicrobial bacteraemia.

®This included 49 isolates (13%) of methicillin-resistant S. aureus.

®S. bovis type | (5 isolates) and S. bovis type Il (2 isolates).

°S. sanguis (6 isolates), S. mitis (6 isolates), S. mutans (2 isolates) and S. salivarius (1 isolate).

ds. equi group C (3 isolates), B-haemolyticus Streptococcus of group G (4 isolates) and B-
haemolyticus Streptococcus of group F (1 isolate).

*Abiotrofia spp. (1 isolate), Aerococcus viridans (1 isolate), Corynebacterium spp. (1 isolate),
Eubacterium lentum (1 isolate) and Arcanobacterium spp. (1 isolate).

Figure 1.2. illustrates the increasing incidence of the more frequent aetiologies in the
study period. The number of episodes of OAls caused by S. aureus increased throughout
the period of study, but its global proportion with respect to other microorganisms fell
from 71% in P1 to 57% in P5 (p=0.1). Significant changes were observed in the
proportion of episodes caused by MSSA (a decrease from 71% in P1 to 45% in P5;
p<0.001) and those by MRSA (an increase from 0% to 12%, respectively; p<0.001).

The episodes of OAl caused by Streptococcus spp. and Enterococcus spp. showed a trend
towards an increase (from 10% to 19%; p=0.141). The frequency of Enterobacteriaceae
and P. aeruginosa bacteraemia remained more stable (17% in P1 and 21% in P5). The
number of ESBL-producing Enterobacteriaceae and MDR P. aeruginosa was very low
(two and three episodes, respectively), but they increased in the last two periods (from

none in the three first periods to two cases in P4 and three cases in P5; p=0.082).
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Table 1.3. Association between the most frequent microorganisms and type of osteoarticular infections.

Arthritis Vertebral osteomyelitis Peripheral osteomyelitis (POM)

All Native Prosthetic All Native Spine All :)“c:lt POM-no OS (0
(Sn - gz; 182(47)  141(36)  41(11) | 131(35)  109(29)  22(6) | 71(18)  16(4) 42(11) =D
?:552\33)3 156 (47) 126(38)  30(9) 120(36)  100(30)  20(6) | 57(17)  11(3) 35 (11) 11 (3)
:\:FiSSAl) 26(51)  15(29)  11(22) 11 (22) 9(19) 2 (3) 14(27)  5(10) 7 (14) 2 (3)
Pyogenic
streptococci | 38(67) 32 (56) 6 (11) 15 (26) 15 (26) 0 4(7) 3 (5) 1(2) 0
(n=57)°
Viridans
streptococci | 12(29) 10 (24) 2 (5) 23 (56) 23 (56) 1(2) 6 (15) 0 6 (15) 0
(n=41)°
f:z;egic;doccus 5 (36) 3(22) 2 (14) 8 (57) 8 (57) 1(7) 1(7) 0 0 1(7)
(iN:B o 44(37)  34(28)  10(9) 51 (44) 51(44)  11(9) | 23(19)  11(9) 10 (8) 2 (2)

Note: Data presented are number of cases (percentage); cases with multiple OAIl (n = 36) are included.

Abbreviations: POM, peripheral osteomyelitis; DM foot, diabetic foot infections; POM-no OS, peripheral osteomyelitis without osteosynthesis; OS,
osteosynthesis; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; pyogenic streptococci, Streptococcus pyogenes, Streptococcus
agalactiae and Streptococcus pneumoniae; GNB, Gram-negative bacilli.
’Differences between MSSA and MRSA, p=0.03 (chi-square); ®Differences between S. aureus (All) and pyogenic streptococci (All), p=0.02 (chi-square);
‘Differences between S. gureus (All) and viridans streptococci (All), p=0.02 (chi-square); ‘No significant differences between S. aureus (All) and Enterococcus
sp. (All); eNo significant differences between S. aureus (All) and GNB (All).
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Figure 1.2. Incidence of the more frequent microorganisms responsible for bacteraemic
osteaorticular infections in the study period. (a) Incidence of cases caused by methicillin-
susceptible and -resistant Staphylococcus aureus. (b) Incidence of cases caused by

Streptococcus sp., Enterococcus sp. and Gram-negative bacilli.
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1.3. Characteristics of bacteraemic osteoarticular infections according to patients’ age

Table 1.4. shows the main characteristics of episodes of OAls and the differences
between age groups (group 1, patients aged 49 or less, group 2, patients aged 50 to 64,

and group 3, patients aged 65 or over).

In comparison with younger patients (group 1), patients in groups 2 and 3 had more
underlying diseases, and OAl were more frequently hospital-acquired or healthcare-
related. PO was more frequent in younger patients, whereas there were more episodes
of VO in groups 2 and 3 (p<0.05). There were no differences in the total number of

episodes of arthritis, but older patients (groups 2 and 3) had significantly more PJI.
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Table 1.4. Clinical and microbiological characteristics of cases of osteoarticular

infections according to patients’ age: Group 1 (age<49 years), Group 2 (age 50-64

years), and Group 3 (age>65 years).

Group1l | Group 2 | pvalue | Group 3 | p value | p value
n=149 | n=178 | (1vs2)| n=274 | (2vs3) | (1vs3)
One or more 106
o 24 (16) <0.001 | 177 (65) | 0.3 | <0.001
underlying diseases (60)
Intravenous drug
56 (38) 1(1) <0.001 0 0.2 <0.001
users
Place of acquisition

Community 108 (72) | 92 (52) 134 (49)

Healthcare 10 (7) 35 (20) 54 (20)

Nosocomial 31(21) 51(29) | <0.001 | 85(31) 0.8 <0.001
Device-related OAI® 19 (13) 26 (15) 0.6 68 (25) | 0.009 | 0.003
Septic arthritis 76(51) | 82(46) | 0.3 | 133(48) | 0.6 0.6

Native 74 (50) 72 (40) 0.09 82 (30) 0.02 | <0.001

Prosthetic 2(1) 10 (6) 0.04 51(18) | <0.001 | <0.001
Vertebral

. 37 (25) 66 (37) 0.02 102 (37) 0.9 0.01
osteomyelitis

Spine

P _ 9(6) | 16(9) | 03 | 10(4) | 002 | 02

instrumentation
Peripheral

. 37 (25) 27 (15) 0.03 40 (15) 0.9 0.009
osteomyelitis
S. aureus 104
111 (75) (58) 0.002 | 153(56) | 0.6 | <0.001

MSSA 108 (73) 90 (50) | <0.001 | 120 (44) 0.2 <0.001

MRSA 3(2) 14(8) | 0.02 | 32(12) 0.2 0.001
Pyogenic streptococci 8 (5) 13 (7) 0.4 28 (10) 0.3 0.09
Viridans streptococci 3(2) 16 (9) 0.007 20 (7) 0.5 0.02
Enterococcus spp. 2 (1) 1(1) 0.4 12 (4) 0.02 0.09
Gram-negative bacilli 20 (13) 39 (22) | 0.047 53 (19) 0.5 0.1

°Device-related OAl include infections of prosthetic joint, spine instrumentation and

osteomyelitis with osteo-synthesis hardware.

OAl, osteoarticular infection; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-

resistant S. aureus.
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Regarding microbiology, S. aureus was involved in a greater number of episodes of OAls
in younger patients than in the older ones (p=0.002); when these staphylococcal OAls
occurred, MSSA strains were responsible for almost all episodes in group 1, whereas
MRSA strains were significantly more frequent in patients in groups 2 and 3.
Streptococcal infections (either pyogenic or viridans species) increased in older patients,
and enterococcal OAls were significantly related with the oldest patients (group 3). OAls

caused by GNB were less common among younger patients (group 1).

The main differences between groups 2 and 3 were that the oldest group presented
significantly less native SA and more PJI, and a higher frequency of enterococcal

infections.

Additionally, we compared the median age of patients with bacteraemic OAls during the
study period by types of infection and microbiology (Table 1.5.). Of note, the median
age of all SA significantly increased from 48 years in P1 to 68 years in P5 (p<0.001); this
was mainly due to the rise in the number of PJI cases, which occurred in an older
population that did not significantly change over time. In a similar way, a significant
increase in the age of patients was observed for staphylococcal OAls, this being related
to the rise in the number of episodes caused by MRSA strains in older patients. All of
these differences were maintained when the young population of intravenous drug
users were excluded. In contrast, no significant changes in the median age of patients
over time were observed for episodes of VO and for episodes of OAl caused by other

relevant microorganisms.
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Table 1.5. Changes in the age of patients with bacteraemic osteoarticular infections during the study period according to type of infection and

microbiology.

All study period 1985-1991 1992-1996 1997-2001 2002-2006 2007-2011 p value
Type of OAl
Septic arthritis 63 (49-75) 48 (25-63) 53 (30-69) 63 (51-73) 67 (52-76) 68 (54-78) 0.001
Native 58 (43-71) 45 (24-60) 52 (29-66) 58 (48-70) 62 (48-74) 60 (50-75) <0.001
Prosthetic 75 (68-79) 69 (61-74) 73 (60-75) 74 (69-77) 76 (67-84) 77 (74-82) 0.1
Vertebral osteomyelitis 64 (53-74) 58 (25-73) 62 (51-66) 65 (46-76) 64 (55-74) 65 (54-74) 0.3
Native 65 (54-74) 58 (25-73) 63 (51-66) 65 (46-76) 66 (55-74) 67 (56-76) 0.09
Spine instrumentation 59 (48-66) - - - 60 (51-64) 58 (42-68) 0.9
Peripheral osteomyelitis 59 (39-59) 28 (21-54) 33 (28-57) 66 (53-74) 58 (41-68) 65 (52-72) 0.001
Native 59 (40-68) 27 (21-57) 30 (28-55) 65 (51-71) 60 (46-66) 64 (51-71) 0.001
With osteosynthesis 58 (35-81) - 37 (30-61) - 44 (33-75) 83 (78-86) 0.3
Microbiology
S. aureus 61 (44-73) 40 (23-62) 51 (28-66) 63 (48-73) 62 (49-74) 65 (65-80) 0.001
MSSA 58 (42-71) 40 (23-62) 51 (28-66) 62 (47-73) 61 (45-73) 63 (49-74) 0.001
MRSA 72 (62-77) - 64 (64-65) 70 (60-75) 62 (62-76) 73 (58-78) 0.8
Pyogenic streptococci 66 (53-73) 56 (45-67) 73 (62-79) 53 (26-70) 67 (57-74) 66 (62-73) 0.4
Viridans streptococci 66 (59-73) 49 (25-60) 66 (61-73) 69 (61-77) 69 (57-77) 64 (59-72) 0.1
Enterococcus spp. 71 (68-80) - 52 (37-68) 78 (74-82) 75 (71-80) 69 (65-78) 0.2
Gram-negative bacilli 64 (51-76) 64 (50-75) 56 (46-67) 69 (51-81) 64 (51-73) 66 (54-78) 0.2

Median age (IQR) is presented when there were at least three cases in the study period.

OAl, osteoarticular infection; MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus.
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Aim 2 - To analyse the characteristics of bacteraemic osteoarticular infections

associated with the presence of infective endocarditis

Article 2 — Endocarditis associated with vertebral osteomyelitis and septic arthritis of the
axial skeleton. O. Murillo, I. Grau, J. Gdmez-Junyent, C. Cabrera, A. Ribera, F. Tubau, C.

Pefia, J. Ariza, R. Pallarés. Infection 2018 Apr;46(2):245-251.

Communication 2 - Infectious endocarditis among patients with bacteremic

osteoarticular infections. C. Cabrera, O. Murillo, I. Grau, J. Gémez-Junyent, A. Ribera, C.
Pefla, F. Tubau, J. Ariza, R. Pallares. 25th ECCMID, Copenhague, Denmark, 2015.

Presentation number PO007.

The aim of this study, which includes a large number of patients (without IDUs), was to
analyse the clinical, epidemiological and microbiological characteristics of bacteraemic

OAls associated with the presence of IE.

In this study, we retrospectively analysed cases with IE (group 1) between 1993 and
2014, with a special focus on metastatic OAls. We also analysed cases with bacteraemic
OAls (group 2) during the same period. Patients were excluded if they were younger
than 18 years old or IDUs. Cases caused by Neisseria spp. were also excluded in order to

avoid including cases with reactive rather than SA.

2.1 Cases with infective endocarditis and association with osteoarticular infections

During the period of study (1993-2014), there were 607 cases of IE. The most frequent
aetiologies were: S. viridans group (n = 181, 30%), S. aureus (n = 123, 20%; 20 cases
caused by methicillin-resistant strains), CNS (n = 96, 16%), enterococci (n = 94, 15%), S.
bovis group (n = 64, 10%), and others (n = 49, 9%). The proportion of metastatic OAls
(70 cases) among patients with IE was 11.5% (70/607 cases); the microorganisms
responsible were S. aureus (27/123, 22%), enterococci (10/94, 11%), S. viridans (16/181,
9%), S. bovis group (6/64, 9%), and CNS (6/96, 6%). The type of OAIl observed in these
patients (see below) was involvement of the axial skeleton in 77% of cases (VO, SA or
both). Patients with IE and associated OAls, compared with those without OAls, were

older, had less frequently cardiac predisposing factors, the aortic valve was less
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commonly affected, had fewer prosthetic valves, and were caused more often by S.

aureus (Table 2.1.).

Table 2.1. Characteristics of patients with infective endocarditis comparing those with

and without osteoarticular infections.

IE with OAls IE without OAls
p value
(n=70) (n=537)

Age (median, IQR) 68 (59-74) 65 (54-74) 0.10
Sex (male) 50 (71) 347 (65) 0.90
Cardiac predisposing factor for IE® 30 (43) 333 (62) 0.001
Additional emboli® 14 (20) 134 (25) 0.30
Valvular location

Mitral valve 42 (60) 270 (50) 0.10

Aortic valve 29 (41) 301 (56) 0.02

Tricuspid valve 5(7) 17 (3) 0.10
Prosthetic valve 11 (16) 167 (31) 0.002
Presence of vegetation 46 (66) 331 (62) 0.40
Positive blood cultures (=>4) 41 (59) 305 (57) 0.20
Microorganism

S. aureus 27 (39) 96 (18) <0.001

Coagulase-negative

staphylococci 6() 50 (17) 0.10

S. viridans 16 (23) 165 (31) 0.50

S. bovis 6 (9) 58 (11) 0.80

Enterococcus spp 10 (14) 84 (16) 0.70

Pyogenic streptococci® 3(4) 20 (4) 0.90

Others 2(3) 24 (4) 0.90

Data expressed as No. (%), if not stated otherwise. IE: Infective endocarditis. OAl: Osteoarticular
infection. Includes degenerative or rheumatic valvulopathy, mitral prolapse, bivalve aorta,
congenital valvulopathy, previous IE or prosthetic valve. ®Includes emboli to the brain, spleen,
vascular periphery artery or kidneys, or presence of Roth spots. “Pyogenic streptococci: S.

pneumoniae, S. pyogenes, S. agalactiae.
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2.2 Description of bacteraemic osteoarticular infections with or without infective

endocarditis

During the same period, there were 458 cases of bacteraemic OAls (36 had multiple
OAls): VO (n = 202), peripheral SA (n = 175), SA of the axial skeleton (n = 67), and PO (n
= 50). Seventy out of 458 OAls (15%) were associated with IE. This proportion differed
according to the type of OAI: 22% (15/67) for SA of the axial skeleton, 21% (43/202) for
VO, 11% (19/175) for peripheral SA, and 4% (2/50) for PO. Table 2.2. shows the

microorganisms causing OAls and the proportion with concomitant IE.

Table 2.2. Comparison between the presence or not of infective endocarditis among

cases of bacteraemic osteoarticular infections according to causative microorganisms.

Presence of IE

Microorganisms p value
Yes No

S. aureus (n = 254) 27 (11) 227 (89) 0.002
Coagulase-negative

6 (35) 11 (65) 0.02
staphylococci (n = 17)
S. viridans group (n = 37) 16 (43) 21 (56) 0.001
S. bovis (n = 9) 6 (67) 3(33) <0.001
Enterococcus spp. (n = 11) 10 (91) 1(9) <0.001
Pyogenic streptococci® (n = 56) 3(5) 52 (95) 0.03
Gram-negative bacilli (n = 74) 1(1) 73 (99) <0.001

Data expressed as No. (%). IE: Infective endocarditis. °Pyogenic streptococci: S. pneumoniae, S.
pyogenes, S. agalactiae.

Moreover, Figure 2.1. shows the proportion of different OAls for each microorganism.
The ratio of VO vs peripheral SA for each microorganism was as follows: 0.6 for pyogenic
streptococci, 0.99 for S. aureus, 1.2 for Gram-negative bacilli, 2 S. bovis, 2.4 viridans

streptococci, 4.3 coagulase-negative staphylococci, and 8 enterococci.
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Figure 2.1. Proportion of different types of bacteremic osteoarticular infection

according to causative microorganism.
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Analysing the types of OAls and their relationship with the presence of IE (Table 2.3.),
we observed that S. aureus was the main agent responsible for the association with SA
of the axial skeleton, whereas viridans streptococci, S. bovis, enterococci and CNS were
mainly responsible for the association with VO. Particularly, there were 17 cases of
bacteraemic OAls caused by CNS (13 VO, 76%; and 4 SA, one PJl); 6 of them had IE (5
native and 1 prosthetic valve) and in 9 cases, it was associated with a peripheral or
central venous catheter infection. Pyogenic streptococci also caused a large number of
SA of the axial skeleton (15/67, 22%), but only a few cases of IE (3/607, 0.5%, all these

cases had involvement of the axial skeleton).
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Table 2.3. Types of bacteraemic osteoarticular infections (OAls) caused by S. aureus

compared with S. viridans group, S. bovis, enterococci and coagulase-negative

staphylococci according to the presence or absence of infective endocarditis (IE)

S. viridans, S. bovis, Enterococcus

Bacteremic S. aureus (n = 254) spp. and coagulase negative
OAl .
staphylococci (n = 73)
With g | VWithout With IE | WithoutlE |
Ik b value value
(n=27) (n = 227) (n=38) (n=35)
SA, all 16 (59) 120 (53) 0.5 11 (29) 11 (31) 0.8
Axial SA 8 (30) 29 (13) 0.02 5(13) 3(9) 0.5
::"phera' 11(41) | 89 (39) 0.9 7 (18) 9 (26) 0.4
VO 10 (37) 89 (39) 0.8 30 (79) 19 (54) 0.02
PO 2(7) 33 (14) 0.3 0 8 (23) 0.002

OAl, Osteoarticular infection; IE, Infective endocarditis; SA, Septic arthritis; VO, Vertebral

osteomielitis; PO, Peripheral osteomielitis.

A comparative analysis of bacteraemic OAI cases with or without IE (univariate analysis)

is presented in Table 2.4. The main parameters associated with IE were: OAls with

involvement of the axial skeleton (OR 3.1), VO (OR 2.3), and several aetiologies such as

CNS (OR 3.2), S. viridans group (OR 5.4), and enterococci and S. bovis (OR 28.4). An OAIl

with involvement of the axial skeleton was associated with IE (adjusted OR =2.2; 95% ClI

1.1-4.3) after adjusting for age, sex and microorganisms.
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Table 2.4. Comparison between bacteraemic osteoarticular infection (OAl) cases with

or without concomitant infective endocarditis (IE).

OAl with IE | OAIl without IE p Unadjusted
(n=70) (n =388) value | OR(95% CI)
Age (median, IQR) 68 (59-74) 67 (55-77) 0.8
Male sex 50 (71) 236 (61) 0.09
Type and location of OAI°
All OAls of axial 54 (77) 203 (52) <0.001 | 3.1(1.7-5.6)
skeleton
Vertebral osteomyelitis 43 (61) 159 (41) 0.002 2.3 (1.4-3.9)
SA of axial skeleton 15 (21) 52 (13) 0.08 1.8 (0.9-3.3)
Peripheral SA 19 (27) 156 (40) 0.04 0.6 (0.3-1)
z::g:;:'“tis 2 (3) 48 (12) 0.02 | 0.2(0.05-0.9)
Microbiology
S. aureus 27 (39) 227 (58) 0.002 0.4 (0.3-0.7)
CoNS 6 (9) 11 (3) 0.02 3.2(1.1-9)
S. viridans 16 (23) 20 (5) <0.001 | 5.4(2.7-11.2)
S. bovis and enterococci 16 (23) 4 (1) <0.001 | 28.4 (9.2-88.2)
Pyogenic streptococci 3(4) 52 (13) 0.03 0.3(0.1-0.9)
Gram-negative bacilli 1(1) 72 (19) <0.001 | 0.06 (0.01-0.5)
30-day mortality 9(13) 44 (11) 0.7

OAl, Ostearticular infection; IE, Infective endocarditis; OR, Odds ratio; 95% Cl, 95% confidence

interval; IQR, Interquartile range; SA, Septic arthritis; CoNS, Coagulase-negative staphylococci.

®Among OAl cases with IE, five presented with concomitant vertebral osteomyelitis and septic

arthritis (two septic arthritis of the axial skeleton + peripheral septic arthritis; two septic arthritis

of the axial skeleton; one peripheral septic arthritis); three cases of septic arthritis presented

concomitant involvement of the peripheral and axial skeletons.
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Aim 3 —To compare the characteristics of bacteraemic septic arthritis, according to the

site of acquisition

Article 3 — Clinical findings of bacteremic septic arthritis according to the site of
acquisition: the overlap between healthcare-related and community- and nosocomial-
acquired cases. O. Murillo, J. Gdmez-Junyent, |. Grau, A. Ribera, C. Cabrera, S. Pedrero,
F. Tubau, J. M. Nolla, J. Ariza, R. Pallarés. European Journal of Internal Medicine 2016

Mar;28:38-42.

Communication 3 - Cambios epidemioldgicos de la artritis séptica bacteriémica en un

hospital universitario (1985-2011). ). Gémez-Junyent, O. Murillo, I. Grau, J. Lora-
Tamayo, M. Cisnal, J. Ariza, R. Pallarés. XVII SEIMC. Zaragoza, Espafia, 2013. Presentation
number P135.

In this study, we analysed a large cohort presenting bacteraemic SA (native or
prosthetic) over the last 3 decades, excluding IDUs. Cases were considered to be
nosocomial-acquired, healthcare-related or community-acquired in accordance with

the definitions provided by Friedman et al (17).

A total of 35250 episodes of clinically significant bacteraemia were recorded during the
period of study. Among these, 273 cases (0.8%) had a concomitant SA; the source of
bacteraemia was considered “primary” in 200 cases (73%), and “secondary” in the
remaining 73 cases (27%). Among the latter, the most frequent initial origins of
bacteraemia were vascular-catheter infection (n = 27, 10%), IE (n = 20, 7%), and soft

tissue infections (n = 13, 5%).

The site of acquisition of SA was classified as: community-acquired (n=139, 51%),
nosocomial (n=84, 31%), and healthcare-related (n = 50, 18%). Differences in the source
of bacteraemia regarding the site of acquisition were observed between primary and
vascular catheter foci (which represented 81% and 0% of community-acquired cases,
69% and 21% of nosocomial-acquired cases, and 62% and 18% of healthcare-related

cases respectively; p<0.001 and p=0.05).

SA occurred more frequently in male patients (56%), and the median age was 67 years

(IQR 55-77). The most frequent baseline conditions are presented in Table 3.1. Older
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and more fragile patients were more likely to have nosocomial or healthcare-related
sites of acquisition. Nosocomial and healthcare-related cases were more likely than
community-acquired cases to present relevant risk factors for SA such as

immunosuppressive therapy, chronic renal insufficiency or prosthesis infection.

The location of SA also differed depending on the site of acquisition: while in
community-acquired and healthcare-related cases the location was similar (peripheral
joints in 76% and the axial skeleton in 24%), in nosocomial cases it was mainly the
peripheral joints (92% vs 8% for the axial skeleton; p=0.003 and p=0.01, respectively)
(Table 3.1). The higher number of Plls acquired in the hospital environment was
responsible for the differences in the overall percentage of peripheral joint SA between
nosocomial and community-acquired or healthcare-related cases (p<0.001 and p=0.005,

respectively; Table 3.1).

There were 70 episodes (26%) of PJI, all of them monoarticular and mostly affecting the
hip (n =41) and the knee (n = 26). The main differences between PJI and native SA cases
were that PJIs occurred more frequently in older patients (median age, IQR: 76, 71-81
vs 64, 52-74; p<0.001) and had more infections caused by MRSA and
Enterobacteriaceae strains (17% vs 8%, and 20% vs 10%; p=0.03 and p=0.04,
respectively). With regard to the site of acquisition, native SA and PJI were broken down
as follows: nosocomial-acquired, 23% and 53% (p<0.001); healthcare-related, 20% and

14% (p=0.3); and community-acquired, 57% and 33% (p=0.001).

The microorganisms responsible for bacteraemic SA are presented in Table 3.2. These
episodes were mainly caused by Gram-positive bacteria (81%), and only five cases (2%)
were polymicrobial. S. aureus was by far the most frequent microorganism (n = 157,
57%), the strains being MSSA in 82% of the cases and MRSA in 18%. Streptococcus spp.
caused 21% (n = 59) of SA cases, with S. agalactiae predominating (n = 21). Among GNB,
Escherichia coli (n = 19) and Pseudomonas aeruginosa (n = 9) were the most frequent

isolates.
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Table 3.1. Patients’ characteristics, location, microbiology and mortality of septic arthritis cases according to the site of acquisition.

All (n = 273) C:an:?rr;:y- Nosocomial p value (C | Healthcare-related | pvalue (N | p value (C
(n = 139) (n=84) vs N) (n =50) vs H) vs H)

Age (median, IQR) 67 (55-77) 65 (52-76) 73 (58-79) 0.03 66 (60-76) 0.3 0.2
Male 153 (56) 79 (57) 41 (49) 0.2 32 (64) 0.09 0.4
Underlying diseases
One or more 167 (61) 74 (54) 53 (63) 0.2 40 (80) 0.04 0.001
Diabetes mellitus 74 (27) 39 (28) 21 (25) 0.6 14 (28) 0.7 0.9
Cancer 37 (14) 9 (6) 14 (17) 0.02 14 (28) 0.1 <0.001
't':::a“:;suppress“’e 67 (25) 28 (20) 17 (20) 0.9 22 (44) 0.003 0.001
Cardiopathy 51 (19) 21 (15) 19 (23) 0.2 11 (22) 0.9 0.3
g:;;"a:': kidney 20 (7) 0 3 (4) 0.02 17 (34) <0.001 <0.001
Rheumatoid arthritis 27 (10) 13 (9) 7 (8) 0.8 7 (14) 0.3 0.4
Location of SA
Axial 53 (19) 33 (24) 7 (8) 0.003 12 (24) 0.01 0.9
Peripheral 220 (81) 105 (76) 77 (92) 0.003 38 (76) 0.01 0.9
Native 150 (55) 81 (59) 40 (48) 0.1 28 (56) 0.3 0.7
Prosthesis 70 (26) 24 (17) 37 (44) <0.001 10 (20) 0.005 0.6
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Microbiology
MSSA

MRSA
Streptococcus spp.

Pyogenic
streptococci®

Other streptococci
Enterococcus spp.
GNB

Escherichia coli

Pseudomonas
aeruginosa

129 (47)
27 (10)
59 (22)

43 (16)

16 (6)
5(2)
49 (18)
19 (7)

9(3)

75 (54)
2(1)
41 (30)

32 (23)

9 (6)
1(1)
19 (14)
13 (9)

0

37 (44)
18 (21)
4 (5)

2(2)

2(2)
2(2)
21 (25)
4 (5)

5(6)

0.1
<0.001
<0.001

<0.001

0.2
0.3
0.03
0.2

0.004

17 (34)
7 (14)
14 (28)

9(18)

5(10)
2 (4)
9(18)
2(4)

4(8)

0.2
0.3
<0.001

0.001

0.05
0.6
0.3
0.8

0.6

0.01
<0.001
0.8

0.5

0.4
0.1
0.5
0.2

0.001

Data expressed as No. (%), if not stated otherwise.

Abbreviations: C, community-acquired; N, nosocomial-acquired; H, healthcare-related; SA, septic arthritis; MSSA, methicillin-susceptible Stahylococcus

aureus; MRSA, methicillin-resistant S. aureus; GNB, Gram-negative bacilli.

1Pyogenic streptococci: S. pyogenes, S. agalactiae and S. pneumoniae.
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Table 3.2. Microorganisms responsible for all cases of septic arthritis.

Gram-positive microorganisms

Staphylococcus spp.

Streptococcus spp.

Enterococcus spp.

Other Gram-positive
microorganisms

Gram-negative microorganisms

Enterobacteriaceae

Non-fermenting Gram-negative
bacilli

Other Gram-negative
microorganisms

S. aureus
MSSA
MRSA

Coagulase-negative

S. agalactiae
S. pneumoniae
S. pyogenes
Other®

E. faecalis

Corynebacterium spp.

Gemella spp.

E. coli

K. pneumoniae
S. enteritidis

P. mirabilis

E. cloacae

M. morganii

S. marcescens

P. aeruginosa

B. fragilis
Haemophilus spp.

Eubacterium spp.

226 (81%)
160 (58%)
157 (57%)
129 (47%)
28 (10%)
3 (1%)
59 (21%)
21 (7%)
13 (5%)
9 (3%)
16 (5%)
5 (2%)
5 (2%)
2 (0.7%)

1(0.4%)
1(0.4%)
52 (19%)
35 (12%)
19 (7%)
6 (2%)
3 (1%)
2 (0.8%)
2 (0.8%)
2 (0.8%)
1(0.4%)
9 (4%)

9 (4%)
8 (3%)

4 (1.5%)
2 (0.8%)
1(0.4%)
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A. hydrophila 1 (0.4%)

Total: 278 isolates in 273 cases of bacteremic SA, with 5 cases of polymicrobial bacteremia.
®Other Streptococcus groups included: Streptococcus equi (n=3), Streptococcus group

G (3), Streptococcus bovis (3), Streptococcus intermedius (2), Streptococcus mitis (2),
Streptococcus sanguis (1), Streptococcus salivarius (1), and Streptococcus group F (1).

Significant differences in the aetiology of SA with regard to the site of acquisition are
shown in Table 3.1. S. aureus was the most frequently involved microorganism in all
cases; MSSA strains were less common than other aetiologies in healthcare-related
cases than in the others. In addition, the presence of MRSA strains was significantly
higher in nosocomial-acquired and healthcare-related cases (33% and 29% of all S.
aureus respectively) than in community-acquired cases (1%; p<0.001). The proportion
of streptococcal SA was significantly higher among community-acquired and healthcare-
related cases than among nosocomial-acquired cases, especially in those caused by the
pyogenic Streptococcus species. Infections caused by GNB were more frequently
nosocomial than community-acquired (p = 0.03); all episodes of SA caused by P.
aeruginosa were nosocomial-acquired or healthcare-related. Microorganisms that were
more typically related to PJI than to native SA were MRSA and Enterobacteriaceae

strains (p = 0.03 and p = 0.04 respectively).
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A.2 Prognosis of bacteraemic osteoarticular infections

Aim 4 - To analyse the mortality and associated risk factors in patients with

bacteraemic osteoarticular infections

Article 3 — Clinical findings of bacteremic septic arthritis according to the site of
acquisition: the overlap between healthcare-related and community- and nosocomial-
acquired cases. O. Murillo, J. Gdmez-Junyent, |. Grau, A. Ribera, C. Cabrera, S. Pedrero,
F. Tubau, J. M. Nolla, J. Ariza, R. Pallarés. European Journal of Internal Medicine 2016

Mar;28:38-42.

Article 4 — Analysis of mortality in a cohort of 650 cases of bacteremic osteoarticular
infections. J. Gomez-Junyent, O. Murillo, I. Grau, E. Benavent, A. Ribera, X. Cabo, F.

Tubau, J. Ariza, R. Pallarés. Seminars in Arthritis and Rheumatism 2018; 48(2):327-333.

Communication 4 - Mortalidad y factores prondstico en una cohorte de pacientes con

bacteraemia e infecciones osteoarticulares. J. Gémez-Junyent, O. Murillo, I. Grau, C.
Cabrera, X. Cabo, F. Tubau, J. Ariza, R. Pallarés. XX SEIMC, Barcelona, Spain, 2016.

Presentation number O060.

In this study, our aim was to analyse the mortality (30-day case-fatality rate) among a
large cohort of patients with bacteraemic OAls, and to investigate the host,

microbiological, and interventional factors that may influence prognosis.

We performed a retrospective study in a large teaching hospital (Hospital Universitari
de Bellvitge) including all cases of bacteraemic OAls between 1985 and 2014. Patients
were excluded if they were younger than 18 years old or intravenous drug users. Cases
caused by Neisseria spp. were also excluded in order to avoid including cases with
reactive rather than SA. Mortality was recorded if death occurred within 30 days from
the diagnosis, and early mortality if death occurred within 7 days. Moreover, we also
include mortality data from Article 3, especially evaluating the impact of site acquisition

onh prognosis.
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4.1 Description of the global cohort

Between 1985 and 2014, a total of 36507 episodes of bacteraemia were recorded in our
institution, of which 749 (2.1%) had a concomitant OAI. Of these, we excluded 18 that
occurred in patients < 18 years, 70 that occurred in IVDU, 5 that were caused by
Neisseria spp., and 6 that lacked data on mortality. Finally, 650 episodes were therefore

analysed (Figure 4.1.).

Figure 4.1. Flowchart of participants into the study.

36507 episodes of bacteremia
between 1985 and 2014

‘ -18 excluded because age

749 had a concomitant osteoarticular below 18 years

infection - 70 excluded as intravenous
drug users
1—’ - 6 excluded because no data
on mortality
- 5 excluded because infection
by Neisseria spp.

650 patients finally included with 691
bacteremic osteoarticular infections

l

286 (41.4%) had septic 278 (40.2%) had 127 (18.4%) had
arthritis vertebral osteomyelitis peripheral osteomyelitis
168 (58.7%) with native 74 (25.9%) with 44 (15.4%) with axial

peripheral septic arthritis prosthetic joint infection septic arthritis
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242 (35%) with 449 (65%) with other
peripheral septic arthritis osteoarticular infections

The median age of the 650 included patients was 66 years (IQR 54-75), of which 59.7%
were males. The most frequent baseline medical conditions were diabetes mellitus
(31.3%), immunosuppressive therapy (16%) and cancer (13.4%). Of note, there were 36
patients with rheumatoid arthritis, representing 25% of cases in the whole cohort of
bacteraemia (36/144 patients), in contrast with those without rheumatoid arthritis

(614/36363; 1.7%) (p<0.001).

These 650 patients presented with 691 OAls, which were 286 SA (41.4%), 278 VO
(40.2%) and 127 PO (18.4%). Among the 286 cases of SA, axial arthritis was present in
44 (15.4%), native peripheral arthritis in 168 (58.7%) and PJI in 74 (25.9%). Thus, 242
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patients (84.6%) presented with peripheral SA. The main microorganism involved was S.
aureus (56.8%), of which 16.3% of strains were methicillin-resistant. Cases in those with
rheumatoid arthritis were mainly caused by S. aureus (80.6%). Other groups of
microorganisms were: GNB (22.2%), with E. coli accounting for more than 10% of all

cases, pyogenic streptococci (9.1%) and viridans-group streptococci (6.5%).

4.2 Analysis of mortality

Among 650 patients with bacteraemic OAls, mortality (30-day case-fatality rate) was
observed in 79 cases (12.2%), without significant differences across the study periods:
7/71(9.9%) in 1985-1994, 34/226 (15%) in 1995-2004 and 38/353 (10.8%) in 2005-2014
(p=0.564). Early mortality (<7 days) was 5.1% (33 cases), representing 41.8% of patients
who died (Figure 4.2.).

Figure 4.2. Cumulative mortality among all 650 cases with bacteraemic osteoarticular

infections.
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Mortality was greater in cases with PJI (19/74; 25.7%) and native SA (26/168; 15.5%),
compared with axial SA (2/44; 4.6%), VO (22/278; 7.9%), and PO (11/127; 8.7%). Thus,
overall mortality was greater in those with peripheral SA, including native SA and PJI,
(45/242; 18.6%) than in those with other OAls (34/408; 8.3%) (p<0.001). Early mortality
was also greater in cases with peripheral SA (22/242; 9.1%) than in cases with other OAls
(11/408; 2.7%) (p<0.001). Figure 4.3. shows the cumulative mortality in patients with
peripheral SA and other OAls. No significant differences in overall mortality were found
between primary and metastatic OAls (11.2% vs 15.09%; p=0.192) and primary and
metastatic peripheral SA (17.6% vs 21.7%; p=0.481).

Figure 4.3. Cumulative mortality in patients with peripheral septic arthritis compared

with other bacteraemic osteoarticular infections.

20

18

16

14

12

10

Mortality (%)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Days after diagnosis

= Peripheral septic arthritis Other osteoarticular infections

The 30-day mortality for each covariate, together with the unadjusted ORs, are
summarized in Table 4.1. Patients older than 65 years were more likely to die than
younger patients (17.2% vs 7.1%; p<0.001). In fact, mortality increased clearly with age,

though patients with peripheral SA had higher mortality in all age groups (Figure 4.4).
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Liver cirrhosis and rheumatoid arthritis were associated with greater mortality
(deaths/total): 13/38 [34.2%] in patients with liver cirrhosis vs 66/612 [10.8%] in those
without (p<0.001); 10/36 [27.8%] in patients with rheumatoid arthritis vs 69/614
[11.2%] in those without (p=0.003). These higher mortality rates were also observed in
patients from the whole cohort of bacteraemia cases: 872/2965 [29.4%)] in patients with
liver cirrhosis vs 6005/33542 [17.9%] in those without (p<0.001); 43/144 [29.9%)] in
patients with rheumatoid arthritis vs 8145/36363 [22.4%] in those without (p=0.032).
Thus, no significant differences in mortality rates were found in patients with these
comorbidities when they had OAls or bacteraemia from other sources. It should be
noted that patients with rheumatoid arthritis had more often peripheral SA (77.8% vs
34.9%; p<0.001) and, among the 10 patients who died, 9 had peripheral SA.

Figure 4.4. Mortality by age group and presence or absence of peripheral septic arthritis.
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Bacteraemic OAls caused by S. aureus was associated with a mortality rate of 14.9%
(55/361), which was greater in cases of MRSA than MSSA (26.7% vs 12.6%; p=0.005). S.
aureus was the causative agent in 69.6% of patients who died. Although mortality

associated with S. aureus was higher in all OAls, those associated with peripheral SA had
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the greatest mortality (Figure 4.5.). Mortality was 5.1% (3/59) for patients with pyogenic
streptococci, whereas it was 11.9% (5/42) for those with viridans streptococci, and 7.6%

(11/144) for those with GNB.

Adjustment in a multivariate model (Table 4.1.), which included all statistically
significant variables from the univariate analysis, indicated that peripheral SA was
associated with a two-fold increased odds of mortality (adjusted OR 2.12; 95% Cl 1.22—
3.69; p=0.008). Other variables significantly associated with mortality in the multivariate
model were age older than 65 years, liver cirrhosis, rheumatoid arthritis, the McCabe

and Jackson score, and S. aureus infection.

Figure 4.5. Mortality rates by the type of osteoarticular infection and whether

Staphylococcus aureus was the causative agent.
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In Article 3, we also evaluated the mortality of SA within 30 days of diagnosis, which
occurred to 41/273 patients (15%). In 19 out of 41 cases (46%) death occurred within a
week of diagnosis. Healthcare-related cases presented higher mortality than
community-acquired (18% vs 7%, p = 0.03) but lower than nosocomial-acquired (26%,

p<0.001 vs community-acquired; p = 0.3 vs healthcare-related cases).
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Table 4.1. Risk factors for 30-day mortality in patients with bacteraemic osteoarticular infections (n = 650).

Variable Number of Dead within Unadjusted OR p value Adjusted OR p value
individuals 30 days (%) (95% Cl) (95% Cl)
Age <65 years 325 23 (7.1) 1 1
> 65 years 325 56 (17.2) 2.73 (1.64-4.56) <0.001  2.51(1.41-4.49)  0.001
Sex Female 262 33 (12.6) 1
Male 388 46 (11.9) 0.93 (0.58-1.50) 0.777
Cancer No 562 66 (11.7) 1
Yes 87 13 (14.9) 1.32 (0.69-2.51) 0.408
Diabetes mellitus No 446 54 (12.1) 1
Yes 203 25(12.3) 1.02 (0.61-1.69) 0.940
Liver cirrhosis No 612 66 (10.8) 1 1
Yes 38 13 (34.2) 4.30 (2.10-8.81) <0.001  3.10(1.29-7.46) 0.014
Chronic kidney disease No 587 69 (11.8) 1
Yes 63 10 (15.9) 1.42 (0.69-2.91) 0.359
Rheumatoid arthritis No 614 69 (11.2) 1 1
Yes 36 10 (27.8) 3.04 (1.41-6.57) 0.009 3.02 (1.20-7.55) 0.024
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McCabe & Jackson score | 528 34 (6.4) 1 1

M=l 122 45 (36.9) 8.49 (5.12-14.08) <0.001  8.28 (4.71-14.56) <0.001
Peripheral septic No 408 34 (8.3) 1 1
arthritis

Yes 242 45 (18.6) 2.51 (1.56-4.05) <0.001 2.12 (1.22-3.69) 0.008
S. aureus infection No 281 24 (8.5) 1 1

Yes 369 55 (14.9) 1.88 (1.13-3.11) 0.012 2.19 (1.23-3.90) 0.006

OR: Odds ratio. Cl: Confidence interval. McCabe & Jackson score (I = nonfatal disease; Il = ultimately fatal disease, Ill = rapidly fatal disease).
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4.3 Impact of debridement in peripheral septic arthritis

We evaluated the impact of surgical debridement on mortality in 239 patients with
peripheral SA (3 patients had no information available). There were not significant
differences between those treated with surgical debridement (191; 79.9%) compared to
those who were not (48; 20.1%), according to age, comorbidities, type of OAl and
McCabe and Jackson score (Table 4.2.). S. aureus infection was more frequent among

those treated with surgical debridement (62.8% vs 45.8%; p=0.032).

Table 4.2. Baseline characteristics of 239 patients with bacteraemic peripheral septic

arthritis, according to receiving or not surgical debridement.

No surgical Surgical debridement p

debridement (n = 48) (n=191) value
Age (median, IQR) 67 (54-77) 70 (58-78) 0.262
Age>65 years 25(52.1) 114 (59.7) 0.340
Male 22 (45.8) 103 (53.9) 0.316
One or more underlying 37 (77.1) 141 (73.8) 0.643
diseases
Diabetes mellitus 9(18.8) 56 (29.3) 0.141
Neoplasm 9(18.8) 25 (13.1) 0.316
Cardiopathy 7 (14.6) 25 (13.1) 0.786
Liver cirrhosis 5(10.4) 9(4.7) 0.132
Chronic kidney disease 3(6.3) 14 (7.3) 0.795
Immunosuppressive 10 (20.8) 47 (24.6) 0.583
therapy
Rheumatoid arthritis 6 (12.5) 21 (11.0) 0.768
McCabe-Jackson score I-ll 12 (25.0) 37 (19.4) 0.388
Prosthetic joint infection 10 (20.8) 63 (33.0) 0.102
Post-surgical infections 5(10.4) 28 (14.7) 0.446
S. aureus infection 22 (45.8) 120 (62.8) 0.032

Data expressed as No. (%), if not stated otherwise. McCabe & Jackson score (I = nonfatal disease;
Il = ultimately fatal disease, Ill = rapidly fatal disease). IQR: Interquartile Range.
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Importantly, mortality was lower among patients treated with surgical debridement
compared with those who were not (28/191 [14.7%] vs 16/48 [33.3%]; p=0.003); in
particular, early mortality was significantly lower among patients who underwent
surgical debridement compared with those who did not (9/191 [4.7%] vs 12/48 [25%];
p<0.001). After adjusting for potential confounders (age, liver cirrhosis, rheumatoid
arthritis, McCabe and Jackson score, PJI, and S. aureus infection) surgical debridement
remained significantly associated with reduced mortality (adjusted OR 0.23; 95% ClI
0.09-0.57; p=0.002). After propensity score matching (including age, McCabe and
Jackson score, shock upon admission, PJI and S. aureus), surgical debridement was still
associated with decreased mortality in patients with bacteraemic SA (OR 0.81; 95%ClI

0.68-0.96; p=0.014).
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B. ANTIMICROBIAL TREATMENT AGAINST INFECTIONS BY PSEUDOMONAS
AERUGINOSA

B.1 Clinical studies

Aim 5 — To analyse the efficacy and therapeutic drug monitoring of continuous beta-
lactam infusion for osteoarticular infections by fluoroquinolone-resistant P.

aeruginosa

Article 5 — Efficacy and therapeutic drug monitoring of continuous beta-lactam infusion
for osteoarticular infections caused by fluoroquinolone-resistant Pseudomonas
aeruginosa: a prospective cohort study. J. Gdmez-Junyent, R. Rigo-Bonnin, E. Benavent,
L. Soldevila, A. Padullés, X. Cabo, F. Tubau, J. Ariza, O. Murillo. Eur J Drug Metab
Pharmacokinet. 2020 May 21. Online ahead of print.

Article 6 — Measurement of ceftolozane and tazobactam concentrations in plasma by
UHPLC-MS/MS. Clinical application in the management of difficult-to-treat
osteoarticular infections. R. Rigo-Bonnin, J. Gémez-Junyent, L. Garcia-Tejada, E.

Benavent, L. Soldevila, F. Tubau, O. Murillo. Clinica Chimica Acta 2019; 488:50-60.

Communication 5 — Betalactdmicos en infusion continua o extendida para el tratamiento

de infecciones osteoarticulares por bacilos gram negativos: un estudio piloto. J. Gdmez-
Junyent, L. Soldevila, E. Benavent, R. Rigo, A. Ribera, X. Cabo, F. Tubau, J. Ariza, O.
Murillo. XXI SEIMC, Malaga, Spain, 2017. Presentation number 0154.

GNB and Pseudomonas aeruginosa are frequent causative microorganisms of OAls.
Fluoroquinolones are the mainstay of the antimicrobial therapy of patients with GNB-
OAls. The increasing resistance emergence to fluoroquinolones among GNB is
worrisome, also because it is associated with the appearance of MDR and XDR strains,
frequently resistant to most antibiotics in vitro. Colistin, which is often the only available
option and has shown good anti-biofilm activity (156), has been recommended in
combination with BL against MDR/XDR P. aeruginosa Ols (159). Nevertheless, in this

scenario, new therapeutic alternatives are clearly needed. The use of continuous BL
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infusion (BL-Cl) could optimize their pharmacodynamics (173) and be useful to improve

the outcome of patients with OAls by P. aeruginosa.

We performed a prospective study to evaluate the use of BL-Cl and therapeutic drug
monitoring (TDM) and analyse the outcome of patients with OAls by fluoroquinolone-
resistant P. aeruginosa managed with an optimized therapeutic strategy in comparison
to the outcome of patients who could receive fluoroquinolones. We also developed
UHPLC-MS/MS procedures for the measurement of ceftolozane and tazobactam mass
concentrations in plasma and apply it to treatment guidance in cases of OAls.

During the study period, 61 patients with OAls caused by P. aeruginosa were identified,
of whom nine were excluded (one had a diabetic foot infection, three were treated with
meropenem, and five patients each provided only one sample for TDM). Therefore, 52
patients were ultimately included in the analysis, 19 (36.5%) of whom had OAls caused

by fluoroquinolone-resistant P. aeruginosa.

5.1. Patients with OAls caused by fluoroquinolone-resistant P. aeruginosa
5.1.1. Characteristics of the patients and infections

The main characteristics of the cases are summarized in Table 5.1. The majority were
female (11, 57.9%) and the median age was 67 years (IQR 55-76). Most patients had at
least one comorbidity. Three patients (15.8%) had CKD, but none were on
haemodialysis. Device-related infections accounted for more than half of all OAls
(osteoarthritis, n=6, 31.6%; PJI, n=5, 26.3%). Most infections were caused by MDR or
XDR strains (13, 68.4%) and 11 (57.9%) were carbapenem-resistant. Almost one third of
all OAls were polymicrobial. More than half of the patients had post-surgical OAls and

the OAI was catalogued as a superinfection in two patients (10.0%).

5.1.2. Management of infections

All but two patients were treated with surgery. Most (7, 63.6%) of those who had device-
associated infections managed with surgery were treated with implant removal. The
median duration of BL-Cl was 36 days (IQR 28-39). Only one patient was initiated on BL-

Climmediately; the rest received intermittent infusion for a median of 6 days (IQR 4-7)
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prior to Cl. The median global duration of antibiotic therapy was 42 days (IQR 30-46).

Ten patients (52.6%) received combinations of BL with colistin.

Table 5.1. Baseline and clinical characteristics of 52 patients with osteoarticular

infections by Pseudomonas aeruginosa and treated with continuous beta-lactam

infusion.
Characteristic . . Patients with
Patients with .
All - fluoroquinolone-
. fluoroquinolone- . ¢}
patients . . susceptible
resistant strains . value
(n=52) (n = 19) strains
(n=33)
DEMOGRAPHICS
Age (median, IQR) 68 (55-75) 67 (55-76) 69 (55-74) 0.985
Male sex 27 (51.9) 8(42.1) 19 (57.6) 0.282
Any comorbidity 31 (59.6) 13 (68.4) 18 (54.6) 0.326
Diabetes mellitus 12 (23.1) 6 (31.6) 6(18.2) 0.270
Chronic heart disease 14 (26.9) 7 (36.8) 7(21.2) 0.221
Chronic lung disease 10 (19.2) 5(26.3) 5(15.2) 0.325
Malignancy 1(1.9) 0 1(3.0) 0.444
Chronic ki
hronic kidney 8 (15.4) 3(15.8) 5(15.2) 0.951
disease
Rheumatologic 7 (13.5) 3(15.8) 4(12.1) 0.324
autoimmune disease
| :
MMUNOSUPPrEsSIVe 1 ¢ (11.5) 3 (15.8) 3(9.1) 0.467
therapy
Chronic steroid
therapy 6 (11.5) 4(21.1) 2(6.1) 0.103
CLINICAL DATA
Type of infection
Prosthetic joint 13 (25.0) 5 (26.3) 8 (24.2)
infection
Osteoarthritis
(without device) 23 (44.2) 8(42.1) 15 (45.5)
Osteoarthritis
(with device) 16 (30.8) 6 (31.6) 10 (30.3) 0.972
Device-related 29 (55.8) 11(57.9) 18 (54.6) 0.815
infections
Post- ical
osredisios 26 (50.0) 10 (52.6) 16 (48.5) 0.773
infections
MICROBIOLOGICAL
DATA
Bacteremia 4(7.7) 1(5.3) 3(9.1) 0.618
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Polymicrobial 19 (36.5) 6 (31.6) 13 (39.4) 0.573
infection
Superinfection 6 (11.5) 2 (10.5) 4(12.1) 0.862
MDR or XDR strains 13 (25.0) 13 (68.4) 0 <0.001
Carbapenem-resistant |, ) -, 11 (57.9) 0 <0.001
strains
ANTIBIOTIC THERAPY
3:;:“0” oftherapy, | 45 (42-56) | 42 (30-46) 55(42-59) | 0.002
Duration of antibiotic
therapy in Cl. days 21 (14-36) 36 (28-39) 18 (13-23) <0.001
Combination therapy® | 39 (75.0) 10 (52.6) 29 (87.9) 0.004
Duration of
combination therapy, | 14 (10-21) 35 (20-36) 13 (10-15) 0.006
daysb
SURGICAL THERAPY
None 3(5.8) 2 (10.5) 1(3.0)
Debridement® 20 (38.5) 6 (31.6) 14 (42.4)
DAIR 13 (25.0) 4(21.1) 9(27.3)
Implant removal 16 (30.8) 7 (36.8) 9(27.3) 0.315
OUTCOME
Failure® 9 (18.4) 4(21.1) 5(16.7) 0.699
Adverse events 11 (21.2) 5(26.3) 6 (18.2) 0.489

All data are expressed as number (percentage) unless stated otherwise.

IQR: Interquartile range. MDR: Multidrug-resistant. XDR: Extensively drug-resistant. DAIR:
Debridement, antibiotics and implant retention.

®Combnation therapy included colistin for those with fluoroquinolone-resistant strains or
ciprofloxacin for those with fluoroquinolone-susceptible strains. bAmong those who received
antibiotics in combination, in days. ‘Individuals without associated device. dAnalysis made in 49
individuals (three individuals were excluded from the fluoroquinolone-susceptible group; two
were not treated with ciprofloxacin and one received ciprofloxacin <21 days).

MIC values for each BL and doses used in BL-Cl are summarized in Table 5.2. In general,
patients were treated with median BL doses that were lower than the doses they may
have received with intermittent infusion, according to product data sheets. BLs were
chosen according to susceptibility, but two cases were treated with ceftazidime with a
MIC of 16 mg/L. This was the lowest BL MIC available upon testing; alternatives such as
ceftolozane-tazobactam or ceftazidime-avibactam were not yet available in our

hospital.
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Table 5.2. The median MIC, median dose, and estimated free concentration in plasma
of each continuously infused beta-lactam used to treat fluoroquinolone-resistant

Pseudomonas aeruginosa OAls in the study.

Beta-lactam Estimated free Estimated free
MiC Dose beta-lactam beta-lactam
(number of plasma . .
samples)® (range) (IQR) concentration concentration
(1QR)° xMIC (1QR)
3(1.5-
Aztreonam (n=19) 4 (2-8) 4) 12.1(9.1-18.2) 2.3(2.0-3.9)
Ceftazidime (n=49) | 2(1-16) | 2(2-4) | 18.2(11.9-31.8) 9.1(7.0-18.9)
Cefepime (n=10) 6 (4-8) 22(52) 21.6(14.2-30.4) | 3.7 (3.5-4.5)
Ceftolozane- c c
4 4- 16.7 (15.4-21. 4.2 (3.9-5.
tazobactam (n=4) > (4-6) 6.7 (15 %) (3.9-5.5)

MIC: Minimum inhibitory concentration. IQR: Interquartile range. MIC and concentrations
expressed in mg/L, doses expressed in g per day.

®Plasma samples were collected from 4 patients treated with aztreonam, 12 with ceftazidime, 2
with cefepime and 1 with ceftolozane-tazobactam. ®Median free beta-lactam concentrations
based on patient samples obtained on various occasions; these concentrations reflect a mix of
inter- and intraindividual variability. “©Only ceftolozane concentrations showed here.

5.1.3. Therapeutic drug monitoring

Measurement standardization of concentrations of ceftolozane and tazobactam from
human plasma was performed using UHPLC-MS/MS. Satisfactory results were obtained
from validation results. The full description of results can be found in the article at the
end of this book. This methodology was also employed to measure concentrations of
other BLs.

Overall, 82 plasma samples were taken from the patients in order to monitor BL
concentrations (a median of five per patient, IQR 3—6) during CI (Table 5.2). The median
fCss expressed in mg/L and as multiples of the respective P. aeruginosa MIC in each
patientis shown in Table 5.3. Most patients had a median fCss of between 3 and 10xMIC.
Median fCss values of less than 3xMIC were mainly found in patients with OAls caused
by P. aeruginosa strains with MICs of 8—16 mg/L (cases 4, 14, 15, and 16), whereas four
of the five patients with a fCss above 10xMIC had CKD or AKI (cases 2, 3, 7, and 8).

A total of 17 dose adjustments were performed in 12 patients (63.2%) during BL-CI (nine

patients had one adjustment, one had two adjustments, and two had three
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adjustments). The median time from sample collection to dose adjustment was 2 days
(IQR 1-3). Three patients did not initially achieve a fCss of at least 3xMIC, two of whom
had OAls by P. aeruginosa with MIC of 8-16 mg/L to the BL used. The other patient,
despite dose adjustment, did not meet that PK/PD target on subsequent samples. TDM
values prompted ten dose decreases in eight patients; three of those patients presented
AKI (cases 8, 9, and 17), two had CKD (cases 2 and 3), and two also received colistin
(cases 5 and 10). Seven dose increases were performed in six patients, three of whom

(cases 16, 17, and 19) had OAls caused by strains with a BL MIC of 4-8 mg/L.

5.2. Patients with OAls caused by fluoroquinolone-susceptible P. aeruginosa

Thirty-three patients had OAls caused by fluoroquinolone-susceptible P. aeruginosa that
were treated with BL-Cl; those patients had similar characteristics to the patients

infected with fluoroquinolone-resistant strains (Table 5.1.).

The median duration of BL-Cl was significantly shorter (18 days, IQR 13-23), and the
most frequently used BL was ceftazidime (Table 5.4). Again, patients received lower
median BL doses than those they may have received with intermittent infusion,
according to product data sheets. The majority received combination therapy with
ciprofloxacin for a median of 13 days (IQR 10-15). Ciprofloxacin was used after BL
discontinuation in 31 patients (median 31 days, IQR 22-37); two patients with a

fluoroquinolone allergy were treated with BL-Cl only.

Regarding the TDM, a total of 110 plasma samples were taken for BL concentration
analysis (a median of three per patient, IQR 2-4) (Table 5.4). A total of 19 dose
adjustments were performed in 15 patients (45.5%) during therapy (12 had one
adjustment, 2 had two adjustments, and 1 had three adjustments). The median time
from sample collection to dose adjustment was 1 day (IQR 0-3). Only four patients did
not initially achieve a fCss of at least 3xMIC; those patients had OAls by P. aeruginosa
strains with a BL MIC of 4-8 mg/L. Three of those patients achieved the PK/PD target
after dose adjustment, and the remaining patient had an OAIl by P. aeruginosa with MIC
of 8 mg/L to the BL used (piperacillin-tazobactam). Dose decreases were needed after
receiving the results for ten of the samples during TDM. Five of those decreases were

performed in patients with CKD/AKI.
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Table 5.3. Baseline characteristics, treatment details and outcome of patients with osteoarticular infections by fluoroquinolone-resistant Pseudomonas

aeruginosa who were treated with continuous beta-lactams infusion.

Median
CKD / . .
AKI . Micto | Median | e dianpL | tMesBL
Age / . Type of Surgical MDR dose of c fconc ..
Case while . . BL BL b fconc Colistin | Cured
Sex infection management | or XDR a BL above
number on used c (range)
thera (range’) MIC
Py (range)
62/ Implant . 8.8 (3.9-
1 M No / No PJI e No Ceftazidime 1 2(1-3) | 8.8(3.9-15.9) 15.9) Yes Yes
339
2 75/F | Yes/No PJI Implant No | Ceftazidime 1 15(12) | 33°(17& (17.8- No No
retention 42.6)
42.6)
Implant - 13.0 (8.1- 13.0 (8.1-
3 76 /F | Yes/No PJI removal No Ceftazidime 1 1.5 (1-2) 42.7) 42.7) No Yes
63/ Osteoarthritis Implant . 25.8 (24.3- 1.6 (1.5-
4 M No / No with device removal MDR | Ceftazidime 16 6 27.4) 1.7) Yes Yes
Osteoarthritis Implant - 36.4 (32.2- 4.6 (4.0-
5 75/F | No/No with device e XDR Ceftazidime 8 5.5 (5-6) 40.7) 5.1) Yes No
Osteoarthritis Implant . 12.5(11.7- 6.2 (5.8-
6 55/F | No/No with device removal MDR | Ceftazidime 2 2 13.3) 6.6) No Yes
Osteoarthritis 24.0
7 e No / Yes without Debridement No Ceftazidime 1 2 2D LBES (18.9- Yes Yes
M . 29.5)
device 29.5)
Osteoarthritis
8 80/ No / Yes without Debridement | MDR | Ceftazidime 2 2 (1-4) 297 (154- | 14.8(7.7- Yes No
M ) 49.8) 24.9)
device
Osteoarthritis
9 S / Yes without Debridement | XDR | Ceftazidime 16 4.5 (2-7) SSRGS |G (76 Yes Yes
M device 169.1) 10.6)
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Ceftazidime

Ceftazidime

Ceftazidime

Aztreonam
Aztreonam

Aztreonam

Aztreonam

Cefepime

Cefepime

Ceftolozane-
tazobactam

1.5

4

5.5 (4-7)

2 (1.5-2)

1.25 (1-

1.5)

4.5 (4-5)

2(1-3)

2.5

5 (4-6)

44.5 (22.3-
56.3)

15.0 (11.9-
16.6)

8.8 (4.2-12.7)

9.7 (7.7-10.9)

4.1(3.9-6.7)

18.2 (11.6-
25)

17.6 (12.1-
20.6)

29.2 (14.2-
49.8)

16.0 (14.1-
17.9)

16.7 (14.8-
26.3)

22.2
(11.2-
28.2)

7.5 (6-8.3)

5.8 (2.8-
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4.3 (3.9-
5.4)
2.0 (1.9-
3.3)
2.3 (1.4
3.1)

2.2 (1.5-
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3.7 (1.8-
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4.0 (3.5-
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No
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Yes
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CKD: Chronic Kidney Disease. AKI: Acute Kidney Failure. MDR: Multidrug-resistant. XDR: Extensively drug-resistant. BL: Beta-lactam. fconc: Free concentration. M: Male. F:
Female. PJI: Prosthetic Joint Infection.
*Expressed in mg/L. bExpressed in grams. “Only for those with dose changes during treatment.
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Table 5.4. The median MIC, median dose, and estimated free concentration in plasma
of each continuously infused beta-lactam used to treat fluoroquinolone-susceptible

Pseudomonas aeruginosa OAls in the study.

Beta-lactam Estimated free Estimated free
MIC Dose beta-lactam beta-lactam
(number of plasma . .
samples)® (range) (IQR) concentration concentration
P (IQR)° xMIC (IQR)
Ceftazidime (n=84) | 1(0.25-8) 2 (1-4) 12.1 (8.1-19.0) 9.2 (5.8-13.8)
Cefepime (n=17) 1(1-2) 2 (1-2.5) 19.2 (11.4-26.0) 11.0 (8.9-13)
Piperacillin- 12 (10- c c
2(1-4 13.2 (11.5-17. 2.3 (2.0-3.
tazobactam (n=9) ! 12) S (57, 51O,

MIC: Minimum inhibitory concentration. IQR: Interquartile range. MIC and concentrations
expressed in mg/L, doses expressed in g per day.

®Plasma samples were collected in 25 patients treated with ceftazidime, 6 with cefepime and 2
with piperacillin-tazobactam. ®Median free beta-lactam concentrations based on patient
samples obtained on various occasions; these concentrations reflect a mix of inter- and
intraindividual variability. “©Only piperacillin concentrations showed here.

5.3. Comparison of outcomes and adverse events

We evaluated treatment failure rates for 49 patients; three of the patients with
fluoroquinolone-susceptible strains were excluded from this analysis because they were
not treated with fluoroquinolones (two patients) or they had received ciprofloxacin for

< 21 days before failure (one patient).

After a median follow-up of 444 days (IQR 338-617), the treatment had failed in nine
patients (18.4%). There was no significant difference in failure rate between the patients
with fluoroquinolone-resistant strains and those with susceptible strains (21.1% [4/19]
vs 16.7% [5/30], respectively; p = 0.699) (Figure 5.1.). There was also no significant
difference in baseline characteristics or in the achievement of the PK/PD target (a
median fCss of at least 3xMIC) between the patients in whom the treatment failed and
those in whom it did not fail (Table 5.5). Among the patients in whom treatment failed,
one had a PJI and eight had osteoarthritis (four of whom had a device and four did not).
In the patients with device-related OAls, 4/5 (80%) patients in whom treatment failed
were managed with implant retention, compared to 8/22 (36.4%) patients in whom

treatment succeeded (p = 0.049).
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Figure 5.1. Kaplan-Meier curves of cure likelihood among patients with osteoarticular
infections by fluoroquinolone-susceptible (continuous line) and fluoroquinolone-

resistant (dashed line) strains of Pseudomonas aeruginosa.
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Adverse events occurred in five (26.3%) and six (18.2%) patients with fluoroquinolone-
resistant and —susceptible strains, respectively (p = 0.489), at a median of 17 days (IQR
8-20) following BL-Cl initiation. In patients with OAIls caused by fluoroquinolone-
resistant P. aeruginosa, the adverse event was AKl in four (three of whom also received
colistin) and diarrhoea in one (not associated with Clostridium difficile). Among those
with susceptible strains, the adverse events were AKI (n = 3), encephalopathy (1), BL-
related fever (1), and candidemia (1). All of the patients recovered aside from one (with

AKI) who died due to a worsening of their baseline medical condition.
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Table 5.5. Comparative analysis of patients in whom treatment of an osteoarticular

infection caused by Pseudomonas aeruginosa failed or did not fail.

Characteristics . . Patients in
Patients in whom
} whom treatment p
treatment failed . .
(n=9) did not fail value
(n=40)
DEMOGRAPHICS
Age (median, IQR) 73 (65-75) 67 (55-75) 0.416
Female sex 5 (55.6) 19 (47.5) 0.662
Any comorbidity 4 (44.4) 26 (65.0) 0.253
Diabetes mellitus 2(22.2) 10 (25.0) 0.861
Chronic heart disease 1(11.1) 12 (30.0) 0.246
Chronic lung disease 1(11.1) 9(22.5) 0.444
Malignancy 0 1(2.5) 0.632
Chronic kidney disease 2(22.2) 5(12.5) 0.451
Rheumatologic autoimmune 2(22.2) 5 (12.5) 0.226
disease
Immunosuppressive therapy 1(11.1) 5(12.5) 0.909
Chronic steroid therapy 1(11.1) 5(12.5) 0.909
CLINICAL DATA
Type of infection

Prosthetic joint infection 1(11.1) 10 (25.0)

Ost(_aoarthrltls (without 4 (44.4) 18 (45.0)

device)

Osteoarthritis (with device) 4 (44.4) 12 (30.0) 0.577
Device-related infections 5 (55.6) 22 (55.0) 0.976
Post-surgical infections 5 (55.6) 19 (47.5) 0.662

MICROBIOLOGICAL DATA
Bacteremia 1(11.1) 3(7.5) 0.721
Polymicrobial infection 2(22.2) 15 (37.5) 0.384
Superinfection 1(11.1) 5(12.5) 0.909
MDR or XDR strains 3(33.3) 10 (25.0) 0.593
Carbapenem-resistant strains 2(22.2) 9(22.5) 0.763
TREATMENT DATA
Achievement of PK/PD target® 8(88.9) 36 (90.0) 0.921
Implant retention® 4 (80%) 8 (36.4%) 0.049

IQR: Interquartile range. MDR: Multidrug-resistant. XDR: Extensively drug-resistant. PK/PD:
Pharmacokinetics/Pharmacodynamics.

®Number (%) of patients who had an estimated median free BL concentration of at least 3xMIC.
°27 patients with device-related infections were considered (5 failed, 22 did not fail; 2 patients
not eligible for failure analysis).
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B.2 Experimental studies

Aim 6 — To evaluate the activity of ceftolozane-tazobactam, with and without colistin,
against a biofilm infection by multidrug-resistant P. aeruginosa in a dynamic in vitro

model

Article 7 — Efficacy of ceftolozane/tazobactam, alone and in combination with colistin,
against multidrug-resistant Pseudomonas aeruginosa in an in vitro biofilm
pharmacodynamic model. ). Gdmez-Junyent, E. Benavent, Y. Sierra, C. El Haj, L.
Soldevila, B. Torrején, R. Rigo-Bonnin, F. Tubau, J. Ariza, O. Murillo. International Journal

of Antimicrobial Agents 2019; 53(5): 612-619.

Communication 6 — Efficacy of ceftolozane-tazobactam alone and in combination with

colistin against extensively drug-resistant Pseudomonas aeruginosa in an in vitro
pharmacodynamic biofilm model. J. Gdmez-Junyent, E. Benavent, Y. Sierra, F. Tubau, L.
Soldevila, B. Torrején, J. Ariza, O. Murillo. 28th ECCMID, Madrid, Spain, 2018.

Presentation number O0078.

Communication 7 - Eficacia de ceftolozano-tazobactam y su combinacion con colistina

frente a Pseudomonas aeruginosa multirresistente en un modelo farmacodindmico in
vitro de cuerpo extrano. J. Gdmez-Junyent, E. Benavent, Y. Sierra, F. Tubau, L. Soldevila,
B. Torrején, J. Ariza, O. Murillo. XXIl SEIMC, Bilbao, Spain, 2018. Presentation number
00205.

The emergence of MDR GNB and particularly, the global spread of MDR P. aeruginosa is
worrisome in the setting of device-related infections due to the presence of biofilms.
Bacterial biofilms impair the activity of most antibiotics (208, 209), and very limited
options exist for the treatment of these MDR P. aeruginosa strains, which are commonly
resistant to fluoroquinolones and have a decreased susceptibility to BLs (210). Colistin
is often the only active drug against these MDR microorganisms and may have notable
anti-biofilm effect, especially against cells present within inner layers. However, its
administration in combination with other antimicrobials has been advised, in order to
minimize the emergence of resistance and obtain a synergistic effect. In recent years,

the appearance of ceftolozane-tazobactam represents a promising opportunity for the
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treatment of serious infections by MDR P. aeruginosa, but its anti-biofilm activity is

unknown.

With this study, we aimed to evaluate the activity of ceftolozane/tazobactam, in
comparison with that of meropenem and ceftazidime, alone and in combination with
colistin against MDR and XDR P. aeruginosa in an in vitro pharmacodynamic biofilm
model. We used a validated in vitro biofilm pharmacodynamic model, the CDC Biofilm
Reactor (CBR). Simulated regimens of ceftolozane/tazobactam (2g/1g every 8h),
meropenem (2g every 8h) and ceftazidime (2g every 8h), alone and in combination with
colistin (continuous infusion) were evaluated against three colistin-susceptible and
ceftazidime-resistant strains: MDR-HUB1, ceftolozane/tazobactam- and meropenem-
susceptible; XDR-HUB2, ceftolozane/tazobactam-susceptible and meropenem-
resistant; MDR-HUB3, ceftolozane/tazobactam-resistant and meropenem-susceptible.
Colistin  PAPs were performed to describe the presence of heteroresistant

subpopulations (Figure 6.1) and susceptibility data is summarized in Table 6.1.

Figure 6.1. Baseline Population Analysis Profiles of the three strains of P. aeruginosa at

an initial inoculum of 10° cfu/mL.
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Table 6.1 Minimum inhibitory concentrations, minimum bactericidal concentrations, minimum biofilm inhibitory concentrations and minimum

eradication concentrations for the different antibiotics among all P. aeruginosa strains.

Antibiotics MDR-HUB1 XDR-HUB2 MDR-HUB3

MIC MBC MBIC MBEC MIC MBC MBIC MBEC MIC MBC MBIC MBEC
CST 1 4 8 >64 2 2 8 64 2 2 8 >64
CAZ 64 128 >256 >256 32 32 >256 >256 64 >256 >256 >256
MEM 2 4 2 >256 16 16 16 >256 2 4 2 >256
TOL/TZB 2/4 4/4 8/4 >256/4 4/4 4/4 16/4 >256/4 8/4 8/4 16/4 >256/4

MIC: Minimum inhibitory concentration. MBC: Minimum bactericidal concentration. MBIC: Minimum biofilm inhibitory concentration. MBEC: Minimum

biofilm eradication concentration. CST: Colistin. CAZ: Ceftazidime. MEM: Meropenem. TOL/TZB: Ceftolozane/tazobactam.
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6.1 Microbiological response

Bacterial counts in the absence of antibiotics throughout experiments for biofilm-
embedded and free-floating bacteria are illustrated in Figure 6.2. Mean inoculums for

biofilm-embedded cells at Oh were higher for MDR strains (HUB1 and HUB3) than for
XDR-HUB2.

Figure 6.2. Bacterial growth in the absence of antibiotics for biofilm-embedded (A) and
free-floating (B) cells for the three strains of P. aeruginosa. Time on the x-axis begins

immediately after the 48h conditioning phase. Data presented as meanstSD (A) or

means (B).
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Bacterial counts (log changes) of biofilm-embedded in the presence of antibiotics
throughout the experiments are shown in Figure 6.3 and Table 6.2. Among
monotherapies, at 54h, ceftolozane/tazobactam achieved a low killing only against
susceptible strains (MDR-HUB1 and XDR-HUB2), which was only greater than controls
for MDR-HUB1 (Alog CFU/mL=-0.91; p=0.002), whereas ceftazidime was ineffective in
all strains. Colistin therapy, overall, resulted in an initial killing against all strains but
regrowth appeared later in a different manner (Alog CFU/mL at 54h=-1.33 in MDR-
HUB1, -1.85 in XDR-HUB2, and -2.07 in MDR-HUB3), this leading colistin to be the only

effective monotherapy at 54h against XDR-HUB2 (p<0.001 vs controls and other
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monotherapies). Of interest, meropenem alone was the most effective monotherapy
and the only bactericidal regimen at 54h against both carbapenem-susceptible strains
(Alog CFU/mL= -4.55 in MDR-HUB1 and -3.96 in MDR-HUB3; p<0.001 vs controls and

other monotherapies).

Regarding drug combinations, the addition of colistin to ceftolozane/tazobactam
significantly  increased the activity of monotherapies against both
ceftolozane/tazobactam-susceptible strains (MDR-HUB1 and XDR-HUB2) at 54h
(p<0.001), this leading to a bactericidal and synergistic effect in both cases.
Ceftolozane/tazobactam plus colistin was the most effective combination against the
meropenem-resistant XDR-HUB2 strain (Alog CFU/mL=-4.42 vs -3.54 for meropenem-
colistin; p=0.002); whereas this combination against MDR-HUB1 (Alog CFU/mL= -4.36)
was less effective than meropenem-colistin (-6.25; p<0.001) and showed similar efficacy
as meropenem monotherapy (p=0.964). In contrast, the combination
ceftolozane/tazobactam-colistin was ineffective against the ceftolozane/tazobactam-
resistant strain (MDR-HUB3), being meropenem plus colistin the most bactericidal
therapy (Alog CFU/mL=-6.37; P<0.001 versus other regimens). The combination
ceftazidime-colistin was slightly effective against MDR-HUB1 and MDR-HUB3 (no
synergism nor bactericidal effect), but it achieved a bactericidal effect against XDR-HUB2

(Alog CFU/mL=-3.10).

Overall, low non-bactericidal activity was observed among free-floating cells of the three
strains of P. aeruginosa (mean inoculums at Oh around 8 log CFU/mL). Only meropenem
and its combination with colistin showed activity at 54h against MDR-HUBL1 strain (Alog
CFU/mL=-2.67 and -2.23, respectively).
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Figure 6.3. Bacterial killing by monotherapies with colistin, ceftazidime, meropenem and ceftolozane-tazobactam and the combination of colistin

with beta-lactams against biofilm-embedded cells of three different P. aeruginosa strains. Results are expressed using the log change method.

Data presented as means£SD.
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Table 6.2. Mean log changes of biofilm-embedded bacterial counts throughout the study.

Monotherapies

Combinations

Strain Hour CST CAZ MEM TOL/TZ CAZ + CST MEM + CST  TOL/TZ + CST
HUB1 6 -0.63 -0.17 -2.06 -0.15 +0.06 -0.85 -0.33
24 -1.94 -0.33 -4.04 -0.60 -0.71 -4.25 -1.44
30 -1.24 -0.25 -4.41 -1.07 -0.81 -4.96 -2.15
48 -1.44 -0.41 -4.20 -0.79 -2.09 -5.96 -3.06
54 -1.33 -0.47 -4.55 -0.99 -2.12 -6.25 -4.36
HUB2 6 -0.66 -0.37 -0.56 +0.13 -0.20 -1.58 -0.68
24 -2.27 -0.66 -0.11 -0.34 -2.90 -3.63 -3.18
30 -2.44 -0.44 -0.65 -0.39 -3.45 -3.61 -3.50
48 -2.27 -0.36 -0.23 -0.47 -3.99 -3.38 -4.50
54 -1.85 -0.22 -0.01 -0.64 -3.10 -3.54 -4.42
HUB3 6 -0.11 -0.10 -0.28 -0.05 -0.14 -0.04 -0.01
24 -0.44 +0.23 -3.76 -0.12 -0.38 -3.87 -0.15
30 -0.64 -0.04 -3.78 -0.38 -0.29 -3.78 -0.10
48 -2.19 -0.45 -4.26 -0.02 -0.58 -5.97 -0.10
54 -2.07 -0.25 -3.96 +0.09 -1.04 -6.37 -0.21

CST: Colistin; CAZ: Ceftazidime; MEM: Meropenem; TOL/TZ: Ceftolozane/tazobactam. Among monotherapies, a grey background represents a decrease > 1 log cfu/mL
whereas a blue background highlights a bactericidal effect. Among combinations, orange and green backgrounds represent additivity (decrease >1 and <2 log cfu/mL with the

combination compared to its most active component) or synergy (decrease > 2 log cfu/mL with the combination compared to its most active component), respectively.
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6.2. Resistance studies

Resistant strains to ceftolozane/tazobactam among biofilm-embedded cells were not
detected with any treatment (monotherapy or  combination) in
ceftolozane/tazobactam-susceptible strains. Regarding colistin resistance, at the end of
treatment (Figure 6.4.), colistin monotherapy led to the emergence of resistant
subpopulations at 54h among all strains. The combination of an active BL and colistin
prevented from the emergence of resistant subpopulations, in contrast with what
occurred when the BL was non-active in vitro. For the XDR-HUB2 strain, the PAPs of cells
recovered at the end of treatments with meropenem-colistin and ceftazidime-colistin
showed the same proportion of colistin-resistant subpopulations than that obtained at
baseline; in contrast, this proportion increased with colistin monotherapy (until 10

CFU/ml).

Figure 6.4. Emergence of resistant colistin subpopulations among biofilm-embedded
cells of the three P. aeruginosa strains according to the treatment regimen at 54 hours.
Data expressed as proportion of samples with colonies growing at colistin concentration

of 2mg/L among all tested.
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CST: Colistin. MEM: Meropenem. TOL/TZB: Ceftolozane-Tazobactam. CAZ: Ceftazidime.
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6.3. Confocal laser scanning microscopy images

Well-formed biofilms prior to start the therapeutic experiments were observed in all
strains. Treatment with BLs altered the shape of isolates in both live and dead cells.
Colistin in monotherapy mainly had activity within deeper layers of the biofilm structure,
whereas BLs plus colistin mainly resulted in activity against all the biofilm structure.
Figure 6.5. shows some CLSM images of the biofilm-embedded cells of P. aeruginosa

HUB2 according to treatment regimens.

Figure 6.5. Confocal laser scanning microscopy images of biofilm-embedded cells of
Pseudomonas aeruginosa HUB2 at 0 hours (a), at 54 hours for the treatment of colistin
in monotherapy (b), ceftolozane/tazobactam in monotherapy (c), and the combination
of ceftolozane/tazobactam and colistin (d). Live cells are green due to staining with Syto
9, whereas dead cells appear red due to staining with propidium iodide. Maximum
intensity projection of confocal images of total biofilm thickness is represented as
central image. Rectangle images below and to the right of the projection correspond to

XZ and YZ planes, respectively.
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Aim 7 — To evaluate the pharmacokinetics and pharmacodynamics of ceftazidime in
continuous infusion, with or without colistin, against a biofilm infection by P.

aeruginosa in a dynamic in vitro model

Article 8 — In vitro pharmacokinetics of ceftazidime and its combinations with colistin
against Pseudomonas aeruginosa biofim. J. Gémez-Junyent, O. Murillo, H. H. Yu, M. A.
K. Azad, H. Wickremasinghe, R. Rigo-Bonnin, E. Benavent, J. Ariza, J. Li. Submitted for

publication.

Communication 8 - Pharmacokinetics/Pharmacodynamics of ceftazidime with and

without colistin against Pseudomonas aeruginosa biofilms using an in vitro model. J.
Gomez-Junyent, O. Murillo, H. Yu, MH. Azad, H. Wickremasinghe, E. Benavent, C. El Haj,
L. Soldevila, J. Ariza, J. Li. 29th ECCMID, Amsterdam, The Netherlands, 2019.

Presentation number PO574.

In line with finding potential alternatives for the management of foreign-body
associated infections by fluoroquinolone-resistant GNB and P. aeruginosa, the
administration of BL-CI has been suggested, in order to optimize their PK/PD. With Cl,
BL concentrations for 100% of the time above MIC (T>MIC~100%) can be achieved,
which may be useful in foreign-body infections. Moreover, maximum killing rates in
experimental studies are obtained when BL concentrations are at 3-4 times the MIC (3-
4xMIC). However, our current knowledge of BLs PK/PD is based on studies performed
with planktonic bacteria, which may not necessarily reflect what occurs with biofilm-
embedded bacteria. For instance, whether BL may show concentration-dependent
killing against P. aeruginosa biofilms is currently unknown. Given the potential benefit
of combinations of colistin plus BLs, there is also interest in clarifying whether the
addition of colistin can modify the PK/PD parameters of BL in biofilm-embedded
bacteria. In this line, it is unclear if the concentration of BL is a relevant parameter when

combined with colistin against biofilms by P. aeruginosa.

In this study, we aimed to evaluate the activity of several concentrations of Cl
ceftazidime against a biofilm infection by P. aeruginosa using the CBR and investigated
if there was a differential activity of colistin combinations with higher or lower

ceftazidime concentrations. Two strains of P. aeruginosa were employed, both
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susceptible to ceftazidime and colistin; one was the reference isolate PAO1 and the

other was the clinical isolate HUBS.

The determination of MIC, MBIC, MBEC and biofilm formation assays for both strains is
summarized in Table 7.1. Both strains were strong biofilm formers and had high MBECs
of ceftazidime and colistin. Baseline PAPs for both strains are illustrated in Figure 7.1.;

heteroresistance to colistin was evident prior to colistin treatment.

Regimens evaluated were Cl ceftazidime at clinically achievable concentrations (4, 10,
20 and 40 mg/L) and colistin in CI (3.5 mg/L). Therapeutic regimens evaluated were
monotherapies of ceftazidime and colistin, 4 and 40 mg/L ceftazidime (Cl) in
combination with colistin, and controls (no antibiotic). In CBR experiments, achieved
colistin concentrations (mean+SD) were 3.03+1.66 mg/L. Measured ceftazidime

concentrations and ratios to MIC and MBIC are shown in Table 7.2.

Table 7.1. MICs, MBICs, MBECs and biofilm formation assays for the Pseudomonas

aeruginosa strains examined in this study.

Isolates MIC MBIC MBEC Biofilm formation assays
CAZ CST CAZ CST CAZ CST Index Category
(OD/0ODc)
PAO1 2 1 8 32 >512 >512 5.20 Strong
HUB8 1 1 2 32 >512 128 13.04 Strong

MIC, MBIC and MBEC are expressed in mg/L. Index and category of biofilm formation assays are
based on the methodology described by Stepanovic et al (201). MIC: Minimum inhibitory
concentration. MBIC: Minimum biofilm inhibitory concentration. MBEC: Minimum biofilm
eradication concentration. CAZ: Ceftazidime. CST: Colistin.
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Table 7.2. Observed mean ceftazidime concentrations and ratios to MIC and MBIC during the CDC Biofilm Reactor experiments and emergence of

ceftazidime resistance at 54h.

PAO1 HUBS
Therapeutic CAz Ratio CAZ Ratio CAZ CAZ CAZ Ratio CAZ Ratio CAZ CAZ
groups concentration® concentration/MIC | concentration/MBIC Resistg?ce concentration® concentration/MIC | concentration/MBIC Resistg?ce
(%)~ (%)~
CAZ4 4.55+0.6 2.27 0.57 Yes (66) 4.01+1.1 4.01 2 Yes (40)
CAZ10 9.51+0.5 4.77 1.18 Yes (66) 10.3+2.8 10.3 5.15 No (0)
CAZ20 18.03+3.0 9.01 2.25 Yes (40) 18.84+1.1 18.84 9.42 No (0)
CAz40 34.48+5.0 17.24 4.31 Yes (26) 35.17+4.8 35.17 17.5 No (0)
CAZ4 + CST 3.3340.2 1.67 0.42 No (0) 3.261+0.9 3.26 1.63 No (0)
CAZz40 + 38.65+4.1 19.33 4.83 No (0) 40.13+3.8 40.13 20.07 No (0)
CST

Al measurements are expressed in mg/L as means + standard deviation. “Percentage of plates containing ceftazidime 16 mg/L at 54h showing the presence of P.
aeruginosa colonies. At 54h, the proportion of ceftazidime-resistant isolates increased from 1x10 in CAZ20 and CAZ40 experiments to 1x10™ — 1x102in CAZ4 and CAZ10
experiments against PAO1, and was 1x102 - 1x107 in CAZ4 experiments against HUBS.
MIC: Minimum inhibitory concentration. MBIC: Minimum biofilm inhibitory concentration. CAZ: Ceftazidime. CST: Colistin. CAZ4: Ceftazidime 4 mg/L. CAZ10: Ceftazidime
10 mg/L. CAZ20: Ceftazidime 20 mg/L. CAZ40: Ceftazidime 40 mg/L.
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Figure 7.1. Baseline Population Analysis Profiles of the strains of Pseudomonas

aeruginosa evaluated in this study. Data presented as means +SD.
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Static time-kill assays showed that concentrations of ceftazidime 4xMIC and above did

not result in a greater killing (Figure 7.2.).

Figure 7.2. Time-kill curves of strains of Pseudomonas aeruginosa evaluated in the CDC

Biofilm reactor exposed to several concentrations of ceftazidime. MICs are 2 mg/L for
PAO1 and 1 mg/L for HUBS.
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The bacterial growth of biofilm-embedded and free-floating bacteria from CBR
experiments in the absence of antibiotics is shown in Figure 7.3. Log changes in the
presence of antibiotics for biofilm-embedded bacteria are illustrated in Figure 7.4A. and
shown in Table 7.3. Log changes for free-floating bacteria are illustrated in Figure 7.4B.
For planktonic bacterial cells at 54h, non-bactericidal killing was observed for all the
treatments evaluated. The combination of colistin plus 40 mg/L ceftazidime was the
most active treatment against PAO1 (Alogiocfu/mL=-2.61) and HUBS8 (Alogiocfu/mL=-
2.06).

Figure 7.3. Bacterial growth in the absence of antibiotics for biofilm-embedded (a) and
free-floating (b) cells for the strains of Pseudomonas aeruginosa evaluated with the CDC
Biofilm Reactor. Time on the x -axis begins immediately after the 48-hour conditioning

phase. Data presented as means +SD
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Regarding the activity against biofilm-embedded bacterial cells of PAO1, colistin
monotherapy resulted in rapid initial killing, but regrowth was observed after 24h, with
mild efficacy at 54h (Alogiocfu/mL=-1.12). Rapid killing was also observed at 24h against
HUBS, but no regrowth occurred, and colistin was the only bactericidal monotherapy
(Alogiocfu/mL=-3.07). Biofilm-embedded bacteria growing on 4 mg/L colistin plates

were observed during experiments with colistin monotherapy against both strains; PAPs
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of bacteria recovered at 54h after this treatment showed significantly greater
proportions of colonies able to grow at concentrations of >2 mg/L colistin, compared to

baseline (Figure 7.5.).

Figure 7.4. Bacterial killing by the treatment regimens against biofilm-embedded (a) and
free-floating (b) cells of the Pseudomonas aeruginosa strains evaluated with the CDC

Biofilm Reactor. Results are expressed using the log change method. Data presented as

means £SD.
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P. aeruginosa: Pseudomonas aeruginosa. CST: Colistin. CAZ4: Ceftazidime 4 mg/L.

CAZ10: Ceftazidime 10 mg/L. CAZ20: Ceftazidime 20 mg/L. CAZ40: Ceftazidime 40 mg/L.
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Table 7.3. Mean log changes of biofilm-embedded bacterial counts throughout the study.

Monotherapies Combinations
Strain Hour CST CAzZ4 CAZ10 CAZ20 CAZ40 CAZ4 + CST  CAZ40 +CST
PAO1 6 -1.53 -0.74 -0.66 -0.87 -1.14 -2.02 -1.87
24 -1.69 -1.85 -1.50 -1.97 -2.13 -2.32 -3.30
30 -1.12 -2.10 -1.90 -2.11 -2.20 -2.43 -3.59
48 -1.42 -2.03 -2.63 -2.68 -2.98 -2.88 -3.98
54 -1.04 -2.27 -2.44 -2.84 -3.05 -3.10 -4.19
HUBS8 6 -1.09 -0.51 -0.52 -0.48 -0.46 -1.33 -1.04
24 -2.44 -1.63 -1.53 -1.14 -0.96 -3.03 -3.18
30 -2.87 -1.80 -1.99 -1.53 -1.68 -3.24 -4.02
48 -2.96 -2.27 -2.54 -1.94 -2.19 -3.40 -4.69
54 -3.07 -2.47 -2.66 -2.33 -2.45 -3.44 -4.71

CST: Colistin; CAZ4: Ceftazidime 4mg/L; CAZ4: Ceftazidime 10mg/L; CAZ20: Ceftazidime 20mg/L; CAZ4: Ceftazidime 40mg/L. Among monotherapies, a grey background
represents a decrease 2 1 log cfu/mL whereas a blue background highlights a bactericidal effect. Among combinations, orange and green backgrounds represent additivity
(decrease >1 and <2 log cfu/mL with the combination compared to its most active component) or synergy (decrease > 2 log cfu/mL with the combination compared to its
most active component), respectively.
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Ceftazidime monotherapy resulted in >2 log;o reduction at 54h. Against PAO1, greater
activities were observed with higher concentrations, being bactericidal with 40 mg/L
ceftazidime (Alogiocfu/mL=-3.05) and almost bactericidal with 20 mg/L ceftazidime
(Alogyocfu/mL=-2.84). Actually, higher concentrations (20-40 mg/L) of ceftazidime were
significantly more active than lower concentrations (4-10 mg/L) against PAO1 (p<0.001).
Against HUBS8, no significant differences were observed when comparing higher and

lower ceftazidime concentrations (p=0.424).

Well-formed biofilms prior to treatment were observed with CLSM for both strains
(Figure 7.6). Monotherapies with 4 mg/L or 40 mg/L ceftazidime and colistin resulted in
the appearance of a mixed staining in green and red fluorescence (Figure 7.7), showing
a predominance of yellow images and reflecting the presence of live and damaged
bacteria within the biofilm structure. Monotherapies with ceftazidime also altered the

cell shape.

Resistance to ceftazidime among biofilm-embedded bacteria from both strains emerged
in 4 mg/L ceftazidime experiments as soon as 24-30h after treatment. Ceftazidime
resistance also emerged at 54h against PAO1 with 10, 20 and 40 mg/L ceftazidime, but
not against HUB8. Ceftazidime MICs of resistant isolates ranged from 32 to 128 mg/L.
Ratios of ceftazidime concentrations to MBIC above 5 protected against the emergence
of ceftazidime resistance in HUB8 at 54h, which was achieved with concentrations
higher than 4 mg/L. Ratios of ceftazidime concentrations to MBIC above 5 were not
achieved in PAO1 with any concentration evaluated, but there was a lower percentage
of ceftazidime-resistant isolates recovered at 54h after treatment with high ceftazidime

concentrations (20 and 40 mg/L) than low concentrations (4 and 10 mg/L) (Table 7.2).

The addition of colistin to 4 mg/L or 40 mg/L ceftazidime increased the killing activity of
monotherapies at 54h against biofilm-embedded bacteria of both isolates. The
combination of colistin plus 4 mg/L ceftazidime resulted in significantly greater
bactericidal activity than 4 mg/L ceftazidime monotherapy against PAO1 (-3.10 vs -2.27;
p<0.001) and HUB8 (-3.44 vs -2.50; p<0.001). This combination was synergistic
compared to colistin monotherapy against PAO1 (p<0.001), but not significantly more
effective against HUB8 (p=0.344). The activity of colistin plus 40 mg/L ceftazidime

resulted in the highest killing against both strains at 54h (Alogiocfu/mL=-4.19 against
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PAO1; Alogiocfu/mL=-4.71 against HUBS8) (p<0.001 in all comparisons). Colistin plus 40
mg/L ceftazidime resulted in a >1 log;o reduction at 54h compared to the combination

of colistin plus 4 mg/L ceftazidime against both isolates (p<0.001).

No colistin- or ceftazidime-resistant strains emerged with either combination therapy.
Colistin PAPs of recovered bacteria at 54h showed that combinations of colistin with 4
mg/L or 40 mg/L ceftazidime resulted in a lower proportion of heteroresistant colonies,
compared to baseline (Figure 7.5). CLSM images showed a greater red fluorescence and
higher presence of damaged bacteria with combination therapies of ceftazidime and

colistin, which seemed more evident with 40 mg/L ceftazidime (Figure 7.7).

Figure 7.5. Population Analysis Profiles of biofilm-embedded cells of Pseudomonas
aeruginosa evaluated with the CDC Biofilm Reactor after 54h of treatment regimens
including colistin. Data presented as means *SD. P. aeruginosa: Pseudomonas

aeruginosa. CST: Colistin. CAZ: Ceftazidime.
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Figure 7.6. Three-dimensional representations of biofilm structures of strains of
Pseudomonas aeruginosa evaluated with the CDC Biofilm Reactor at 0 hours, before

treatment initiation.
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Figure 7.7. Confocal laser scanning microscopy images of biofilm-embedded cells of Pseudomonas aeruginosa evaluated with the CDC Biofilm Reactor
after 54 hours of treatment. Live cells are green due to staining with Syto 9, whereas dead cells appear red due to staining with propidium iodide;
yellow represents a mixture of live and dead cells. Maximum intensity projection of confocal images of total biofilm thickness is represented as central

image. Rectangle images below and to the right of the projection correspond to XZ and YZ planes, respectively.
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DISCUSSION






1. Impact and prognosis of bacteraemic osteoarticular infections

1.1. Impact of bacteraemic osteoarticular infections
1.1.1. The increasing incidence of bacteraemic osteoarticular infections

We have described a progressive increase in the incidence of bacteraemic OAls in our
area during the last 3 decades, including all types of OAls, as has been previously

reported for VO (20).

The increased rates of OAls have been linked with a longer life expectancy and the
growing frequency of chronic medical conditions (20, 70, 211). In line with previous
studies, we also observed a significant increase in the age of individuals with OAls.
Previous studies highlighted an association between OAls and patients with intravenous
drug abuse, who are usually younger (212-214). Our results suggest that this harmful
social habit has been progressively abandoned in our area, and that it no longer has an

effect on the current pattern of bacteraemic OAls.

In connection with an increased life expectancy, the growing prevalence of chronic
conditions observed in our cohort may be ageing-related. In addition, modern medical
advances have generated new technologies that can be offered to a higher number of
older patients (215). In this line, the occurrence of device-related infections clearly
increased over time. Actually, the implantation and revision of joint prostheses is a
frequent procedure in tertiary-care hospitals nowadays (216, 217), resulting in an

increase of the absolute number of infections (7, 215).

The current pattern of bacteraemic OAl has been modified by the impact of these
implant-associated infections, which represented 28% of all infections in the most
recent period. While the incidence of PJI and osteosynthesis-related infections all rose,
among non-device associated OAls, VO was the only one to increase. The pattern of non-
device associated OAls also changed, due to population’s age increases. While the
presence of SA did not differ between patients of different ages, PO was predominant
among patients under 50 years of age and VO was more frequent in older patients.
Overall, the pattern of OAls in younger patients reflected the predominance of native

SA and PO, whereas older patients had more PJI and VO. Accordingly, the increase in the
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median age of patients observed in some OAls (i.e. SA) was mainly related to the rise in

the number of episodes that occurred in older patients (i.e. PJI).

Although S. aureus was the most frequent microorganism causing OAls, as has been
extensively reported (21, 68, 70), we observed a trend towards a decline in its
proportion in comparison to other agents. The significant emergence of MRSA in recent
years has completely changed the picture of staphylococcal OAls, occurring more
frequently among older adults, and resulting in a decrease in cases by MSSA, which is
especially predominant in young patients. The presence of Streptococcus and
Enterococcus species is also notable and, together with staphylococcal cases, highlight
the major role of gram-positive cocci in this setting; streptococcal and enterococcal

cases were also more frequent among older individuals (218-220).

Regarding the worldwide emergence of MDR GNB (221, 222), we have witnessed only
anecdotal episodes in the last 10 years. Drug-resistant GNB infections, including
bacteraemia, have been reported in our country and elsewhere (222, 223). Indeed, an
increase of PJI caused by MDR microorganisms has been described in our country (26).
Such infections by MDR bacteria occur probably in the post-operative period after
device placement and may be less likely to arise in the setting of bacteraemia or as a
metastatic complication, due to MDR microorganisms’ loss of virulence and fitness.
Since we only included cases with concurrent bacteraemia, we may have missed cases
caused by MDR microorganisms. Similarly, the low rate of polymicrobial and anaerobic

OAls may be explained by the inclusion only of bacteraemic cases.

1.1.2. The association of infective endocarditis with osteoarticular infections of the axial

skeleton

The association of IE with OAI has been reported previously, but several questions
remain to be clarified. The prevalence of IE as a source of bacteraemic OAl has been
reported to range from ratios as low as <5-10% to as high as 25-30% when analysing a
particular OAl such as VO (24, 224, 225). In a large series of all types of bacteraemic OAls
reported here, the presence of a concomitant diagnosis of IE was 15%, but it clearly
differed between types of OAls. The highest incidence of IE was among OAls with

involvement of the axial skeleton (SA of the axial skeleton in 22% of cases and VO in
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20%). In fact, we observed that most OAls associated with IE had involvement of the

axial skeleton (77%).

Regarding microbiology, S. aureus was the most frequent aetiology of metastatic OAl
associated with IE, but the whole group of “less virulent” microorganisms that included
S. viridans, S. bovis, enterococci and coagulase-negative staphylococci strains caused a
great percentage of these cases. Actually, this group of “less virulent” microorganisms
were between two and eight times more likely to cause VO. Previous studies have
reported the association between VO and IE, especially in the case of streptococcal
aetiology (224, 225). Our results confirmed that this group of less virulent
microorganisms was responsible for this association. In fact, we showed that when these
microorganisms caused a bacteraemic OAI, they almost exclusively produced VO, and
this was mainly caused by the existence of IE that may facilitate continuous bacteraemia.
In fact, we consider that these streptococcal, enterococcal and coagulase-negative
staphylococcal microorganisms, all of which have affinity for causing IE, also have a great

ability for causing VO for reasons that are not well understood.

S. aureus can cause all types of bacteraemic OAls. It is known that this microorganism
has several virulence factors that facilitate either the adherence or the invasion of
several tissues (226, 227). Therefore, S aureus is able to cause IE, like the group of less
virulent microorganisms mentioned, but also caused all types of OAls regardless of the
presence or absence of IE. In fact, bacteraemic OAls caused by S. aureus were
significantly more frequent in the absence of concomitant IE. Overall, the contrast
between OAls caused by S. aureus and less virulent microorganisms illustrates that

particular types of bacteraemic OAls are less likely to be caused by some bacteria.

Interestingly, our results suggest that the main relationship between staphylococcal
OAls and IE was established with the presence of SA of axial skeleton. In our experience,
S. aureus, together with pyogenic streptococci, are responsible for most cases of SA
involving the axial skeleton (23, 225). While S. aureus caused a large number of both
OAls and IE, pyogenic streptococci only rarely produced IE, but in all these cases the OAIl
involved the axial skeleton. There is little previous information about SA of the axial
skeleton, and the few studies available have reported its higher predominance among

intravenous drug users (213, 228, 229). The results of our study (which did not include
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intravenous drug users) suggest that, in the presence of staphylococcal bacteraemia
affecting the axial skeleton (especially in the case of SA of the axial skeleton) the

concomitant presence of |IE should be ruled out.

The association of IE and OAls with involvement of the axial skeleton was observed
regardless of the microorganisms responsible or the sex and age of patients. It seems
that some particular features of bone and joints that change throughout life, the
characteristics of the continuous low-grade bacteraemia of IE, and the differences
observed in the osteoarticular tropism of microorganisms may explain this association.
Overall, we recommend that in the presence of bacteraemic OAls involving the axial

skeleton, IE should be ruled out and a transesophageal echocardiography performed.

1.1.3. The differential characteristics of bacteraemic septic arthritis according to the site

of acquisition

In recent years, the site of acquisition of several infections has changed (17). While the
distinction between nosocomial- and community-acquired infections is well known,
several recent articles have reported the particularities of infections in the healthcare
environment (17, 18, 230). In our first study, we showed a progressive increase in
nosocomial episodes, the emergence of healthcare-related infections, and a decrease in
the number of strictly community-acquired OAI. To our knowledge, no previous studies
have focused on the site of infection in the setting of SA; the results of our third study
show that healthcare-related cases share some features with community-acquired cases

and other with nosocomial-acquired.

The characteristics of patients with nosocomial-acquired and healthcare-related SA
were alike; these patients were older and had more frequently underlying medical
conditions than patients with community-acquired SA. In contrast, the clinical pattern
of SA with regard to the joints involved showed a clear predominance of peripheral
joints (92%) among nosocomial-acquired cases, with a significant association with PJI. In
contrast, the axial skeleton was involved in almost 25% of health care-related and

community-acquired cases.
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Although these differences observed between native SA and PJI had been previously
reported (7, 231), our results highlight other interesting epidemiological points. As
already known, PJI are usually classified into acute and late chronic according to the time
elapsed since prosthesis implantation (1-3 months vs longer) (7). The clinical
presentation of these two kinds of PJI reveal clear differences: while acute PJI may
present with bacteraemia, this is extremely uncommon in late chronic infections. Thus,
the high rates of PJI in nosocomial cases of SA may be related to the predominance of
post-surgical acute infections. Less frequently, haematogenous seeding of
microorganisms to the prosthesis may occur over time, and this may be reflected in the

community and healthcare-related cases of PJI.

The presence of MRSA was clearly associated with nosocomial-acquired and healthcare-
related sites, and was practically non-existent among community-acquired sites (1%).
These results seem to be in agreement with others from elsewhere in Europe which
have reported a lower frequency of community-acquired MRSA infections than in the
USA (232-234). The association between nosocomial acquisition and PJI cases may

partially explain the higher presence of MRSA infections at this site.

Moreover, our results showed that almost all streptococcal infections were acquired in
the community and the healthcare environment, and were extremely rare among
nosocomial-acquired cases. The great variety of Streptococcus species makes it hard to
draw firm conclusions, but the viridans group and the pyogenic species seem to be more
related to community-acquired infections. In this regard, our results for streptococcal
SA underline the similarities between the healthcare-related and community-acquired
populations. Finally, GNB was a more common aetiology of SA in the hospital
environment, and was also frequent in the healthcare-related setting. P. aeruginosa was
observed only at these sites, and Enterobacteriaceae strains were significantly more

frequent as causes of PII.

Overall, identification of health care-related SA appears to be important in clinical
practice. The particular features of its aetiology, as well as the greater fragility of
patients (who tend to be older and present more comorbid conditions), make an early

distinction between healthcare-related and community-acquired SA mandatory in order
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to plan the emergency indications of empirical antibiotic therapy and surgical

procedures.

Our studies are inherently limited by its observational design, but in any case, they offer
a global perspective of a great number of OAls over a long period of time. It should be
noted that our studies refer only to the incidence of bacteraemic OAl and we do not
know the overall incidence of OAl, including bacteraemic and non-bacteraemic cases;
therefore, in the present report, the incidence of overall OAls has been underestimated.
Indeed, the increased incidence of bacteraemic OAl in our studies could be due to either
a greater number of patients with OAl or to a higher prevalence of bacteraemia among

patients with OAI.

1.2. The significant mortality of bacteraemic osteoarticular infections and the role of

surgical debridement for the management of bacteraemic peripheral septic arthritis

Mortality is classically an unrecognized outcome among studies evaluating the prognosis
of OAls. It is usually part of composite endpoints which include other outcomes, such as
multiple surgeries, relapse or superinfection. In this line, the role of bacteraemia is
relevant in most OAls and has been recognized as a risk factor for failure in some studies
(24, 95, 235). Thus, there was interest in evaluating the mortality figures and associated

risk factors of bacteraemic OAls.

Our findings regarding mortality of bacteremic OAls were: first, mortality in patients
with bactearemic OAls was greater if the patient was elderly or had peripheral SA;
second, early mortality (<7 days) accounted for more than 40% of all deaths; third,
underlying conditions like rheumatoid arthritis and liver cirrhosis were important risk
factors for mortality; fourth, S. aureus was associated with high mortality; and fifth,
surgical debridement was associated with decreased mortality in patients with

peripheral SA.

Patients with rheumatoid arthritis and liver cirrhosis, in comparison with the general
population, are considered to have an increased risk of mortality and greater
susceptibility to infection, including bacteraemia, SA and osteomyelitis (236, 237). Our

data reinforce this concept, showing that rheumatoid arthritis was a major risk factor
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for increased mortality. Most patients with rheumatoid arthritis also presented with
peripheral SA, this being the most frequent OAl among those who died. In current
clinical practice, the increasing use and availability of biological therapies and steroids
for patients with rheumatoid arthritis may be associated with this increased likelihood

of severe infections (238, 239).

OAls are one of the most frequent and serious complication of S. aureus bacteraemia
(13, 240). We found that S. aureus was a predictor of 30-day mortality in the whole
cohort. Indeed, S. aureus bacteraemia is associated with significant mortality rates (241)

which are usually higher with methicillin-resistant S. aureus bacteraemia (242, 243).

Mortality was highest in cases of peripheral SA, among all types of OAls (18.6%), with
the lower mortality observed in patients with axial SA. In accordance with previous
reports (213, 228, 229), the latter pattern of SA has been highlighted in young people
and intravenous drug users, but is also present in other populations. According to our
data, we confirmed that mortality was clearly different when associated with SA of the
peripheral joints or of the axial skeleton, supporting the argument that they should be
considered two separate entities of SA. Importantly, healthcare-related SA presented a
higher risk for mortality than community-acquired cases but a lower risk than
nosocomial-acquired cases. In this line, mortality associated with PJIs was significant,

which has been suggested by previous reports (7, 30).

Previous reports that included bactearemic and non-bacteraemic cases of SA had shown
mortality rates around 10% (244, 245), possibly representing a midpoint between our
rates for peripheral and axial SA. The higher mortality of peripheral SA may partly be
explained by the inclusion only of bacteraemic cases and partly by the patients’
characteristics. However, the features of peripheral SA itself may play a major role,
especially regarding the accumulation of purulent collections in enclosed spaces, the
high inoculum associated with the infection, or the enhanced inflammatory response.
Thus, bacteraemic peripheral SA should be considered an emergency, and physicians

should manage it accordingly.

We recommend that surgical debridement be considered for any patient presenting
with peripheral SA, especially if large joints are affected. This approach has also been

recommended for native SA (21) and PJI (7). We showed that surgical debridement
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reduced the risk of mortality, especially early mortality. In this context, we believe that
surgery should ensure the removal of the purulent content in the joint, and that this
may improve the effectiveness of antibiotics and reduce the inflammatory response. In
turn, these factors affect the mortality observed in these patients. In those who may not
be fit enough for surgery or transfer to the operation theatre, physicians may consider
joint drainage by arthrocentesis, even repeated if needed, and defer the debridement

until the patient has been stabilized.

Although we evaluated the role of surgical debridement in those with bacteraemic SA
using a multivariate regression model and a propensity-score matching analysis, it is still
possible that other variables may have affected our results and selection bias may still

have occurred.

2. Antimicrobial treatment against infections by Pseudomonas aeruginosa

Clinical studies

2.1. Continuous beta-lactam infusion is a valid therapeutic alternative for

osteoarticular infections by fluoroquinolone-resistant P. aeruginosa

Treatment with fluoroquinolones is considered the first-line antimicrobial therapy for
OAls caused by P. aeruginosa (7, 31). Some fluoroquinolone-resistant P. aeruginosa
strains are MDR/XDR, which limits the probability of success even further and thus
demands new therapeutic strategies. When we evaluated the role of BL-Cl against OAIl
by fluoroquinolone-resistant P. aeruginosa, we found that an optimized treatment
strategy of TDM-supported BL-Cl, often used in combination with colistin, led to similar
patient outcomes to those attained when OAls caused by fluoroquinolone-susceptible

P. aeruginosa were managed with ciprofloxacin.

Cl has been suggested as a method that could optimize the pharmacodynamics of BL by
ensuring fCss for T>MIC = 100%. Extending the T>MIC may be appropriate in challenging
scenarios (such as for critically ill patients or biofilm-related infections), as it has been

linked to better outcomes (174-176). BL-Cl may also recover the activities of BL against

164



MDR/XDR strains (which usually exhibit high BL MICs otherwise), and may optimize
PK/PD indices (T>MIC = 100%) (186).

Colistin has shown remarkable anti-biofilm activity against P. aeruginosa in previous
experimental models and a few clinical studies, mainly when used in combination with
BL against MDR/XDR P. aeruginosa (156, 159, 160). However, when treating OAls caused
by fluoroquinolone-resistant P. aeruginosa, we avoided using colistin in older fragile
patients, especially if they were managed by removing the implant or performing
extensive bone resection, in order to prevent potential toxicity. Even in this situation,
most patients were cured, further supporting the efficacy of BL-Cl and suggesting that it
is an effective therapeutic option for improving the outcomes of patients with OAls

caused by P. aeruginosa when fluoroquinolones cannot be used.

Previous studies in this area have shown that significantly poorer outcomes result when
OAls caused by GNB (including P. aeruginosa) are treated with regimens that do not
include a quinolone—usually BL administered via intermittent infusion or orally (130,
132). Interestingly, Grossi et al. emphasized the importance of optimizing the
intravenous administration of BL to improve the outcomes of orthopaedic device-
related infections caused by fluoroquinolone-resistant GNB (246). Although we also
included other OAls aside from PJI, the results we obtained with BL-CI (with or without

colistin) support the role of this therapeutic strategy in such a setting.

When optimizing BL pharmacodynamics through the use of Cl (T>MIC = 100%), as we
did, the importance of achieving BL concentrations exceeding four times the MIC in
cases of biofilm-related infection is unclear. In contrast to previous assumptions inferred
from studies involving planktonic bacteria (173), results from a limited number of
studies using high bacterial inoculums or biofilm experimental models have suggested
that BL may exhibit concentration dependent activity against P. aeruginosa (169, 247-

249).

TDM was found to be useful for guiding an optimized BL-Cl therapy for difficult-to-treat
infections. We employed an easy-to-use method to calculate the appropriate initial BL-
Cl dosing regimen for each clinical case, based on the MIC and antibiotic clearance. This
method, despite being a practical approximation for bedside use, shows poor

correlation between observed and predicted BL concentrations in patients with CKD or
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weight > 75 kg, and for BL that are not exclusively cleared renally (182). In our
experience, most patients had a fCss of 3—-10xMIC. Patients with a fCss exceeding
10xMIC generally had CKD/AKI, whereas patients with a fCss of less than 3xMIC had OAls
by P. aeruginosa with high MIC. This suggests that TDM may be especially relevant in
cases where the BL fCss may be less predictable or highly variable (CKD/AKI) and in cases
where it may be difficult to achieve a relevant fCss, such as cases with a high MIC (250).
Although our approach is feasible and practical for clinical use, truly individualized
treatments may require population pharmacokinetics models for an OAl setting, as they
should provide more reliable dose adjustments. As reported before, the UHPLC-MS/MS
was an appropriate procedure to be used in routine clinical practice for TDM of

antibiotics.

The target BL fCss was generally obtained with lower doses compared to standard
intermittent infusion, without affecting the outcome. It is unclear whether BL
concentrations in plasma correlate with BL concentrations at the infection site (118),
but Cl probably maintains free (and active) local concentrations of BL, which may partly
explain the good clinical courses observed in this study. However, despite their
limitations, most pharmacokinetics studies that have evaluated BL bone concentrations
have found bone-to-serum BL concentration ratios of less than one (117). Therefore, the
local BL concentrations in our study may have been significantly lower than those

obtained in plasma samples.

Due to variability in protein binding and the potential effect of hypoalbuminemia (251,
252), the real free BL concentrations may have differed from those estimated here,
especially for highly protein-bound BL (i.e., aztreonam). Despite all these considerations,
we believe that our results support the use of BL-CI for the management of Ols caused

by fluoroquinolone-resistant P. aeruginosa.
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Experimental studies

2.2. Colistin in combination with ceftolozane/tazobactam as a therapeutic alternative

for biofilm-related infections by multidrug-resistant P. aeruginosa

The best treatment for osteoarticular and orthopaedic device-related infections caused
by MDR P. aeruginosa is currently unknown. We have already mentioned the problem
of biofilm tolerance to antibiotics, such as BLs, which act against processes occurring in
growing bacteria (208, 209). In this setting, the occurrence of MDR/XDR P. aeruginosa
isolates dramatically limits the therapeutic alternatives since these usually have a

decreased susceptibility to BLs and are often only susceptible to colistin.

The appearance of ceftolozane/tazobactam in recent years has represented a clear
alternative for the management of such difficult-to-treat infections. However, there is
scarce experience in treating OAls by MDR P. aeruginosa and published clinical cases
have found contradictory results (168, 253, 254). In our model, ceftolozane/tazobactam
in monotherapy showed low anti-biofilm efficacy against susceptible strains and it was
ineffective against a ceftolozane/tazobactam-resistant strain (MDR-HUB3). Emergence
of ceftolozane/tazobactam-resistant strains was non-existent throughout treatment, in
line with the low frequency of spontaneous resistant mutants previously reported (255).
Overall, given the contradictory results between our results and other publications,
clinicians  should be cautious when considering monotherapy  with

ceftolozane/tazobactam for OAls by MDR/XDR P. aeruginosa.

When evaluating the comparative efficacy of other BLs, it was interesting to observe
that meropenem alone achieved bactericidal activity against the two meropenem-
susceptible strains, this suggesting a differential anti-biofilm activity by an unknown
mechanism in comparison with other BLs, such as cephalosporins. In this line,
Haagensen et al. used a dynamic biofilm model with flow cell technology and CLSM and
showed that meropenem initially targeted P. aeruginosa subpopulations present at the
periphery of the biofilm structure but repeated doses resulted in the progressive killing
of cells in deeper layers (256, 257). Our results also confirmed the potential anti-biofilm
effect of colistin, with greater activity in anaerobic conditions and may act as a biofilm
destabilizer. CLSM pictures from our experiments showed how colistin has higher

affinity for the killing of bacteria within inner layers of the biofilm population.
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Our results highlight the greater activity of combining colistin with BLs in comparison
with monotherapies, which has also been previously reported against planktonic
bacteria (151, 258, 259). Our data also suggest that the anti-biofilm benefits of this
combination extend to other subfamilies of BLs, apart from carbapenems, but the
efficacy of each BL plus colistin combination may differ significantly according to its prior
activity and the strains’ variability. In this line, ceftolozane/tazobactam plus colistin
would be the most appropriate combination for biofilm infections by XDR P. aeruginosa,
whereas meropenem plus colistin would have greater activity for carbapenem-
susceptible strains. Interestingly, meropenem plus colistin had also a significant activity
against carbapenem-resistant strains, which our group had also previously reported in

experiments using strains with different mechanisms of resistance (159).

The synergy observed with the BL and colistin combination has been previously
associated with mechanistic and subpopulation synergy effects (258), which may also
be applied to biofilm-related infections by targeting different subpopulations. Whereas
colistin may target subpopulations with low metabolic activity within inner layers of the
biofilm (156-158), BLs may act upon more metabolically active subpopulations, present
at the periphery of the biofilm structure (256, 257). In the particular setting of biofilm-
related ostearticular and orthopaedic device-related infections, clinical data have also
emphasized the benefits of using colistin in combination, especially against P.

aeruginosa isolates (160).

The benefits of combining BLs with colistin in the management of biofilm-associated
infections by MDR/XDR P. aeruginosa also extend to preventing the amplification of
colistin-resistant subpopulations among heteroresistant strains. This clearly depended
on the strain’s susceptibility to BLs; the more likely the protection if the strain is
susceptible. However, our analysis of colistin PAPs with XDR-HUB2 strain at the end of
treatment showed a similar proportion of heteroresistant population with the combined
treatments compared to PAPs at baseline, thus suggesting a stochastic expression of
resistance rather than the emergence of real mutants. In contrast, this proportion of

heteroresistant strains did change at the end of treatment with colistin alone.

Limitations of our results are based on the use of an in vitro dynamic model, since biofilm

structures may be different in vivo and host-pathogen interactions are not taken into
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account. Antibiotic concentrations near the biofilms may differ depending on the biofilm
location in vivo. Finally, the use of a small number of P. aeruginosa strains is also a
limitation and certainly, the use of more strains may provide a deeper understanding of

the anti-biofilm activity of the treatments.

2.3. The concentration-dependent effect of continuous beta-lactam infusion against

biofilm-related infections by P. aeruginosa

In an era of rapidly increasing antibiotic resistance, it is crucial to optimize treatment
strategies to achieve the best possible outcomes in these difficult-to-treat scenarios
(135). BLs are still one of the most frequently used antibiotics for the treatment of
foreign-body associated infections by P. aeruginosa, although their anti-biofilm activity
has been questioned (133). As traditional PK/PD principles are mainly based on the
killing against planktonic bacterial cells, understanding the PK/PD parameters
associated with the anti-biofilm efficacy is key in optimising the treatment for biofilm-

related infections.

Using a biofilm PK/PD model with infection by P. aeruginosa, we examined several
dosage regimens of Cl ceftazidime, which optimized the time-dependent activity of
beta-lactams by achieving T>MIC~100% (173), while also allowed the evaluation of their
potential concentration-dependent killing. Our findings may be of particular interest to
clinicians, as we investigated clinically achievable concentrations of both ceftazidime

and colistin.

Ceftazidime monotherapy at several concentrations in Cl was associated with a notable
efficacy after 54h of treatment (killing >2 logiocfu/ml). Our results suggest the
importance of administering high concentrations of ceftazidime for longer periods of
time in order to improve its anti-biofilm activity against P. aeruginosa. In our study, the
%T>MIC during Cl ceftazidime was optimized to maximum in all experiments
(%T>MIC=100%) and we observed that higher concentrations of ceftazidime were
associated with greater anti-biofilm activity against PAO1. This was not so evident

against HUBS, with similar efficacy between ceftazidime regimens.

To our knowledge, no previous in vitro studies have evaluated the strategy of Cl

ceftazidime against P. aeruginosa biofilms or have compared its efficacy with that of
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intermittent infusion. Our findings are consistent with previous studies by Hengzhuang
et al. which employed in vitro and in vivo PK/PD models of biofilm infection by P.
aeruginosa to show that the time-dependent killing of beta-lactams on planktonic
bacteria was complemented with a dose-dependent killing against biofilms (247, 248,
260). Initially, they showed that imipenem exhibited time-dependent activity against
biofilm by P. aeruginosa PAO1 and its isogenic mucoid variant strain, but higher
concentrations for longer treatment periods were needed against biofilms, in
comparison with those required for planktonic cells (247). To further validate their initial
results, the authors used a neutropenic mouse model of biofilm lung infection by PAO1
P. aeruginosa strain and evaluated the effect of different PK/PD indices of imipenem
and colistin monotherapies (248). The authors showed a concentration-dependent
killing of colistin against biofilms and confirmed the time-dependent killing of imipenem;
however, they noted that the AUC/MIC index of imipenem correlated well with anti-
biofilm efficacy. Finally, they investigated the PK/PD of ceftazidime and imipenem in
three different in vitro models of biofilm infection by PAO1 P. aeruginosa and its beta-
lactamase overproducing mutant (260). In accordance with their previous works, similar
results regarding PK/PD for imipenem were observed; however, a concentration-
dependent killing of ceftazidime was observed against the beta-lactamase
overproducing mutant, which the authors associated to beta-lactamases potential
accumulation within biofilms. Overall, it was proposed that the importance of biofilm-
related PK/PD parameters, such as the time exceeding the MBIC (%T>MBIC), AUC/MBIC
or Cmax/MBIC complementing %T>MIC, can be optimized by the administration of Cl

beta-lactams for the treatment of biofilm-related infections by P. aeruginosa.

According to our results, the efficacy of ceftazidime monotherapies at 54h might have
been interfered by the emergence of resistant subpopulations, which were indeed
observed in a higher proportion in PAO1 compared to HUB8 and using lower ceftazidime
concentrations in both strains. Ceftazidime resistance is extensively related to (-
lactamase overproduction (261, 262). Tam et al. examined the ability of BL dosages to
suppress resistance emergence by using a hollow-fibre PK/PD model of infection by
wild-type and clinical drug-resistant isolates of Klebsiella pneumoniae and P. aeruginosa
(harbouring extended spectrum beta-lactamase and AmpC-overexpression,

respectively) (263). They evaluated standard clinical doses of ceftazidime, cefepime and
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meropenem administered every 8 h, and showed that beta-lactam resistance was
prevented by ensuring Cmin/MIC23.8. Although we only examined two P. aeruginosa
strains, we observed minimal resistance with higher ratios of ceftazidime concentration
(in Cl) to MBIC, which were achieved only against HUBS8 strain using 10, 20 and 40mg/L
ceftazidime. Although more studies are needed, these results may have clear
implications for ceftazidime dosing in clinical practice, supporting the use of high doses

in Cl.

In line with the PK/PD activity of ceftazidime monotherapy, we also noted that the
greatest bactericidal efficacy against both strains was achieved with the higher
concentrations of ceftazidime in Cl plus colistin. Confocal microscopy imaging results
also support the synergy of the combination of beta-lactams and colistin against P.
aeruginosa biofilms. Ceftazidime plus colistin combinations were associated with a
greater red fluorescence (damaged cells) across all biofilm layers, in contrast to
monotherapies, in which a mix of live and damaged bacteria were generally found.
Again, the importance of colistin and BL combinations for minimizing the emergence of
resistance to colistin is highlighted, which may impact on the efficacy of the
combination. In contrast, colistin monotherapy modified the initial heteroresistance
profile of both strains, with higher proportion of colonies able to grow at concentrations
of >2 mg/L at 54 h compared to baseline, a finding that was prevented with both
combinations of ceftazidime plus colistin. Previous PK/PD in vitro studies, including P.
aeruginosa biofilms or infections with planktonic bacteria, have also shown the benefits
of combination therapy for preventing the emergence of colistin-resistant strains (151,
152, 159).

We hypothesize that higher ceftazidime concentrations may result in greater
ceftazidime diffusion through the heterogeneous structure of biofilms, where bacterial
subpopulations of different metabolic status and antibiotic tolerance may be present
(52). The addition of colistin would make the combination more effective by disrupting
the biofilm and facilitating the access of beta-lactams to subpopulations within biofilm

layers (156, 158).
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CONCLUSIONS






A. Impact and prognosis of bacteraemic osteoarticular infections

Aim 1 - To describe epidemiological and microbiological trends of bacteraemic

osteoarticular infections across time.

1.1. Bacteraemic osteoarticular infections have increased across time, in the
setting of an ageing population with more chronic diseases. This increase
is parallel to a higher incidence of bacteraemia, but also associated with
a greater osteoarticular involvement.

1.2. Vertebral osteomyelitis and device-associated infections have presented
a major relative increase, as well as nosocomial and healthcare-acquired
cases.

1.3. Staphylococcus aureus remains the most frequent causative
microorganism, but we have observed the emergence of infections by
methicillin-resistant isolates and the increase of streptococcal and

enterococcal episodes.

Aim 2 - To analyse the characteristics of bacteraemic osteoarticular infections

associated with the presence of infective endocarditis.

2.1. Bacteraemic osteoarticular infections affecting the axial skeleton
(vertebral osteomyelitis and septic arthritis) seem to be associated with

concomitant infective endocarditis.

2.2. Infections by Staphylococcus aureus may be associated with septic
arthritis of the axial skeleton, whereas those by the group of less virulent
microorganisms (Streptococcus viridans, Streptococcus bovis, enterococci

and coagulase-negative staphylococci) with vertebral osteomyelitis.

2.3. The performance of a transoesophageal echocardiography should be

accurately considered in these patients.

Aim 3 — To compare the characteristics of bacteraemic septic arthritis, according

to the site of acquisition.
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3.1. Healthcare-related cases of bacteraemic septic arthritis present with
similar clinical characteristics as community-acquired cases, whereas

their aetiology overlap with nosocomial-acquired cases.

3.2. The site of acquisition should be considered when planning diagnostic

and therapeutic approaches in patients with bacteraemic septic arthritis.

Aim 4 — To analyse the mortality and associated risk factors in patients with

bacteraemic osteoarticular infections.

4.1. Mortality rates associated with bacteraemic osteoarticular infections are
significant, especially in the elderly, nosocomial and healthcare-related
cases, those with rheumatoid arthritis or liver cirrhosis, and cases caused

by Staphylococcus aureus.

4.2. Peripheral septic arthritis is associated with higher mortality compared to

other types of bacteraemic osteoarticular infections.

4.3. Surgical debridement in peripheral septic arthritis is associated with
lower mortality, which should encourage clinicians to definitely

incorporate this procedure in its early global management.

B. Antimicrobial treatment of osteoarticular infections by Pseudomonas

aeruginosa

Aim 5 — To analyse the efficacy and therapeutic drug monitoring of continuous
beta-lactam infusion for osteoarticular infections by fluoroquinolone-resistant

Pseudomonas aeruginosa.

5.1. The use of continuous beta-lactam infusion, properly guided by
therapeutic drug monitoring, is a safe and a feasible therapeutic option,

ensuring desirable target concentrations and avoiding toxicity.

5.2. The optimized use of continuous beta-lactam infusion, with or without

colistin, may be a promising therapeutic strategy for the management of
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osteoarticular infections by fluoroquinolone-resistant Pseudomonas

aeruginosa.

Aim 6 — To evaluate the activity of ceftolozane-tazobactam, with and without
colistin, against a biofilm infection by multidrug-resistant Pseudomonas

aeruginosa in a dynamic in vitro model.

6.1. Ceftolozane-tazobactam in monotherapy shows low efficacy against a
biofilm infection by multidrug-resistant Pseudomonas aeruginosa in a
dynamic in vitro model, but its combination with colistin seems to be a good
alternative for the treatment of ceftolozane-tazobactam susceptible,

meropenem-resistant strains.

6.2. Meropenem, with or without colistin, shows higher efficacy than
ceftolozane-tazobactam in this model against strains susceptible to both

antibiotics.

6.3. The use of beta-lactams combined with colistin may have high efficacy
and prevent the emergence of resistance against foreign-body infections by

MDR/XDR Pseudomonas aeruginosa.

Aim 7 — To evaluate the pharmacokinetics and pharmacodynamics of ceftazidime
in continuous infusion, with or without colistin, against a biofilm infection by

Pseudomonas aeruginosa in a dynamic in vitro model.

7.1 Higher concentrations of ceftazidime in combination with colistin provide
higher anti-biofilm activity and may be considered to protect the emergence
of resistance in foreign-body infections caused by susceptible Pseudomonas
aeruginosa.

7.2 Beta-lactams may have a concentration-dependent activity against
biofilms by susceptible Pseudomonas aeruginosa. This phenomenon may
have relevance and should be taken into account in clinical practice, by the

use of high beta-lactam doses in extended infusions.
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Annex | — Written informed consent for the study on continuous beta-

lactam infusion

HOJA DE INFORMACION AL PACIENTE
TITULO DEL ESTUDIO: Uso optimizado de antibiéticos beta-lactdmicos: administracion
en infusidon continua y monitorizacion farmacocinética / farmacodinamica (Proyecto
BELIC).
PROMOTOR: Oscar Murillo Rubio. Servicio de Enfermedades Infecciosas.
CENTRO: Hospital Universitari de Bellvitge. C/ Feixa Llarga, s/n; 08907 Hospitalet de
Llobregat (Barcelona).
TELEFONO DE CONTACTO: 932607625.

INTRODUCCION

Nos dirigimos a usted para informarle sobre un estudio de investigacion en el que se le invita a
participar. El estudio ha sido aprobado por el Comité Etico de Investigacidn Clinica correspondiente
y la Agencia Espaiiola del Medicamento y Productos Sanitarios, de acuerdo a la legislacién vigente,
el Real Decreto 223/2004, de 6 de febrero, por el que se regulan los ensayos clinicos con
medicamentos. Nuestra intencidn es tan solo que usted reciba la informacién correcta y suficiente
para que pueda evaluar y juzgar si quiere o no participar en este estudio. Para ello lea esta hoja
informativa con atencién y nosotros le aclararemos las dudas que le puedan surgir después de la
explicacion. Ademads, puede consultar con las personas que considere oportuno.

PARTICIPACION VOLUNTARIA

Debe saber que su participacidén en este estudio es voluntaria y que puede decidir no participar o
cambiar su decision y retirar el consentimiento en cualquier momento, sin que por ello se altere la
relacion con su médico ni se produzca perjuicio alguno en su tratamiento.

DESCRIPCION GENERAL DEL ESTUDIO

Las infecciones osteoarticulares son aquellas que afectan a los huesos y a las articulaciones e incluyen
también las que asientan sobre prétesis articulares o material de osteosintesis utilizado para fijar
fracturas. El tratamiento antibidtico de las infecciones osteoarticulares se realiza habitualmente
durante varias semanas. Un grupo de antimicrobianos frecuentemente utilizados en estas
infecciones son los antibidticos beta-lactamicos (que incluyen a la penicilina y derivados). Estos son
administrados por via endovenosa varias veces al dia de forma mas frecuente, aunque también
pueden administrarse en perfusion continua (a lo largo de 24 horas). Esta administracién presenta
un conjunto de ventajas tedricas en cuanto a sus propiedades farmacoldgicas, efectividad frente a
microorganismos y proteccion frente al desarrollo de resistencias a los antibidticos.

La Unidad de Traumatologia-Sépticos, en la que usted se encuentra ingresado/a, ha implantado en
los ultimos afnos en su practica clinica habitual la administracidn de los antibidticos beta-lactamicos
en perfusidon continua. Esto significa que durante el tiempo de hospitalizacion, los pacientes con
infecciones osteoarticulares que requieren tratamiento con antibidticos beta-lactdmicos por via
endovenosa, éstos son administrados en perfusidon continua. De forma paralela, el Servicio de
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Bioquimica ha puesto en marcha la técnica necesaria para la determinacién de la concentraciéon de
estos antibidticos, ya que esta es una condicidn indispensable para su monitorizacion y optimizacion
de la posologia. La determinacion de la concentracidn de estos antibidticos se hace habitualmente
una vez por semana junto a una analitica rutinaria de control de diversos parametros bioquimicos,
aunque en ultima instancia puede variar esta frecuencia, segun el juicio clinico del equipo médico,
en funcidn de las condiciones concretas del paciente.

Con el presente estudio, se pretende describir la experiencia clinica del tratamiento de infecciones
osteoarticulares con antibidticos beta-lactamicos en perfusidon continua o extendida. Para ello, le
pedimos su consentimiento para recoger de forma totalmente andnima datos de su historia clinica.
También le pedimos su consentimiento para poder almacenar de forma andénima las muestras de
sangre que se recojan de forma rutinaria durante el tratamiento para determinar la concentracion
de los antibidticos. Estas muestras se almacenardn en una coleccién creada para este motivo, que se
encuentra en el Servicio de Bioquimica del Hospital Universitari de Bellvitge y esta registrada en el
Instituto de Salud Carlos IlI.

Las muestras de sangre toda la informacidén que nos proporcione seran almacenadas con un cédigo
de identificacién por lo que su identidad en el estudio se mantendra de manera confidencial. Dichas
muestras podran ser utilizadas en un futuro con fines de investigacion. De igual modo, guardaremos
toda la informacidn del estudio bajo llave en nuestras oficinas y solamente el personal del estudio
tendra acceso a esta informacién. Su identidad en el estudio serd confidencial.

Su participacion en el estudio no va a conllevar ningun tipo de asistencia clinica extraordinaria, esto
es, ningun elemento adicional a la practica clinica habitual tanto en el nimero de visitas
(hospitalizacién y ambulatoria), como en el nimero y tipo de pruebas complementarias realizadas.

BENEFICIOS Y RIESGOS DERIVADOS DE SU PARTICIPACION EN EL ESTUDIO

Es posible que su participacion en el estudio no implique beneficios directos sobre su salud. Sin
embargo, la informacién derivada del estudio puede suponer beneficios en el tratamiento de los
pacientes con infecciones osteoarticulares. De acuerdo a la experiencia previa con el uso de los
antibidticos beta-lactdmicos en infusidn continua, la participacidon en el estudio no debe suponer
riesgos afiadidos a los ya existentes por la practica clinica habitual.

Su participacién en el estudio no le supondra ningun gasto. Usted no tendra que pagar por los
medicamentos del estudio.

CONFIDENCIALIDAD

El tratamiento, la comunicacién y la cesidn de los datos de caracter personal de todos los sujetos
participantes se ajustard a lo dispuesto en la Ley Organica 15/1999, de 13 de diciembre de proteccion
de datos de caracter personal. De acuerdo a lo que establece la legislacién mencionada, usted puede
ejercer los derechos de acceso, modificacién, oposicion y cancelacién de datos, para lo cual deberd
dirigirse a su médico del estudio. Los datos recogidos para el estudio estardn identificados mediante
un cédigo y solo su médico del estudio/colaboradores podran relacionar dichos datos con usted y
con su historia clinica. Por lo tanto, su identidad no sera revelada a persona alguna.

Sélo se transmitiran a terceros y a otros paises los datos recogidos para el estudio que en ningln
caso contendrdn informacion que le pueda identificar directamente, como nombre y apellidos,
iniciales, direccion, n? de la seguridad social, etc. En el caso de que se produzca esta cesion, sera para
los mismos fines del estudio descrito y garantizando la confidencialidad como minimo con el nivel de
proteccidn de la legislacidn vigente en nuestro pais. El acceso a su informacién personal quedara
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restringido al médico del estudio/colaboradores, autoridades sanitarias (Agencia Espafiola del
Medicamento y Productos Sanitarios), al Comité Etico de Investigacién Clinica y personal autorizado
por el promotor, cuando lo precisen para comprobar los datos y procedimientos del estudio, pero
siempre manteniendo la confidencialidad de los mismos de acuerdo a la legislacién vigente.

OTRA INFORMACION RELEVANTE

Cualquier nueva informacion referente a los farmacos utilizados en el estudio y que pueda afectar a
su disposicién para participar en el estudio, que se descubra durante su participacion, le serd
comunicada por su médico lo antes posible.

Si usted decide retirar el consentimiento para participar en este estudio, ningln dato nuevo sera
afadido a la base de datos y, puede exigir la destruccidon de todas las muestras identificables
previamente retenidas para evitar la realizacion de nuevos analisis.

También debe saber que puede ser excluido del estudio si el promotor los investigadores del estudio
lo consideran oportuno, ya sea por motivos de seguridad, por cualquier acontecimiento adverso que
se produzca por la medicacién en estudio o porque consideren que no esta cumpliendo con los
procedimientos establecidos. En cualquiera de los casos, usted recibird una explicacion adecuada del
motivo que ha ocasionado su retirada del estudio.

Al firmar la hoja de consentimiento adjunta, se compromete a cumplir con los procedimientos del
estudio que se le han expuesto. Cuando acabe su participacidn recibird el mejor tratamiento
disponible y que su médico considere el mas adecuado para su enfermedad.
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CONSENTIMIENTO INFORMADO

Datos del estudio para el que se otorga el consentimiento:
Titulo del proyecto: Uso optimizado de antibiéticos beta-lactdmicos: administracion en infusidn continua y
monitorizacidn farmacocinética / farmacodinadmica (Proyecto BELIC).

Yo (nombre y apellidos)
He leido la hoja de informacidn que se me ha entregado.
He podido hacer preguntas sobre el estudio.
He recibido suficiente informacidn sobre el estudio.
He hablado con:

(nombre del investigador)

Comprendo que mi participacidn es voluntaria.
Comprendo que puedo retirarme del estudio:
12 Cuando quiera
22 Sin tener que dar explicaciones.
32 Sin que esto repercuta en mis cuidados médicos.

- Presto libremente mi conformidad para participar en el estudio y doy mi consentimiento para el acceso y utilizacién
de mis datos en las condiciones detalladas en la hoja de informacion.

Si O NO O
- Accedo a que las muestras de sangre obtenidas para el estudio puedan ser utilizadas en el futuro para
nuevos andlisis relacionados con la enfermedad o farmacos del estudio no previstos en el protocolo actual

(quedando excluidos los analisis genéticos):

Si O NO O

Fecha:
Firma del participante/paciente:

Fecha:
Firma del Investigador que proporciona la informacidn y la hoja de consentimiento:

Version 1. 31 de agosto de 2016.



CONSENTIMIENTO INFORMADO

Datos del estudio para el que se otorga el consentimiento:
Titulo del proyecto: Uso optimizado de antibiéticos beta-lactdmicos: administracion en infusidn continua y
monitorizacidn farmacocinética / farmacodinamica (Proyecto BELIC).

Yo (nombre ¥y ApellidOS) st st et en calidad de
.................................. (relacién con el participante) de .......ccccceceeveeeevevecececieeiseseeeseennn. (NOMbre y apellidos del
participante)

He leido la hoja de informacion que se me ha entregado.

He podido hacer preguntas sobre el estudio.

He recibido suficiente informacion sobre el estudio.

He hablado con:

(nombre del investigador)

Comprendo que la participacién del paciente es voluntaria.
Comprendo que puede retirarse del estudio:

12 Cuando quiera

22 Sin tener que dar explicaciones.

32 Sin que esto repercuta en mis cuidados médicos.

- En mi presencia se ha dado a........ccccceveverecerceennne. (nombre del participante) toda la informacién pertinente
adaptada a su nivel de entendimiento y esta de acuerdo en participar. Presto mi conformidad para que
................................. (nombre del participante) participe en este estudio y doy mi consentimiento para el acceso y
utilizacion de los datos en las condiciones detalladas en la hoja de informacién.

Si O NO O
- Accedo a que las muestras de sangre obtenidas para el estudio puedan ser utilizadas en el futuro para

nuevos analisis relacionados con la enfermedad o fdrmacos del estudio no previstos en el protocolo actual

(quedando excluidos los analisis genéticos):

Si O NO O

Fecha:
Nombre:
Firma del representante:

Fecha:
Nombre:
Firma del Investigador que proporciona la informacién y la hoja de consentimiento:

Version 1. 31 de agosto de 2016.
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ORIGINAL ARTICLE EPIDEMIOLOGY

The changing epidemiology of bacteraemic osteoarticular infections in the
early 21st century

O. Murillo', I. Grau', J. Lora-Tamayo', ). Gomez-Junyent', A. Ribera', F. Tubau?, J. Ariza' and R. Pallares'

1) Infectious Disease Service and 2) Microbiology Department, Hospital Universitari de Bellvitge, Barcelona, Spain

Abstract

Osteoarticular infections (OAI), which are often associated with bacteraemia, seem to be increasing. We studied all patients with bacteraemia
and concomitant OAI: septic arthritis (SA), vertebral osteomyelitis (VOM) or peripheral osteomyelitis (POM), which were seen at our
institution (1985—201I). Data were extracted from a prospective protocol of bacteraemia cases recorded. Trends in main findings were
considered in five periods. Major antibiotic resistance patterns were studied. A total of 601 cases of bacteraemic OAI, accounting for
1.8% of total bactaeremias, were studied: SA (48%), VOM (40%) and POM (17%). When comparing the 1985-91 and 2007—11 periods,
the incidence of bacteraemic OAIl increased from 2.34 to 5.78 episodes/100 000 inhabitants per year (p <0.001); and nosocomial and
healthcare-related cases increased from 18% to 30% (p <0.001) and from 10% to 25% (p <0.001), respectively. Also, there was an
increase of age (median, from 49 to 65 years, p <0.001), patients with comorbidities (23% to 59%, p <0.001), and device-related OAI
(7% to 28%, p <0.001). Patterns of OAIl were changing over time. Compared with younger patients, older adults (> 65 years) had more
VOM, prosthetic-joint infections and enterococcal OAI. The percentage of OAIl caused by methicillin-susceptible Staphylococcus aureus
decreased, while those caused by methicillin-resistant S. aureus, streptococci, enterococci, and Gram-negative bacilli increased. There was
a link between certain microorganisms with specific OAIl and age of patients. Over the past three decades, bacteraemic OAIl increased in
association with aging and use of orthopaedic devices. Nosocomial and healthcare-related OAI increased, with a rise in multidrug-
resistant bacteria. These trends should be considered when planning diagnostic and therapeutic guidelines for OAI.
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bacteraemia may occur as a complication of the OAI itself or
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secondary to a distant infection [ —4].

Little is known about changes in epidemiological and clinical
findings of OAIl over long periods of time. Conceivably, there
may have been major changes in the microbiology, types of OAl
and the characteristics of patients at risk. For example, the
widespread use of medical devices in orthopaedic surgery and

. increased life expectancy of the population are all factors
Introduction P 4 pop

related to the increased rates of some OAIl [5-8]. Also, the

emergence of multidrug-resistant microorganisms (e.g.

Osteoarticular infections (OAI) are often associated with bac-
teraemia with a variable risk depending on the type of infection,
this being higher in native joint and vertebral osteomyelitis than
in prosthetic joint or peripheral osteomyelitis. In any case,

Clin Microbiol Infect 2015; 21: 254.e1-254.e8

methicillin-resistant Staphylococcus aureus, MRSA) in hospitals
and other healthcare institutions has been associated with
increased rates of bacteraemic infections caused by difficult-to-

treat pathogens [9—11]. Lastly, an increasing incidence of
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infections has been related to the improvement of identification
methods of microorganism [12,13].

In the present study we analysed a large cohort of patients
with bacteraemic OAI who attended at our institution over the
past three decades. The main objectives were to determine
changes over time in the types and characteristics of OAI, the
microorganisms causing these infections, associated comor-
bidities and other patient characteristics.

Patients and methods

This study was carried out in Bellvitge hospital, a 700-bed
teaching institution in Barcelona, Spain. The hospital does not
attend paediatric, obstetric or burns patients. It has a Bone and
Joint Infection Unit, run by a multidisciplinary medical team.
Over the past three decades, information of all patients with
bloodstream infections has been collected in a prospective
database, including data on patients’ baseline characteristics,
clinical presentation and source of bacteraemia, and microbi-

ological records.

Patient’s characteristics and definitions

All patients with OAIl and bacteraemia who attended at our
institution from 1985 to 2011 were analysed. This included
both patients with an osteoarticular focus as the source of
bacteraemia (‘primary’ bacteraemic OAIl) and patients with
bacteraemia from a distant focus, in whom the osteoarticular
infection was the result of a septic metastasis (‘secondary’
bacteraemic OAl).

Blood samples were cultured following standard recom-
mendations by the automated BacTEC method with both aer-
obic and anaerobic media (systems used were as follows: in the
1990s Bactec NR-860, in 2000s Bactec 9240, and in 2010s
Bactec FX; Becton-Dickinson Microbiology Systems, Franklin
Lakes, NJ, USA). During the study period, identification of mi-
croorganisms and their antibiotic susceptibility were performed
by using standard biochemical reactions, disc diffusion or
microdilution method, and the MicroScan system (Dade
Behring, West Sacramento, CA, USA). Antimicrobial suscepti-
bility was defined according to CLSI criteria [|14]. We applied
the definitions for multidrug-resistant and extensively drug-
resistant microorganisms described by Magiorakos et al. [15].

Bacteraemic OAI were divided into three categories: (i)
septic arthritis, including both episodes of native septic arthritis
and prosthetic joint infections (PJI); (ii) vertebral osteomyelitis,
including cases of infection with or without the presence of

spine arthrodesis; and (iii) non-vertebral or peripheral

Murillo et al. Epidemiology of osteoarticular infection
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osteomyelitis, which included episodes of peripheral osteomy-
elitis (with or without osteosynthesis). OAl were defined by
the presence of bacteraemia, and a concomitant compatible
clinical picture of septic arthritis (inflammatory local signs,
macroscopic pus in joint fluid or the presence of sinus tract)
[8,16], vertebral osteomyelitis (back pain, motion limitation,
and/or macroscopic pus through the spine surgery wound) [4],
or peripheral osteomyelitis (inflammatory signs and/or pro-
longed sinus drainage) [|]. Computed tomography or magnetic
resonance imaging was performed if deemed appropriate by
clinicians. Microbiology of OAI was always identified by blood
samples, and in most cases by additional local samples obtained
from the affected joint or bone. In line with the Lancefield and
Sherman classifications, Streptococcus species were divided into
two groups: pyogenic species (Streptococcus pyogenes, Strepto-
coccus agalactiae and Streptococcus pneumoniae) and viridans
streptococci (Streptococcus bovis and Streptococcus milleri, along
with the remaining species) [|7]. Endocarditis was diagnosed
using Duke criteria [18].

Cases were considered to be nosocomial, healthcare-
acquired or community-acquired according to the definitions

provided by Friedman et al. [19].

Statistical analysis

To assess the epidemiological changes over time, the bacter-
aemic episodes were grouped into five periods: 1985-91 (P1),
1992-96 (P2), 1997-2001 (P3), 2002—06 (P4) and 200711
(P5). According to the total duration of the study (27 years), we
considered 5-year intervals for all periods except for the first
one, in which there was the lower number of cases. Incidence
rates (the number of episodes per 100 000 inhabitants per year)
were calculated after estimating the population that attends our
hospital; the distribution of the population for each hospital in
the region of Barcelona is pre-determined according to the area
where they live. Data on this population were obtained from
the public website page of the Official Statistics in Catalonia [20]:
2 991 146 inhabitants (P1), 2 468 378 (P2), 2 740 127 (P3), 3
021 176 (P4) and 3 185 079 (P5). Changes of several charac-
teristics of bacteraemic OAIl episodes were also analysed
regarding the age of patients. The Maentel-Haenszel chi-
squared test was used to assess the changing trends in the
absolute number of incidence and in the characteristics of the
episodes of osteoarticular bacteraemia. The changing trends of
continuous parameters over time were studied with the
Jonckheere—Terpstra test. Comparative analyses were per-
formed with chi-squared or Fisher’s test for categorical vari-
ables, and the Mann—Whitney U-test for continuous variables.

Clinical Microbiology and Infection © 2014 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 254.e1-254.e8
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Data were analysed with SPSS (version 20.0). A p value <0.05

was considered as statistically significant.

Results

A total of 32 727 episodes of clinically significant bacteraemia
were registered during the period of study. Of these, 601 ep-
isodes (1.8%) had a concomitant OAI. There was an increasing
incidence of bacteraemic OAl in five periods (Pl to P5), rising
from 2.34 to 5.78 episodes/100 000 inhabitants per year (p
<0.001); this was also the case for the incidence of total bac-
teraemia in these periods, rising from 162 to 238 episodes/ |00
000 inhabitants per year (p <0.001). The proportion of bac-
teraemic OAIl in relation to all bloodstream infections
increased, from 1.45% in Pl to 2.43% in P5 (p <0.001; Fig. I).

The bacteraemic OAl were considered to be ‘primary’ (456
cases, 76%) or ‘secondary’ (145, 24%). Among the latter, the
most frequent distant foci of infection were vascular catheter-
related infections (n = 49, 8%) and infective endocarditis (n =
42, 7%). The prevalence of nosocomial episodes of bacteraemic
OAI significantly increased during the study period, whereas
community-acquired infections diminished (Pl to P5, 18% and
72% to 30% and 45%, respectively; p <0.001). Concurrently, we
observed the progressive appearance of healthcare-associated
episodes (from 10% to 25%; p <0.001).

Table | shows the most important characteristics of the
patients with bacteraemic OAI, and the changes observed over
time. Median age increased significantly throughout the period
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FIG. I. Proportion of total bacteraemic cases compared with the total

cases and different types of bacteraemic osteaorticular infections.
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studied; this was also the case when intravenous drug users
were excluded (data not shown) taking into account that the
rate of this population decreased over time (p <0.001l).
Concurrently, we observed an increasing percentage of patients
suffering from comorbid conditions (p <0.001).

Out of 601 cases of bacteraemic OAI, 36 (6%) had multiple
OAI. Overall, septic arthritis was the most frequent (n = 291,
46%), followed by vertebral osteomyelitis (n = 241, 38%) and
peripheral osteomyelitis (n = 105, 16%). Changes over time for
different types of OAI are presented in Table |. Although the
number of episodes of septic arthritis increased over the
period, its frequency with respect to all OAI significantly
decreased (57% in Pl and 38% in P5; p <0.001). The type of
septic arthritis changed between the first (Pl) and the last (P5)
period of the study, with a lower incidence of native arthritis
and an increase in the number of PJI (p <0.001). Although the
incidence of peripheral osteomyelitis remained stable
throughout the period studied, the number of vertebral oste-
omyelitis increased significantly. In fact, the number of all
foreign body-related infections increased from 7% in Pl to 28%
in P5 (p <0.001).

Microbiology of bacteraemic OAI

Gram-positive cocci caused 80% of OAIl. The proportion of
polymicrobial and anaerobic OAl was very low (2.4% and 1%,
respectively) (Table 2). Staphylococcus aureus was by far the
most frequent cause of episodes of all types of OAIl, whereas
other microorganisms showed more affinity for a particular
infection (Table 3). In comparison with S. aureus, the viridans
streptococci and Enterococcus faecalis groups produced more
vertebral osteomyelitis (56% and 57%, respectively), whereas
pyogenic streptococci species caused septic arthritis (67%).
Among cases of bacteraemic OAI caused by S. aureus, MRSA
strains were more commonly involved in cases of PJl than
methicillin-susceptible S. aureus (MSSA) strains (p <0.05).

Fig. 2 illustrates the increasing incidence of the more
frequent aetiologies in the study period. The number of epi-
sodes of OAIl caused by S. aureus increased throughout the
period of study, but its global proportion with respect to other
microorganisms fell from 71% in Pl to 57% in P5 (p 0.1). Sig-
nificant changes were observed in the proportion of episodes
caused by MSSA (a decrease from 71% in Pl to 45% in P5; p
<0.001) and those by MRSA (an increase from 0% to [2%,
respectively; p <0.001). The episodes of OAI caused by Strep-
tococcus sp. and Enterococcus sp. showed a trend towards an
increase (from 10% to 19%; p 0.141). The frequency of Enter-
and  Pseudomonas bacteraemia

obacteriaceae aeruginosa

remained more stable (17% in Pl and 21% in P5). The number

Clinical Microbiology and Infection © 2014 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 254.e1 -254.e8
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TABLE |. Characteristics of patients and episodes of bacteraemic osteaorticular infections (OAIl) and their changes over time

Periods of the study

All OAI 1985-91 1992-96 1997-2001 2002-06 2007-11
n = 601 n =170 n =70 n = 97 n = 181 n = 183 p value®

Age (median, IQR) 63 (50-74) 49 (24-64) 58 (32-68) 64 (50-74) 64 (53-74) 65 (53-77) <0.001
Male 366 (61) 39 (56) 42 (60) 68 (70) 114 (63) 103 (56) 0.2
Underlying diseases
One or more 307 (51) 16 (23) 22 (31) 51 (53) 111 (6l) 107 (59) <0.001
Intravenous drug users 57 (10) 17 (24) 9 (13) 13 (13) 11 (6) 7 4) <0.001
Diabetes mellitus 153 (26) 11 (16) 13 (19) 24 (25) 55 (30) 50 (27) 0.013
Neoplasm 71 (12) 1 (1) 34 15 (15) 30 (16) 22 (12) 0.006
Cardiopathy 88 (15) I (1) 2 (3) 14 (14) 29 (16) 42 (23) <0.001
Chronic renal insufficiency 44 (7) 0 2 (3) 5(5) 17 (9) 20 (1) <0.001
Immunosuppressive therapy 88 (15) 6 (9) 4 (6) 14 (14) 34 (19) 30 (lé) 0.01
Reumathoid arthritis 30 (5) 5(7) 0 7(7) 10 (6) 8 (4) 0.2
Systemic autoimmune disease 16 (3) 1 (1) 2 (3) 3(3) 3(2) 7(1) 0.4
Type of OAI
Septic arthritis” 291 (46) 41 (57) 37 (49) 50 (49) 88 (45) 75 (38) 0.006

Native® 228 (78) 37 (90) 32 (86) 40 (80) 70 (79) 49 (65)

Prosthetic* 63 (22) 4 (10) 5(14) 10 (20) 18 (21) 26 (35) 0.001
Vertebral osteomyelitis® 241 (38) 18 (25) 26 (35) 37 (36) 71 (37) 89 (46) 0.001

Native® 206 (86) 18 (100) 25 (96) 37 (100) 60 (85) 66 (74)

Spine instrumentation® 35 (14) 0 1 (4) 0 11 (15) 23 (26) <0.001
Peripheral osteomyelitis” 105 (16) 13 (18) 12 (16) 15 (15) 34 (18) 31 (l6) 0.9

With osteosynthesis*® 16 (15) 1 (7) 3 (25) 1 (7) 8 (23) 3 (10) 0.3
Device-related infections® 114 (19) 5(7) 9 (13 11 (1) 37 (20) 52 (28) <0.001

Data presented as numbers of cases (percentage).

?p value represents the changing trends over periods of the study (Jonckheere—Terpstra test).
®Total: 637 OAI types in 601 cases of bacteraemic OAI, with 36 cases that presented more than one concurrent infection (6%).
“Percentages of episodes are calculated with respect to total episodes of septic arthritis, vertebral osteomyelitis or peripheral osteomyelitis, respectively.

9Device-related infections include prosthetic joint infections and osteosynthesis hardware.

of  extended-spectrum -lactamase-producing Enter-
obacteriaceae and multidrug-resistant P. aeruginosa was very low
(two and three episodes, respectively), but they increased in
the last two periods (from none in the three first periods to

two cases in P4 and three cases in P5; p 0.082).

Characteristics of bacteraemic OAI

regarding the age of patients

Table 4 shows the main characteristics of episodes of OAI and
the differences between age groups (group |, patients aged 49
or less, group 2, patients aged 50 to 64, and group 3, patients
aged 65 or over).

In comparison with younger patients (group |), patients in
groups 2 and 3 had more underlying diseases, and OAI were
more frequently hospital-acquired or healthcare-related. Pe-
ripheral osteomyelitis was more frequent in the younger pa-
tients, whereas there were more episodes of vertebral
osteomyelitis in groups 2 and 3 (p <0.05). There were no dif-
ferences in the total number of episodes of arthritis, but older
patients (groups 2 and 3) had significantly more PJI.

Regarding microbiology, S. aureus was involved in a greater
number of episodes of OAI in younger patients than in the
older ones (p <0.002); when these staphylococcal OAI
occurred, MSSA strains were responsible for almost all epi-
sodes in group |, whereas MRSA strains were significantly
more frequent in patients in groups 2 and 3. Streptococcal

infections (either pyogenic or viridans species) increased in

older patients, and enterococcal OAI were significantly related
with the oldest patients (group 3). OAIl caused by Gram-
negative bacilli were less common among younger patients
(group ).

The main differences between groups 2 and 3 were that the
oldest group presented significantly less native arthritis and
more PJI, and a higher frequency of enterococcal infections.

Additionally, we compared the median age of patients with
bacteraemic OAI during the study period by types of infection
and microbiology (see Supporting information, Table SI). Of
note, median age of all septic arthritis significantly increased
from 48 years in Pl to 68 years in P5 (p 0.001); this was mainly
due to the rise in the number of PJI cases, which occurred in an
older population that did not significantly change over time. In a
similar way, a significant increase in the age of patients was
observed for staphylococcal OAI, this being related to the rise
in the number of episodes caused by MRSA strains in older
patients. All of these differences were maintained when young
population of intravenous drug users were excluded. In
contrast, no significant changes in the median age of patients
over time were observed for episodes of vertebral osteomye-
litis and for episodes of OAIl caused by other relevant

microorganisms.

Discussion

The present study shows the progressive rise in the number of
patients with OAI and bacteraemia, this being the cause or the

Clinical Microbiology and Infection © 2014 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 254.e1-254.e8
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TABLE 2. Microbiology of the 601 episodes of bacteraemic

osteoarticular infections

Gram-positive microorganisms 492 (80%)

Staphylococcus spp. 386 (62%)

S. aureus® 368 (59%)
Coagulase-negative staphylococci 18 (3%)
Streptococcus spp. 86 (17%)
S. pneumoniae 14 (2%)
S. pyogenes 12 (2%)
S. agalactiae 23 (4%)
S. group anginosus 7 (1%)
S. bovis® 7 (1%)
Other group viridans streptococci © 15 (2%)
Other Streptococcus spp. ° 8 (1%)
Enterococcus spp. 15 (2%)
E. faecalis 14 (2%)
E. faecium 1 (0.2%)
Other Gram-positive microorganisms © 5 (0.8%) 5 (0.8%)

Gram-negative microorganisms 126 (20%)

Enterobacteriaceae 87 (14%)
Escherichia coli 58 (9%)
Klebsiella pneumoniae 8 (1%)
Proteus mirabilis 8 (1%)
Salmonella enteritidis 5 (0.8%)
Morganella morgani 3 (0.4%)
Enterobacter cloacae 2 (0.3%)
Citrobacter spp 2 (0.3%)
Serratia marcescens 1 (0.2%)
Non-fermenting Gram-negative bacilli 13 (2%)
Pseudomonas aeruginosa Il (2%)
Aeromonas hydrophila 1 (0.2%)
Acinetobacter baumanii 1 (0.2%)
Other Gram-negative microorganisms 18 (3%)
Neisseria meningitidis 8 (1%)
Haemophilus spp 4 (0.6%)
Veillonella spp 2 (0.3%)
Eikenella corrodens 2 (0.3%)
Kingella kingae 1 (0.2%)
Campylobacter sp. 1 (0.2%)
Anaerobic Gram-negative microorganisms 8 (1%)
Bacteroides spp. 7 (1%)
Porphyromonas sp. 1 (0.2%)

Total: 618 isolates in 601 episodes of bacteraemic osteoarticular infections, with 15
episodes (2.4%) of polymicrobial bacteraemia. Microbiology of polymicrobial
infections: S. aureus + S. agalactiae (2); S. aureus + Streptococcus group G, S. aureus +
P. mirabilis (2); S. aureus + E. coli; E. faecalis + coagulase-negative staphylococci
(CoNS); E. faecalis + E. coli; E. faecalis + A. baumanii; K. pneumoniae + CoNS;

K. pneumoniae + P. aeruginosa; E. coli + P. aeruginosa; E. corrodens + CoNS;

P. mirabilis + S. intermedius; C. glabrata + CoNS.

*This included 49 isolates (13%) of methicillin-resistant S. aureus.

®S, bovis type | (5 isolates) and S. bovis type Il (2 isolates).

©S. sanguis (6 isolates), S. mitis (6 isolates), S. mutans (2 isolates) and S. salivarius (|
isolates).

95. equi group C (3 isolates), B-haemolyticus Streptococcus of group G (4 isolates)
and B-haemolyticus Streptococcus of group F (I isolate).

Abiotrofia sp (| isolate), Aerococcus viridans (| isolate), Corynebacterium sp (| isolate),
Eubacterium lentum (| isolate) and Arcanobacterium sp (| isolate).

consequence of osteoarticular infection itself, and describes the
trends observed in our area during the last three decades. Our
study shows the significant rise in the number of all types of
OAl over a long period (three decades), as has previously been
reported for the particular case of vertebral osteomyelitis [,6].

These increased rates of OAIl have been associated with
longer life expectancy and the development of chronic diseases
[1,6,21]. In agreement with previous reports, we observed a
significant increase in the age of patients with OAI. Previous
studies highlighted an association between OAIl and patients
with intravenous drug abuse, who are usually younger
[3,22,23]. Our results suggest that this harmful social habit has
been progressively abandoned, and that it no longer has an

effect on the current pattern of bacteraemic OAI.
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Given the increase in life expectancy, the higher prevalence
of chronic diseases observed in our patients may be aging-
related. In addition, modern medical advances have generated
new technologies that can be offered to a high number of older
patients [24]. We observed a progressive increase in the
number of episodes of OAI related with orthopaedic devices. It
is known that the implantation and revision of joint prostheses
have risen significantly [7,25], which implies an increase in the
absolute number of episodes of infection [8,24]. Our results
agree with these reports, and included not just joint prostheses
but osteosynthesis hardware as well. In fact, the current pattern
of bacteraemic OAI has been modified by the impact of these
foreign material-associated infections, which represented 28%
of all infections in the most recent period. Although the inci-
dence of PJI and osteosynthesis-related infections all rose,
among ‘native’ OAIl vertebral osteomyelitis was the only one to
record an increase. Interestingly, due to the increase of older
patients, the pattern of non-device-related OAIl has also
changed. While the presence of septic arthritis did not differ
between patients of different ages, peripheral osteomyelitis was
predominant among patients under 50 years of age and verte-
bral osteomyelitis was more frequent in older patients. Overall,
the pattern of OAIl in younger patients reflected the predom-
inance of native arthritis and peripheral osteomyelitis, whereas
older patients had more PJI and vertebral osteomyelitis.
Accordingly, the increase in the median age of patients
observed in some OAI (i.e. septic arthritis) was mainly related
to the rise in the number of episodes that occurred in older
patients (i.e. P)I).

Finally, regarding these epidemiological changes, the source
and acquisition of OAI has also changed. We observed a pro-
gressive increase in nosocomial episodes, the emergence of
healthcare-related infections, and a decrease in the number of
strictly community-acquired OAI. These results seem to agree
with recent works in other fields which reflect the improve-
ments obtained with modern medical and social assistance
[11,19,26].

Staphylococcus aureus is recognized as the most important
aetiology of OAI [1,2,5], as was the case in the present study,
but we noted a progressive decline in its proportion with
respect to other microorganisms. Moreover, the pattern of
these infections has clearly changed with a significant emer-
gence of MRSA, mostly among older patients, and a decrease in
MSSA infections. The presence of Streptococcus and Enterococcus
species is also notable and, together with staphylococcal epi-
sodes, highlights the major role of gram-positive cocci in this
setting. Our results emphasize the greater presence of S. aureus
in young patients (75% of OAI, MSSA strains in almost all cases)
than in older patients (56—58%, with the emergence of MRSA

strains), this being related with the increased age of patients

Clinical Microbiology and Infection © 2014 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 254.e1 -254.e8
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TABLE 3. Differences between more frequent microorganisms and their type of osteoarticular infections caused
Arthritis Vertebral osteomyelitis Peripheral osteomyelitis (POM)
All Native Prosthetic All Native Spine All DM Foot POM-no OS os
Staphylococcus aureus (n = 384) 182 (47) 141 36) 41 (11) 131 35)  109(29) 22(6) 71 (18) 16 (4) 42 (1) 13 (3)
MSSA (n = 333)° 156 (47) 126 38) 30 (9) 120 (36)  100(30) 20(6) 57 (17) Il (3) 35 (11) 11 @3)
MRSA (n = 51) 26 (51) 15 (29) 11 (22) 11 (22) 9 (19) 2(3) 14 (27) 5 (10) 7 (14) 2 (3)
pyogenic streptococci (n = 57)° 38 (67) 32 (56) 6 (1) 15 (26) 15 (26) 0 4.(7) 3 (5) I (2) 0
viridans streptococci (n = 41)° 12 (29) 10 (24) 2 (5) 23 (56) 22 (54) I (2) 6 (15) 0 6 (15) 0
Enterococcus (n = 14)° 5 (36) 3 (22) 2 (14) 8 (57) 7 (50) 1 (7) 1 (7) 0 0 1 (7)
GNB (n = 118)° 44 (37) 34 (28) 10 (9) 51 (44) 40 (35) e 23319  11(9) 10 (8) 2 (2)

Note: Data presented are number of cases (percentage); cases with multiple OAI (n = 36) are included.
Abbreviations: POM, peripheral osteomyelitis; DM foot, diabetic foot infections; POM-no OS, peripheral osteomyelitis without osteosynthesis; OS, osteosynthesis; MSSA,
methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; pyogenic streptococci, Streptococcus pyogenes, Streptococcus agalactiae and Streptococcus pneumoniae; GNB,

Gram-negative bacilli.

“Differences between MSSA and MRSA, p 0.03 (chi-square)

®Differences between S. aureus (All) and pyogenic streptococci (All), p 0.02 (chi-square)
“Differences between S. aureus (All) and viridans streptococci (All), p 0.02 (chi-square)
9No significant differences between S. aureus (All) and Enterococcus sp. (All)

°No significant differences between S. aureus (All) and GNB (All).

with staphylococcal OAI observed over time; and also, our
results show the predominance of streptococcal and entero-
coccal OAl in the group of older patients. Finally, these changes
in the Gram-positive microbiology of OAIl may also be associ-
ated with the differences in the types of OAIl observed over
time. Hence, our results support the higher affinity of viridans
streptococci and Enterococcus species for causing vertebral
osteomyelitis, or that of pyogenic streptococcus strains for
causing arthritis. These results seem to corroborate those of
previous authors [27-29], but further studies addressing this
specific field are required to confirm them.

Regarding the world-wide emergence of multidrug-resistant
[30,31],

Gram-negative bacilli we have witnessed only
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anecdotal episodes in the last |0 years. These data are sur-
prising because drug-resistant Gram-negative bacterial in-
fections, including bacteraemia, have been described in our
country and elsewhere [30,32]. It is beyond the scope of our
work to identify why these microorganisms did not cause OAI,
but we may hypothesize that they will emerge in the future. In
addition, we note that the low rate of polymicrobial and
anaerobic OAl of our work should be interpreted taken into
account that we included only bacteraemic infections and so,
both entities can be underestimated.

The present study has some limitations that are inherent to
observational studies, but in any case it offers a global

perspective of a great number of OAIl over a long period of
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FIG. 2. Incidence of the more frequent microorganisms responsible for bacteraemic osteaorticular infections in the study period. (a) Incidence of

cases caused by methicillin-susceptible and -resistant Staphylococcus aureus. (b) Incidence of cases caused by Streptococcus sp., Enterococcus sp. and

Gram-negative bacilli.
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TABLE 4. Clinical and microbiological characteristics of cases of osteoarticular infections according to patients’ age: Group | (age

< 49 years), Group 2 (age 50-64 years), and Group 3 (age = 65 years)

Group | Group 2 Group 3

n = 149 n = 178 p value (I vs 2) n = 274 p value (2 vs 3) p value (I vs 3)
One or more underlying disease 24 (16) 106 (60) <0.001 177 (65) 03 <0.001
Intravenous drug users 56 (38) (1) <0.001 0 0.2 <0.001
Place of acquisition

Community 108 (72) 92 (52) 134 (49)

Health-care 10 (7) 35 (20) 54 (20)

Nosocomial 31 (21) 51 (29) <0.001 85 (31) 0.8 <0.001
Device-related OAI* 19 (13) 26 (15) 0.6 68 (25) 0.009 0.003
Arthritis 76 (51) 82 (46) 0.3 133 (48) 0.6 0.6

Native 74 (50) 72 (40) 0.09 82 (30) 0.02 <0.001

Prosthetic 2 (1) 10 (6) 0.04 51 (18) <0.001 <0.001
Vertebral osteomyelitis 37 (25) 66 (37) 0.02 102 (37) 0.9 0.01

Spine instrumentation 9 (6) 16 (9) 03 10 (4) 0.02 0.2
Peripheral osteomyelitis 37 (25) 27 (15) 0.03 40 (15) 0.9 0.009
Staphylococcus aureus 111 (75) 104 (58) 0.002 153 (56) 0.6 <0.001

methicillin-susceptible S. aureus 108 (73) 90 (50) <0.001 120 (44) 0.2 <0.001

methicillin-resistant S. aureus 3(2) 14 (8) 0.02 32 (12) 0.2 0.001
Pyogenic streptococci 8 (5) 13 (7) 0.4 28 (10) 0.3 0.09
Viridans streptococci 32 16 (9) 0.007 20 (7) 0.5 0.02
Enterococcus sp. 2 (1) (1) 0.4 12 (4) 0.02 0.09
Gram-negative bacilli 20 (13) 39 (22) 0.047 53 (19) 0.5 0.1

Device-related OAIl include infections of prosthetic joint, spine instrumentation and osteomyelitis with osteo-synthesis hardware.

time. It should be noted that our study refers only to the
incidence of bacteraemic OAI and we do not know the overall
incidence of OAI, including bacteraemic and non-bacteraemic
cases; therefore in the present report the incidence of overall
OA\ has been underestimated. Indeed, the increased incidence
of bacteraemic OAIl in our study could be due to either a
greater number of patients with OAIl or to a higher prevalence
of bacteraemia among patients with OAI.

In conclusion, we have observed an increased number of
bacteraemic OAl over the last three decades in the setting of an
aging population with more chronic diseases. Cases associated
with orthopaedic devices have increased, and the rates of
nosocomially acquired and healthcare-related cases have also
risen. Staphylococcus aureus remains the most frequent cause of
OAl, but we stress the emergence of infections by MRSA and
the increase of streptococcal and enterococcal episodes.
Overall, these significant epidemiological changes reflect the
pattern of development of OAI for the early twenty-first cen-
tury, which is likely to involve older patients with several
comorbidities, particular types of OAIl, and specific microor-
ganisms with a predominance of multidrug-resistant bacteria.
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Abstract

Purpose The relationship between infective endocarditis (IE) and osteoarticular infections (OAIs) are not well known. We
aimed to study the characteristics of patients with IE and OAIs, and the interactions between these two infections.
Methods An observational study (1993-2014) which includes two cohorts: (1) patients with IE (n = 607) and (2) patients
with bacteremic OAIs (n = 458; septic arthritis of peripheral and axial skeleton, and vertebral and peripheral osteomyelitis).
These two cohorts were prospectively collected, and we retrospectively reviewed the clinical and microbiological variables.
Results There were 70 cases of IE with concomitant OAIs, representing 11.5% of IE cases and 15% of bacteremic OAI cases.
Among cases with IE, the associated OAIs mainly involved the axial skeleton (n = 54, 77%): 43 were vertebral osteomyeli-
tis (61%), mainly caused by “less virulent” bacteria (viridans and bovis streptococci, enterococci, and coagulase-negative
staphylococci), and 15 were septic arthritis of the axial skeleton (21%), which were mainly caused by Staphylococcus aureus.
OAIs with involvement of the axial skeleton were associated with IE (adjusted OR = 2.2; 95% CI 1.1-4.3) independently
of age, sex, and microorganisms.

Conclusions Among patients with IE, the associated OAIs mainly involve the axial skeleton. Transesophageal echocardiog-
raphy should be carefully considered in patients presenting with these bacteremic OAls.

Keywords Endocarditis - Osteoarticular infections - Bacteremia - Septic arthritis - Axial skeleton - Vertebral osteomyelitis

Introduction

Infective endocarditis (IE) produces continuous bacteremia,
and may secondarily cause metastatic bone and joint infec-
tions [1, 2]. However, some studies have described osteo-
articular symptoms such as arthralgia related to immuno-
logical disorders associated with IE [3-5], while others have
reported truly pyogenic osteoarticular infections (OAls) and
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have focused on the particular association between IE and
vertebral osteomyelitis [6, 7].

As the prevalence of metastatic OAIs in patients with IE
and the prevalence of IE in patients with OAIs are consid-
ered low, the particularities of this relationship are not well
known. Some previous reports emphasized the role of S.
aureus etiology in cases of IE with metastatic OAI among
intravenous drug users (IDUs) [1, 8, 9], and more recent
studies have highlighted the association between streptococ-
cal OAIs with concomitant IE in non-drug users [10, 11].
However, with regard to the notable epidemiologic changes
in OAIs in recent years, their impact on the overall preva-
lence of OAIs and IE is not well explored [12].

The aim of this study, which includes a large number of
patients (without IDUs), was to analyze the clinical, epide-
miological and microbiological characteristics of bacteremic
OALI (septic arthritis and vertebral and peripheral osteomy-
elitis) associated with the presence of IE.
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Methods
Setting and study design

This observational study was carried out at Hospital Bell-
vitge, a teaching hospital in Barcelona, Spain. The hospital
has a Bone and Joint Infection Unit, run by a multidiscipli-
nary medical team comprising orthopedic surgeons, infec-
tious disease specialists, rheumatologists and microbiolo-
gists. Our institution does not attend pediatric, obstetric
or burn patients.

At our institution, all cases with IE (group 1) were pro-
spectively studied and followed-up at our hospital between
1993 and 2014. The presence of metastatic osteoarticular
infection was specifically recorded and these cases were
retrospectively analyzed.

In addition, all patients with bloodstream infection were
recorded in a prospective database including patients’
baseline characteristics, clinical presentation and source
of bacteremia, microbiological data, and outcome. For the
present study, all patients with bacteremic OAIls (group
2) attending at our institution during the study period
(1993-2014) were extracted from the above-mentioned
protocol and retrospectively analyzed.

Patients’ characteristics and definitions

Cases of IE included in the study were diagnosed using the
initial Duke criteria and its modified criteria [13]. Among
them, cases with negative blood cultures, unknown or fun-
gal etiology, or those with etiologic diagnosis obtained by
serologic test (e.g., Coxiella sp., Bartonella sp.) were not
included in the present study. The concomitant diagnosis
of IE and OAI was considered as metastatic OAI; in fact,
this bacteremic OAI was assumed to be due to IE. Trans-
thoracic echocardiography was performed in all cases, and
the transesophageal echocardiography was performed if
deemed appropriate by clinicians to confirm diagnosis of
IE (especially from the year 2000 and onwards).

The study also included patients with bacteremia and
concomitant OAI, in whom the OAI was assumed to have
been acquired hematogenously. Thus, postsurgical cases of
bacteremic OAI and diabetic foot infections with concomi-
tant bacteremia, which present a different pathogenic way
of acquisition, were excluded. Cases of bacteremia caused
by Neisseria sp. were not considered to avoid cases with
reactive arthritis. Also, bacteremic OAIs and IE occurring
in IDUs were excluded due to the particularities of this
association (almost all cases are caused by S. aureus and
mainly involve certain locations such as the sacroiliac), and
the decline of this population in recent years. [8, 9]. [12].

@ Springer

Blood samples were processed according to standard rec-
ommendations by the automated BacTEC method with both
aerobic and anaerobic media (current Bactec FX system,
Becton-Dickinson Microbiology Systems, USA). Identifi-
cation of microorganisms and their antibiotic susceptibility
were performed by using standard biochemical reactions,
disk-diffusion or microdilution methods, and the MicroScan
system (Dade Behring, West Sacramento, CA, USA). Anti-
microbial susceptibility was defined according to previous
NCCLS and current CLSI criteria [14]. In accordance with
the Lancefield and Sherman classifications, Streptococcus
species were divided into pyogenic (S. pyogenes, S. agalac-
tiae, and S. pneumoniae), S. bovis, and viridans streptococci
(S. milleri, along with the remaining species) [15].

OAISs were classified in three different categories: (i) sep-
tic arthritis (SA), including native SA and prosthetic joint
infections; (ii) vertebral osteomyelitis; and (iii) peripheral
osteomyelitis (non-vertebral osteomyelitis). Joint involve-
ment was classified as “peripheral” (joints of the appendicu-
lar skeleton) and “axial” (those forming part of the axis of
the skeleton: acromioclavicular, sternoclavicular, sterno-
costal, pubic symphysis, interapophyseal, and sacroiliac).
For the particular case of interapophyseal location, it was
diagnosed and differentiated from vertebral osteomyelitis
with the wide use of MRI (so, these cases were diagnosed
especially from the year 2000 and onwards).

All OAI cases included had bacteremia and met the main
diagnostic criteria for each type of OAI [16—19]. Accord-
ing to our protocol, we consider patients with a short his-
tory of a warm, swollen and tender joint to have SA until
proven otherwise, an arthrocentesis is routinely performed
to obtain synovial fluid samples for microbiological analy-
ses and a pair of blood cultures is taken; in cases in which
the process affects joints with difficult access (i.e., the axial
skeleton) only blood cultures are initially taken. In addition,
prosthetic joint infection was defined by the isolation of a
pathogenic microorganism from two or more surgical, joint-
aspirated or blood cultures, or by one such positive culture
plus the presence of typical signs and clinical symptoms
(inflammatory signs, the presence of a sinus tract or puru-
lence around the prosthesis during surgery). Vertebral and
peripheral osteomyelitis was diagnosed by the presence of
a compatible clinical picture (back pain and motion limita-
tion for the former and inflammatory signs and/or prolonged
sinus drainage for the latter) and characteristic imaging find-
ings (computed tomography or magnetic resonance imag-
ing). The microbiology of OAIls was always identified by
blood samples, and in most cases by additional local samples
obtained from the affected joint or bone. For the particular
case of coagulase-negative staphylococci (CoNS), and in
order to exclude potential contaminated cultures, all cases
had at least four blood cultures showing the same microor-
ganism (in accordance with the susceptibility pattern) and
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accomplished the respective diagnostic criteria. Computed
tomography or magnetic resonance imaging was carried out
in all cases of SA of the axial skeleton and osteomyelitis
(vertebral and peripheral).

Statistical analysis

Data were analyzed using SPSS (version 20.0). Continu-
ous variables are expressed as mean + SD or median and
range, according to normality tests; categorical variables
are expressed as counts and valid percentages. Compara-
tive analyses were performed with X> or Fisher’s test for
categorical variables, and the Mann—Whitney U-test for con-
tinuous variables. Univariate and multivariate analyses of
parameters predicting IE were performed by logistic regres-
sion, and adjusted OR and 95% CI are shown. All tests were
two-tailed, and a p value < 0.05 was considered statistically
significant.

Results
During the period of study (1993-2014), there were 607

cases of IE. The most frequent etiologies were: S. viridans
group (n = 181, 30%), S. aureus (n = 123, 20%; 20 cases

caused by methicillin-resistant strains), CoNS (n = 96, 16%),
enterococci (n = 94, 15%), S. bovis group (n = 64, 10%), and
others (n = 49, 9%). The proportion of metastatic OAIs (70
cases) among patients with IE was 11.5% (70/607 cases); the
microorganisms responsible were S. aureus (27/123, 22%),
enterococci (10/94, 11%), S. viridans (16/181, 9%), S. bovis
group (6/64, 9%), and CoNS (6/96, 6%). The type of OAI
observed in these patients (see below) had involvement of
the axial skeleton in 77% of cases (vertebral osteomyeli-
tis, septic arthritis or both). Patients with IE and associated
OAIs, compared with those without OAIs, were older, had
less frequently cardiac predisposing factors, aortic valve was
less commonly affected, had fewer prosthetic valves, and
were caused more often by S. aureus (Table 1).

During the same period, there were 458 cases of bacte-
remic OAI (36 had multiple OAI): vertebral osteomyelitis
(n = 202), peripheral SA (n = 175), SA of the axial skeleton
(n = 67), and peripheral osteomyelitis (n = 50). Seventy
out of 458 OAIs (15%) were associated with IE. Table 2
shows the microorganisms causing OAls and the proportion
with concomitant IE. This proportion differed according to
the type of OAIL: 22% (15/67) for SA of the axial skeleton,
21% (43/202) for vertebral osteomyelitis, 11% (19/175) for
peripheral SA, and 4% (2/50) for peripheral osteomyelitis.
Moreover, Fig. 1 shows the proportion of different OAIs for

Table 1 Characteristics

R o . IE with OAI, n =70 IE without OAI, P value
of patients with infective =537
endocarditis (IE) comparing
those with and without Age (median, IQR) 68 (59-74) 65 (54-74) 0.1
osteoarticular infections (OAIs) Sex (male) 50 (71%) 347 (65%) 0.9
Cardiac predisposing factor for IE* 30 (43%) 333 (62%) 0.001
Additional emboli (other than OAI)® 14 (20%) 134 (25%) 0.3
Valvular location
Mitral valve 42 (60%) 270 (50%) 0.1
Aortic valve 29 (41%) 301 (56%) 0.02
Tricuspid valve 5(7%) 17 3%) 0.1
Prosthetic valve 11 (16%) 167 (31%) 0.002
Presence of vegetation 46 (66%) 331 (62%) 0.4
Positive blood cultures (> 4) 41 (59%) 305 (57%) 0.2
Microorganisms
S. aureus 27 (39%) 96 (18%) <0.001
Coagulase-negative staphylococci 6 (9%) 90 (17%) 0.1
S. viridans 16 (23%) 165 (31%) 0.5
S. bovis 6 (9%) 58 (11%) 0.8
Enterococci 10 (14%) 84 (16%) 0.7
Pyogenic streptococci # 3 (4%) 20 (4%) 0.9
Others 2 (3%) 24 (4%) 0.9

“Includes degenerative or rheumatic valvulopathy, mitral prolapse, bivalve aorta, congenital valvulopathy,

previous IE, or prosthetic valve

PIncludes emboli to brain, spleen, vascular peripheral artery or kidneys, or presence of Roth spots

# Pyogenic streptococci: S. pneumoniae, S. pyogenes and S. agalactiae

P < 0.05 (bold values) was considered statistically significant
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Table 2 Comparison between the presence or not of infective endo-
carditis (IE) among cases of bacteremic osteoarticular infections
(OAISs) according to causative microorganisms

Microorganisms (no. of bacteremic ~ Presence of IE P value
OAls)
Yes No
S. aureus (n = 254) 27 (11) 227 (89) 0.002
Coagulase-negative Staphylococcus 6(35) 11(65) 0.02
(n=17)

S. viridans group (n = 37) 16 (43) 21 (56) 0.001
S. bovis (n=9) 6 (67) 3(333) <0.001
Enterococcus (n=11) 10 (9D 19 <0.001
Pyogenic streptococci (n = 56) 309 52 (95) 0.03
Gram-negative bacilli (n = 74) 1(1) 73(99) < 0.001

Data presented are number of cases (percentage)

P < 0.05 (bold values) was considered statistically significant

each microorganism. The ratio of vertebral osteomyelitis vs
peripheral SA for each microorganism was as follows: 0.6
for pyogenic streptococci, 0.99 for S. aureus, 1.2 for Gram-
negative bacilli, 2 S. bovis, 2.4 viridans streptococci, 4.3
coagulase-negative staphylococci, and 8 enterococci.
Analyzing the types of OAls and their relationship with
the presence of IE (Table 3), we observed that S. aureus was
the main agent responsible for the association with SA of the
axial skeleton, whereas the viridans streptococci, S. bovis,
enterococci and CoNS were mainly responsible for the asso-
ciation with vertebral osteomyelitis. Particularly, there were
17 cases of bacteremic OAI caused by CoNS (13 vertebral
osteomyelitis, 76%; and 4 SA, one prosthetic joint infec-
tion); 6 of them had IE (5 native and 1 prosthetic valve) and
9 cases had peripheral or central venous catheter. Pyogenic
streptococci also caused a large number of SA of the axial
skeleton (15/67, 22%), but only a few cases of IE (3/607,
0.5%, all these cases had involvement of the axial skeleton).

Fig.1 Proportion of different | oPo mVO O Axial SA Peripheral SA |
types of bacteremic osteoar-
ticular infection according to 100% - .
causative microorganism. PO \2 ‘ Q N S&'\ \‘ ‘
peripheral osteomyelitis, VO 90% -—\ \ \ \ \ \—
vertebral osteomyelitis, SA 80% \ \ k \ \_
septic arthritis, CoN Staph ? \ \ \ \
coagulase-negative staphylo- 70% -—\ \ N \—
cocci, GNB Gram-negative 0 AN \ h
bacilli 60% 1 AN ]
50% -
40% A
30% -
20%
10% -
0% T T T T T T 1
& X @ N Q
«“’o o > 66 o 000 o Coe
‘bo Q(‘\ b’b(\ 69 é’(o 2
9 ) & ¢ o
Q*o 4\‘ @Q (¢)
TébIeIS .Ty[()es. of ba.ctefemic Bacteremic OAI S. aureus (n = 254) S. viridans, S. bovis, Enterococcus
osteoarticular infections and coagulase-negative staphylococci
(OAISs) caused by S. aureus (n=173)
compared with S. viridans
group, S. bovis, enterococci With IE (n = 27) With- P value WithIE (n =38) With- P value
and coagulase-negative out IE out IE
staphylococci according to the (n=227) (n=35)
presence or absence of infective
endocarditis (IE) Septic arthritis (SA; all) 16 (59) 120(53) 05 11 (29) 11 (31) 0.8
SA of the axial skeleton 8 (30) 29 (13)  0.02 5(13) 309 0.5
Peripheral SA 11 (41) 8939 09 7(18) 9 (26) 0.4
Vertebral osteomyelitis 10 (37) 8939 038 30 (79) 19 (54) 0.02
Peripheral osteomyelitis 2 (7) 33(14) 0.3 0 8(23) 0.002

P < 0.05 (bold values) was considered statistically significant

@ Springer



Endocarditis associated with vertebral osteomyelitis and septic arthritis of the axial... 249

Table 4 Comparison between bacteremic osteoarticular infection (OAI) cases with or without concomitant infective endocarditis (IE)

OAI with IE, n =70 OAI without IE, P value Unadjusted OR (95% CI)
n =388
Age (median, IQR) 68 (59-74) 67 (55-77) 0.8
Sex (male) 50 (71) 236 (61) 0.09
Type and location of OAI*
All OAIs of the axial skeleton 54 (77) 203 (52) < 0.001 3.1 (1.7-5.6)
Vertebral osteomyelitis 43 (61) 159 (41) 0.002 2.3(1.4-3.9)
Septic arthritis of the axial skeleton 1521 52 (13) 0.08 1.8 (0.9-3.3)
Peripheral septic arthritis 19 (27) 156 (40) 0.04 0.6 (0.3-1)
Peripheral osteomyelitis 23) 48 (12) 0.02 0.2 (0.05-0.9)
Microbiology
S. aureus 27 (39) 227 (58) 0.002 0.4 (0.3-0.7)
CoNS 6(9) 11 (3) 0.02 3.2 (1.1-9)
S. viridans 16 (23) 20 (5) < 0.001 54 (2.7-11.2)
S. bovis and enterococci 16 (23) 4(1) < 0.001 28.4 (9.2-88.2)
Pyogenic streptococci 34) 52 (13) 0.03 0.3 (0.1-0.9)
Gram-negative bacilli 1(1) 72 (19) < 0.001 0.06 (0.01-0.5)
30-day mortality 9 (13) 44 (11) 0.7

*Among OAI cases with IE, five presented with concomitant vertebral osteomyelitis and septic arthritis (two septic arthritis of the axial skel-
eton + peripheral septic arthritis; two septic arthritis of the axial skeleton; one peripheral septic arthritis); three cases of septic arthritis presented

concomitant involvement of the peripheral and axial skeletons

P < 0.05 (bold values) was considered statistically significant

A comparative analysis of bacteremic OAI cases with
or without IE (univariate analysis) is presented in Table 4.
The main parameters associated with IE were: OAIs with
involvement of the axial skeleton (OR 3.1), vertebral osteo-
myelitis (OR 2.3), and several etiologies such as CoNS (OR
3.2), S. viridans group (OR 5.4), and enterococci and S.
bovis (OR 28.4). The OAI with involvement of the axial
skeleton was associated with IE (adjusted OR = 2.2; 95%
CI 1.1-4.3) after adjusting for age, sex and microorganisms.

Discussion

The association of IE with OAT has been reported previously,
but several questions remain to be clarified. In this study,
we analyze in a large series of cases the association of IE
and bacteremic OAI. Previous reports emphasized the role
of young IDUs, who mainly presented staphylococcal infec-
tion, and a predominance of septic arthritis at certain sites
such as sacroiliac joint [8, 9]. Due to the decline in IDUs in
recent years, they represent only a small percentage of recent
OAI cases [12]. Taking these particularities into account, we
decided to analyze the association of IE and bacteremic OAIs
among the non-IDU population in more detail.

In accordance with previous studies, our results show that
Gram-positive cocci, that is, S. aureus and the group of “less
virulent” microorganisms such as viridans streptococci, S.
bovis, enterococci, and CoNS, have a particular affinity for

causing IE (above 90% in our series) [20, 21]. Although contin-
uous bacteremia occurs in almost all cases of IE, we observed
differences between microorganisms in their capacity to pro-
duce metastatic OAI, with S. aureus being the most prevalent.
Of note, the aortic valve was less commonly affected in patients
with IE and associated OALSs, this fact being in the line with pre-
vious studies analyzing the occurrence of other embolic events.

We also found that the microorganisms presented differ-
ent capacities for causing a particular type of bacteremic
OAL Thus, S. aureus, pyogenic streptococci and Gram-nega-
tive bacilli were able to produce either peripheral SA or ver-
tebral osteomyelitis in a similar proportion, but the group of
“less virulent” microorganisms (S. viridans, S. bovis, entero-
cocci and CoNS strains) were between two and eight times
more likely to cause vertebral osteomyelitis. Taking all these
data together, the association of IE and bacteremic OAI pre-
sented some particular features that deserve further discus-
sion. The prevalence of IE as a source of bacteremic OAI
has been reported to range from ratios as low as < 5-10%
to as high as 25-30% when analyzing a particular OAI such
as vertebral osteomyelitis [6, 10, 11, 22]. In a large series of
all types of bacteremic OAI reported here, the presence of
a concomitant diagnosis of IE was 15%, but it clearly dif-
fered between types of OAI The highest incidence of IE was
among OAIs with involvement of the axial skeleton (SA of
the axial skeleton in 22% of cases and vertebral osteomyeli-
tis in 20%). In fact, we observed that most OAIs associated
with IE had involvement of the axial skeleton (77%).
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Regarding microbiology, S. aureus was the most frequent
etiology of metastatic OAI associated with IE, but the whole
group of “less virulent” microorganisms that included S.
viridans, S. bovis, enterococci and coagulase-negative staph-
ylococci strains caused a greater percentage of these cases.
Previous studies have reported the association between
vertebral osteomyelitis and IE, especially in the case of
streptococcal etiology [11, 12, 23]. In the present study, we
confirmed that this group of less virulent microorganisms
was responsible for this association. In fact, we showed that
when these microorganisms caused a bacteremic OAI, they
almost exclusively produced vertebral osteomyelitis, and this
was mainly caused by the existence of IE that may facilitate
continuous bacteremia. In fact, we consider that these strep-
tococcal, enterococcal and coagulase-negative staphylococ-
cal microorganisms, all of which have affinity for causing IE,
also have a great ability for causing vertebral osteomyelitis
for reasons that are not well understood.

S. aureus can cause all types of bacteremic OAls. It is
known that this microorganism has a mixture of virulence
factors that facilitate either the adherence or the invasion
of several tissues [24, 25]. Therefore, S aureus is able to
produce IE, like the group of less virulent microorganisms
mentioned, but it also caused all types of OAIs regardless
of the presence or absence of IE. In fact, bacteremic OAI
caused by S. aureus was significantly more frequent in the
absence of concomitant IE. Overall, the contrast between
OAIs caused by S. aureus and less virulent microorganisms
illustrates that particular types of OAIs are less likely to be
produced by some bacteria. Interestingly, our results support
the notion that the main relationship between staphylococ-
cal OAIs and IE was established with the presence of SA of
axial skeleton. In our experience, S. aureus, together with
pyogenic streptococcus, is responsible for SA involving the
axial skeleton [12, 26]. While S. aureus caused a large num-
ber of both OAI and IE, pyogenic streptococci only rarely
produced IE, but in all these cases the OAI involved the axial
skeleton. There is little previous information about SA of the
axial skeleton, and the few studies available have reported
its higher predominance among IDUs [27-29]. The results
of our study (which did not include the IDU population)
suggest that, in the presence of staphylococcal bacteremia
affecting the axial skeleton (especially in the case of SA of
the axial skeleton) the concomitant presence of IE should
be ruled out.

The association of IE and OAI with involvement of the
axial skeleton was observed regardless of the microorgan-
isms responsible or the sex and age of patients. It seems
that some particular features of bone and joints that change
throughout life, the characteristics of the continuous low-
grade bacteremia of IE, and the differences observed in the
osteoarticular tropism of microorganisms may explain this
association.

@ Springer

The present study has some limitations that are inherent
to long-term observational studies, some of them may be
in relation with the availability of more sophisticated tech-
nologies in recent years (such as MRI or transesophageal
echocardiography). The misdiagnosis of IE among bactere-
mic OAI cases or of OAIs among IE cases should be kept
to minimum, since cases included in both groups were pro-
spectively followed by infectious diseases specialists in our
hospital. Finally, it should be noted that our study refers only
to bacteremic OAIs and thus, the non-bacteremic cases that
can be associated with IE were not included. In any case, we
think it may offer some new insights regarding the interac-
tion of IE and OAIs.

In conclusion, bacteremic OAISs of the axial skeleton (ver-
tebral osteomyelitis and septic arthritis) were associated with
the presence of concomitant IE. While S. aureus was the
most frequent etiology of all types of metastatic OAls in
association with IE, it was the main agent responsible for the
SA of the axial skeleton. In contrast, the group of “less viru-
lent” microorganisms (S. viridans, S. bovis, enterococci and
CoNS) was more prevalent in cases of vertebral osteomy-
elitis associated with IE. From a practical point of view, the
performance of transesophageal echocardiography should be
strongly considered in patients presenting with bacteremic
vertebral osteomyelitis and SA of the axial skeleton.
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Background: The site of acquisition of infection may have a major impact on outcome. The health care-related
(HCR) environment has recently come under scrutiny. In a group of patients with bacteremic septic arthritis
(SA), we compared their characteristics, type of SA, microbiology and prognosis according to the site of acquisi-
tion: community-acquired (CA), nosocomial-acquired (NA), and HCR.
Methods: We studied all patients with bacteremic SA seen at our institution between 1985 and 2013. Data were
obtained from a protocol of prospectively recorded bacteremia cases.

Iézﬁs raﬁ.hritis Results: There were 273 cases of bacteremic SA (CA: 51%; NA: 31%; and HCR: 18%). NA and HCR sites were more
Bacteremia frequent in older and fragile patients. SA of peripheral joints was the most common presentation; infections of
Healthcare-related the axial skeleton predominated in CA and HCR (24%), and prosthetic joint infection in NA (44%). MRSA and Pseu-
Nosocomial domonas aeruginosa were mainly found in NA (21% and 6% respectively) and HCR (14% and 8% respectively),
Community whereas Streptococcus spp. was more frequent in CA (30%) and HCR (28%). The 30-day mortality rates were:

CA 7%, HCR 18%, and NA 26%.
Conclusion: The characteristics of HCR-SA overlapped with those of the CA or NA-SA cases. The HCR and NA cases
presented more advanced age, greater fragility, and the predominance of difficult-to-treat microorganisms, while
the HCR and CA cases presented an involvement of the axial skeleton, streptococcal etiology, and a lower number
of prosthetic joint infections. Our data show that the site of acquisition should be considered when planning di-
agnostic and therapeutic management for SA.

© 2015 European Federation of Internal Medicine. Published by Elsevier B.V. All rights reserved.

1. Introduction

Septic arthritis (SA) remains a significant health concern and pre-
sents high rates of morbidity and mortality. Its treatment requires emer-
gency medical and surgical care, including antibiotic therapy and
debridement to avoid joint destruction and loss of functionality. The
presence of bacteremia is common and may be either the cause or the
consequence of SA [1-3].

Several medical conditions have been identified as the risk factors
for SA, such as the presence of rheumatoid arthritis, diabetes mellitus,
corticosteroid therapy, intravenous drug abuse or joint prosthesis [3,
4]. In addition, recent changes in patients' characteristics and social
habits and the use of more aggressive therapies have increased the
numbers of elderly individuals with more chronic debilitating

* Corresponding author. Tel.: +34 93 260 76 25; fax: +34 93 260 76 37.
E-mail address: omurillo@bellvitgehospital.cat (O. Murillo).

http://dx.doi.org/10.1016/j.€jim.2015.11.013

conditions. This may predispose them to a greater number of joint infec-
tions, either native or prosthetic (PJI) [5-8]. Indeed, although native SA
and PJI present notable differences, several epidemiological studies
have stressed the value of addressing both entities together [5-8].

The site of acquisition of infection may have a strong influence on
microbiology or on patients’ characteristics. While the distinction
between community and nosocomial acquisition has been well
established, health care-related infections have only recently been de-
scribed as a specific entity [9-11]. To our knowledge, differences in
the current pattern of SA in relation to the site of acquisition have not
been previously reported. Moreover, mortality due to SA may also be in-
fluenced by the site of acquisition, but this has not been specifically
evaluated to date.

In the present study we analyzed a large cohort of patients suffering
from bacteremic SA (native or prosthetic) over the last three decades.
Our main objective was to compare patients' characteristics, microbiol-
ogy and prognosis according to the site of acquisition.

0953-6205/© 2015 European Federation of Internal Medicine. Published by Elsevier B.V. All rights reserved.
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2. Patients and methods
2.1. Setting and study design

This study was performed at the Hospital Bellvitge, a 700-bed tertia-
ry care teaching institution in Barcelona, Spain. The hospital does not
have pediatric, obstetric or burn wards.

Over the past three decades, information on all patients with blood-
stream infection has been collected in a prospective database which
contains data on patients' baseline characteristics, clinical presentation
and source of bacteremia, microbiologic data, and outcome.

3. Patients' characteristics, microbiological studies and definitions

All patients with SA and bacteremia who were attended at our insti-
tution from 1985 to 2013 were analyzed. The study included both pa-
tients with an SA focus as the source of bacteremia (defined as
“primary” bacteremic SA) and patients with bacteremia from a distant
focus, in whom the SA was the result of a septic metastasis (defined as
“secondary” bacteremic SA). Specifically, the location of SA, the number
of joints involved, and the presence of joint prosthesis were recorded. In
view of the recent epidemiology of bacteremic osteoarticular infection
[5] and in order to analyze a representative sample of SA cases according
to the site of acquisition, we decided to exclude intravenous drug users
from the study because this young population presents its own particu-
lar pattern of osteoarticular infections which are almost exclusively
community-acquired [12-14].

Blood samples were cultured following the standard recommenda-
tions by the automated Bactec method with both aerobic and anaerobic
media (current Bactec FX system, Becton-Dickinson Microbiology
Systems, USA). Microorganisms were identified and their antibiotic sus-
ceptibility was assessed using standard biochemical reactions, disk-
diffusion, and the MicroScan system (Dade Behring, West Sacramento,
CA, USA). Antimicrobial susceptibility was defined according to CLSI
criteria [15]. We applied the definitions for multidrug-resistant and ex-
tensively drug-resistant microorganisms described by Magiorakos et al
[16].

SA cases were defined according to the modified criteria used by
Newman [3]. All cases included met at least one of these two criteria:
i) isolation of a pathogenic microorganism from an affected joint; or
ii) isolation of a pathogenic organism from another source (blood) in
the context of compatible clinical picture of SA (inflammatory local
signs). In addition, PJI was defined by the isolation of a pathogenic mi-
croorganism from two or more surgical, joint-aspirated or blood cul-
tures, or by one such positive culture plus the presence of typical signs
and clinical symptoms (inflammatory signs, the presence of a sinus
tract or purulence around the prosthesis during surgery) [1,3]. Accord-
ing to our protocol, arthrocentesis is routinely performed to obtain sy-
novial fluid samples and a pair of blood cultures is obtained for
microbiological analyses; in cases in which the process affects joints
with difficult access (i.e., the axial skeleton) only blood cultures are ini-
tially taken.

Joint involvement was divided into “peripheral” (joints of the ap-
pendicular skeleton) and “axial”. Specifically, axial SA cases were
those that involved joints forming part of the axis of the skeleton:
acromioclavicular, sternoclavicular, sternocostal, pubic symphysis and
sacroiliac (obviously, cases of spondylodiscitis were not considered).

Cases of bacteremia by Neisseria sp. (Neisseria meningitidis and
Neisseria gonorrhoeae) were not considered, so as to avoid the inclusion
of patients with reactive arthritis. Cases of interapophyseal arthritis
were excluded because their diagnosis is mainly confirmed by the use
of magnetic resonance imaging, which was only available for part of the
study period [17]. Microbiology was always identified by blood samples,
and in most cases by additional local samples obtained from the
affected joint. In accordance with the Lancefield and Sherman classifica-
tions, the Streptococcus species were divided into two groups: Pyogenic

(Streptococcus pyogenes, Streptococcus agalactiae, and Streptococcus
pneumoniae) and Other streptococci (Streptococcus viridans, Streptococcus
bovis and Streptococcus milleri, along with the remaining species) [18].
Cases were considered to be nosocomial-acquired (NA), health care-
related (HCR) or community-acquired (CA) in accordance with the defi-
nitions provided by Friedman et al. [9]; thus, the SA cases recorded prior
to that publication were classified retrospectively. Briefly, health care-
related SA was defined by a diagnosis obtained from a patient at the
time of admission or within 48 h of admission if he/she: i) had received
intravenous therapy or specialized nursing care at home in the 30 days
before the infection; ii) had attended a hospital or hemodialysis clinic or
received intravenous chemotherapy in the 30 days before the infection;
iii) had been hospitalized in an acute care hospital for 2 or more days in
the 90 days before the infection; or iv) resided in a nursing home or a
long-term care facility. Nosocomial-acquired SA was defined by a diagno-
sis obtained from patients who had been hospitalized for 48 h or longer,
and community-acquired SA by a diagnosis obtained at the time of hospi-
tal admission or within 48 h of hospital admission in patients who did not
meet the criteria for a health care-related SA.

Mortality associated with bacteremic SA (30-day mortality) was
considered when the patient died within 30 days of diagnosis of bacter-
emia with concomitant SA.

4. Statistical analysis

Data were analyzed with SPSS (version 20.0). Continuous variables
are expressed as mean + SD or median and range, according to normal-
ity tests; categorical variables are expressed as counts and valid per-
centages. Comparative analyses were performed with X? or Fisher's
test for categorical variables, and the Mann-Whitney U-test for contin-
uous variables. All tests were two-tailed, and a P value < 0.05 was con-
sidered as statistically significant.

5. Results

A total of 35,250 episodes of clinically significant bacteremia were
recorded during the period of study. Among these, 273 cases (0.8%)
had a concomitant SA; the source of bacteremia was considered “prima-
ry” in 200 cases (73%), and “secondary” in the remaining 73 cases (27%).
Among the latter, the most frequent initial origins of bacteremia were
vascular-catheter infection (n = 27, 10%), infectious endocarditis
(n = 20, 7%), and soft tissue infections (n = 13, 5%).

The site of acquisition of SA was classified as: community-acquired
(n =139, 51%), nosocomial-acquired (n = 84, 31%), and health-care re-
lated (n = 50, 18%). Differences in the source of bacteremia regarding
the site of acquisition were observed between primary and vascular-
catheter foci (which represented 81% and 0% of community-acquired
cases, 69% and 21% of nosocomial-acquired cases, and 62% and 18% of
health care-related cases respectively; P < 0.001 and P = 0.05).

SA occurred more frequently in male patients (56%), and the median
age was 67 years (IQR 55-77). The most frequent baseline conditions
are presented in Table 1. Older and more fragile patients with SA were
more likely to have nosocomial or health care-related sites of acquisi-
tion. Nosocomial-acquired and health care-related cases were more
likely than community-acquired cases to present relevant risk factors
for SA such as immunosuppressive therapy, chronic renal insufficiency
or prosthesis infection.

The location of SA also differed depending on the site of acquisition:
while in community-acquired and health care-related cases the location
was similar (peripheral joints in 76% and the axial skeleton in 24%), in
nosocomial-acquired cases it was mainly the peripheral joints (92% vs
8% for the axial skeleton; P = 0.003 and P = 0.01, respectively)
(Table 1). The higher number of PJIs acquired in the hospital environ-
ment was responsible for the differences in the overall percentage of
peripheral joint SA between nosocomial-acquired and community-
acquired or health care-related cases (P < 0.001 and P = 0.005
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Table 1

Patients' characteristics, location, microbiology and mortality of SA cases according to the site of acquisition.

All (n=273) Community (n = 139) Nosocomial (n =84) PvalueCvsN Healthcare (n =50) PvalueNvsH PvalueCvsH
Age (median, IQR) 67 (55-77) 65 (52-76) 73 (58-79) 0.03 66 (60-76) 03 0.2
Male 153 (56) 79 (57) 41 (49) 0.2 32 (64) 0.09 0.4
Underlying disease
One or more 167 (61) 74 (54) 53 (63) 0.2 40 (80) 0.04 0.001
Diabetes mellitus 74 (27) 39 (28) 21 (25) 0.6 14 (28) 0.7 0.9
Neoplasm 37 (14) 9(6) 14 (17) 0.02 14 (28) 0.1 <0.001
Immunosuppressive therapy 67 (25) 28 (20) 17 (20) 0.9 22 (44) 0.003 0.001
Cardiopathy 51(19) 21 (15) 19 (23) 0.2 11 (22) 0.9 0.3
Chronic renal insufficiency 20 (7) 0 3(4) 0.02 17 (34) <0.001 <0.001
Rheumatoid arthritis 27 (10) 13 (9) 7(8) 0.8 7 (14) 0.3 0.4
Location of SA
Axial 53 (19) 33 (24) 7(8) 0.003 12 (24) 0.01 0.9
Peripheral 220 (81) 105 (76) 77 (92) 0.003 38 (76) 0.01 0.9
Native 150 (55) 81 (59) 40 (48) 0.1 28 (56) 03 0.7
Prosthesis 70 (26) 24 (17) 37 (44) <0.001 10 (20) 0.005 0.6
Microbiology
MSSA 129 (47) 75 (54) 37 (44) 0.1 17 (34) 0.2 0.01
MRSA 27 (10) 2(1) 18 (21) <0.001 7 (14) 03 <0.001
Streptococcus sp. 59 (22) 41 (30) 4 (5) <0.001 14 (28) <0.001 0.8
Pyogenic? 43 (16) 32(23) 2(2) <0.001 9 (18) 0.001 0.5
Other 16 (6) 9(6) 2(2) 0.2 5(10) 0.05 0.4
Enterococcus sp. 5(2) 1(1) 2(2) 03 2(4) 0.6 0.1
GNB 49 (18) 19 (14) 21 (25) 0.03 9 (18) 03 0.5
Escherichia coli 19 (7) 13(9) 4 (5) 0.2 2(4) 0.8 0.2
Pseudomonas aeruginosa 9(3) 0 5(6) 0.004 4 (8) 0.6 0.001
30-day mortality 41 (15) 10(7) 22 (26) <0.001 9 (18) 0.3 0.03

Data presented as numbers of cases (percentage).

Abbreviations: C, community-acquired; N, nosocomial-acquired; H, health-care related; SA, septic arthritis; MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resis-

tant S. aureus; GNB, Gram-negative bacilli.

2 Pyogenic streptococci: Streptococcus pyogenes, Streptococcus agalactiae, and Streptococcus pneumoniae.

respectively; Table 1). There were 70 episodes (26%) of PJI, all of them
monoarticular and mostly affecting the hip (n = 41) and the knee
(n = 26). The main differences between PJI and native SA cases
were that PJIs occurred more frequently in older patients (median
age, IQR: 76, 71-81 vs 64, 52-74; P < 0.001), had more infections
caused by methicillin-resistant Staphylococcus aureus (MRSA) and
Enterobacteriaceae strains (17% vs 8%, and 20% vs 10%; P = 0.03
and P = 0.04, respectively), and had a higher mortality rate (24% vs
12%; P = 0.01). With regard to the site of acquisition, native SA and
PJI were broken down as follows: nosocomial-acquired, 23% and
53% (P < 0.001); health care-related, 20% and 14% (P = 0.3); and
community-acquired, 57% and 33% (P = 0.001).

Cases of SA with involvement of the axial skeleton (in comparison
with involvement of peripheral joints) tended to affect younger people
(median 59 vs 69 years; P = 0.001), were more frequently associated
with concomitant infectious endocarditis (19% vs 4%, P < 0.001) and
were more likely to be caused by the Streptococcus species (34% vs
19%; P = 0.01).

Microorganisms responsible for bacteremic SA are presented in
Table 2. These episodes were mainly caused by Gram-positive bacteria
(81%), and only five cases (2%) were polymicrobial. S. aureus was by
far the most frequent microorganism (n = 157, 57%), the strains being
methicillin-susceptible (MSSA) in 82% of the cases and MRSA in 18%.
Streptococcus sp. caused 21% (n = 59) of SA cases, with S. agalactiae
predominating (n = 21). Among Gram-negative bacilli (GNB),
Escherichia coli (n = 19) and Pseudomonas aeruginosa (n = 9) were
the most frequent isolates.

Significant differences in the etiology of SA with regard to the site of
acquisition are shown in Table 1. S. aureus was the most frequently in-
volved microorganism in all cases; MSSA strains were less common
than other etiologies in health care-related cases than in the others.
In addition, the presence of MRSA strains was significantly higher
in nosocomial-acquired and health care-related cases (33% and 29%
of all S. aureus respectively) than in community-acquired cases (1%;

P <0.001). The proportion of streptococcal SA was significantly higher
among community-acquired and health care-related cases than
among nosocomial-acquired cases, especially in those caused by the
pyogenic Streptococcus species. Infections caused by GNB were more
frequent in nosocomial than in community acquisition (P = 0.03); all
episodes of SA caused by P. aeruginosa were nosocomial-acquired or
health care-related. Microorganisms that were more typically related
to PJI than to native SA were MRSA and Enterobacteriaceae strains
(P =0.03 and P = 0.04 respectively).

Forty-one patients died within 30 days of SA diagnosis, a mortality
rate of 15%. In 19 out of 41 cases (46%) death occurred within a week
of diagnosis, being closely related with the acute phase of sepsis. Differ-
ences in mortality rate according to the site of acquisition are presented
in Table 1; health care-related cases presented higher mortality than
community-acquired but lower than nosocomial-acquired. In addition,
prosthetic joint infections were associated with higher mortality (24%)
than native joint SA (12%) (P = 0.01).

6. Discussion

The present study identifies the main differences in patients' charac-
teristics, type of SA, and microbiology according to the site of acquisition
of bacteremic SA.

The site of acquisition of various infections has changed in the last few
years [9]. Recently, we reported a significant increase in nosocomial-
acquired and health care-related bacteremic osteoarticular infections,
and a decrease in the number of strictly community-acquired cases [5].
In the SA setting, the results of our current study confirmed that only
half of the cases were community-acquired. While the distinction be-
tween nosocomial- and community-acquired infections is well known,
several recent articles have reported the particularities of infections in
the health care environment [9-11]. To our knowledge, no previous stud-
ies have focused on the site of infection in the setting of SA; the results of
the present study show that health care-related cases share some features
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Table 2
Microorganisms responsible for all cases of septic arthritis.
Gram-positive microorganisms 226 (81%)
Staphylococcus sp. 160 (58%)
S. aureus 157 (57%)
MSSA 129 (47%)
MRSA 28 (10%)
Coagulase-negative 3(1%)
Streptococcus sp. 59 (21%)
S. agalactiae 21 (7%)
S. pneumoniae 13 (5%)
S. pyogenes 9 (3%)
Other ? 16 (5%)
Enterococcus sp. 5 (2%)
Enterococcus faecalis 5 (2%)
Other Gram-positive microorganisms 2 (0.7%)
Corynebacterium sp. (0.4%)
Gemella 1(0.4%)
Gram-negative microorganisms 52 (19%)
Enterobacteriaceae 35 (12%)
E. coli 19 (7%)
Klebsiella pneumoniae 6 (2%)
Salmonella enteritidis 3(1%)
Proteus mirabilis 2 (0.8%)
Enterobacter cloacae 2 (0.8%)
Morganella morgagnii 2 (0.8%)
Serratia marcescens 1(0.4%)
Non-fermenting Gram-negative bacilli 9 (4%)
P. aeruginosa 9 (3%)
Other Gram-negative microorganisms 8 (3%)

Bacteroides fragilis 4 (1.5%)
Haemophilus sp. 2 (0.8%)
Eubacterium sp. 1(0.4%)
Aeromonas hydrophila 1(0.4%)

Total: 278 isolates in 273 cases of bacteremic SA, with 5 cases of polymicrobial bacteremia.

@ Other Streptococcus groups included: Streptococcus equi (n = 3), Streptococcus group
G (3), Streptococcus bovis (3), Streptococcus intermedius (2), Streptococcus mitis (2), Strep-
tococcus sanguis (1), Streptococcus salivarius (1), and Streptococcus group F (1).

with community-acquired cases and others with nosocomial-acquired
cases.

We found the characteristics of patients with nosocomial-acquired
and health care-related SA to be quite similar. These patients tended
to be older and had more underlying diseases than patients with
community-acquired infection. In contrast, the clinical pattern of SA
with regard to the joints involved showed a clear predominance of pe-
ripheral joints (92%) among nosocomial-acquired cases, whereas the
axial skeleton was involved in almost 25% of health care-related and
community-acquired cases. Our results confirmed that the peripheral
joints (i.e., knee, hip, shoulder) are the most affected in all sites of acqui-
sition; however, while the percentage of native peripheral SA was sim-
ilar for all three sites, PJI presented a significant association with
nosocomial acquisition. The notable differences between native SA
and PJI have been mentioned in the previous studies [6-8]; once
again, we confirmed these previous results but our study also highlight-
ed some interesting differences from the epidemiological point of view.
As is well known, PJIs are usually divided into acute and late chronic
according to the time elapsed after the implantation of prosthesis (1-
3 months vs longer) [8]. The clinical presentation of these two kinds of
PJI reveals clear differences: while acute infections usually present
with bacteremia, this is extremely uncommon in late chronic infections.
Thus, the high rates of PJI in nosocomial cases of SA may be due to the
predominance of postsurgical acute infections. Less frequently, hema-
togenous seeding of microorganisms to the prosthesis may occur over
time, and this may be reflected in the community and health care-
related cases of PJI.

As for SA involving the axial skeleton, classic studies have reported
higher predominance in young people, especially among intravenous-
drug users [1,13,14,19]. Our results support these findings (even in
the absence of the latter population in our series), and showed the asso-
ciation with the presence of endocarditis and streptococcal etiology.

S. aureus was the main cause of SA at all sites of acquisition, but other
interesting microbiological features were also observed. The presence of
MRSA was clearly associated with nosocomial-acquired and health care-
related sites, and was practically non-existent among community-
acquired sites (1%). These results seem to be in agreement with others
from elsewhere in Europe which have reported a lower frequency of
community-acquired MRSA infections than in the USA [20-23]. As
noted above, the association between nosocomial acquisition and PJI
cases may partially explain the higher presence of MRSA infections at
this site. The Streptococcus species were the second most frequent etiol-
ogy of SA, with S. agalactiae being the most common. This seems to be in
agreement with recent reports of the increasing incidence of Streptococ-
cus sp. as a cause of osteoarticular infections [24-26]. In this case, our re-
sults showed that almost all these infections were acquired in the
community and the health care environment, and were extremely rare
among nosocomial-acquired cases. The great variety of Streptococcus
species makes it hard to draw firm conclusions, but the viridans group
(as a common cause of endocarditis) and the pyogenic species seem to
be more related to community-acquired infections. In this regard, our re-
sults for streptococcal SA underline the similarities between the health
care-related and community-acquired populations. Finally, GNB was a
more common etiology of SA in the hospital environment, and was
frequent in the health care-related setting as well. P. aeruginosa was ob-
served only at these sites, and Enterobacteriaceae strains were signifi-
cantly more frequent as causes of PJI.

Overall, identification of health care-related SA appears to be impor-
tant in clinical practice. The particular features of its etiology, as well as
the greater fragility of patients (who tend to be older and present more
comorbid conditions), make an early distinction between health care-
related and community-acquired SA mandatory in order to plan the
emergency indications of empirical antibiotic therapy and surgical
procedures.

The mortality observed in our study (15%) is close to the highest
rates reported in previous studies of SA [1,4,27]. We stress that our
study included only bacteremic PJI and SA, which have both been asso-
ciated with greater mortality in other SA series [4,8,27,28]. Our results
support the notion that mortality is mainly due to sepsis, since almost
half of the deaths occurred in the first week after bacteremia. With
regard to the site of acquisition, our results showed that health care-
related SA presented a higher risk for mortality than community-
acquired cases but a lower risk than nosocomial-acquired cases. Our
results also showed a higher mortality rate for PJIs and nosocomial-
acquired cases. Previous reports have noted the greater risk of mortality
for PJI [8,28]; therefore, the association between these cases and nos-
ocomial acquisition could partially explain the higher mortality associ-
ated with this site.

7. Conclusions

The pattern of bacteremic SA presents notable differences regarding
the site of acquisition and has changed over time; half of the cases are
now health care-related or nosocomial-acquired. The health care-
related cases presented clinical findings, etiology and prognosis that o-
verlapped with those for community- or nosocomial-acquired SA. An
older, more fragile population and the predominance of MRSA and P.
aeruginosa infections were characteristics shared by health care-
related and nosocomial-acquired SA. In contrast, health care-related
cases seemed to be more similar to community-acquired SA in terms
of the involvement of the axial skeleton, the streptococcal etiology,
and the lower number of PJI cases. Overall, bacteremic SA had a high
mortality rate; specifically, mortality was higher in health care-related
SA cases than in community-acquired cases, but not as high as in
nosocomial-acquired SA. Our data show that the site of acquisition
should be considered when planning diagnostic and therapeutic ap-
proaches in patients with septic arthritis.
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ARTICLE INFO ABSTRACT

Objectives: The mortality of patients with bacteremic osteoarticular infections (B-OAls) is poorly
understood. Whether certain types of OAIs carry higher mortality or interventions like surgical

Keywords: A A . N N

Bacteremia debridement can improve prognosis, are unclarified questions.

Osteoarticular infections Methods: Retrospective analysis of a prospective cohort of patients with B-OAls treated at a teaching
Mortality hospital in Barcelona (1985-2014), analyzing mortality (30-day case-fatality rate). B-OAls were

categorized as peripheral septic arthritis or other OAIls. Factors influencing mortality were analyzed
using logistic regression models. The association of surgical debridement with mortality in patients with
peripheral septic arthritis was evaluated with a multivariate logistic regression model and a propensity
score matching analysis.
Results: Among 650 cases of B-OAls, mortality was 12.2% (41.8% of deaths within 7 days). Compared with
other B-OAl, cases of peripheral septic arthritis were associated with higher mortality (18.6% vs 8.3%,p <
0.001). In a multiple logistic regression model, peripheral septic arthritis was an independent predictor
of mortality (adjusted odds ratio [OR] 2.12; 95% CI: 1.22-3.69; p = 0.008). Cases with peripheral septic
arthritis managed with surgical debridement had lower mortality than those managed without surgery
(14.7% vs 33.3%; p = 0.003). Surgical debridement was associated with reduced mortality after adjusting
for covariates (adjusted OR 0.23; 95% CI: 0.09-0.57; p = 0.002) and in the propensity score matching
analysis (OR 0.81; 95% CI: 0.68-0.96; p = 0.014).
Conclusions: Among patients with B-OAls, mortality was greater in those with peripheral septic arthritis.
Surgical debridement was associated with decreased mortality in cases of peripheral septic arthritis.

© 2018 Elsevier Inc. All rights reserved.

Septic arthritis
Surgical debridement

Introduction

Osteoarticular infections (OAls) are often associated with
bacteremia and can either be metastatic OAls, when they are the
consequence of a bacteremia from another origin, or primary OAls,
if they cause the bacteremia and no other distant infection is
present. The prevalence of bacteremia among patients with OAls

Abbreviations: B-OAl, Bacteremic Osteoarticular Infection; OR, Odds ratio; SA,
septic arthritis; VO, vertebral osteomyelitis; IVDU, intravenous drug users; GNB,
Gram-negative bacilli; PJI, prosthesis joint infection; IQR, interquartile range; 95%
CI, 95% confidence interval.
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may differ substantially, but it is usually higher among cases of
septic arthritis (SA) [1,2] and vertebral osteomyelitis (VO) [3,4].

In recent years, the incidence of bacteremic OAls (B-OAls) has
increased [5], and there have been changes in the characteristics of
patients with OAls. For example, there has been a marked decrease
in the rate of OAIs in intravenous drug users (IVDU), but an
increase in OAls among older adults and in patients with chronic
medical conditions. The microbiology of B-OAls has also changed,
with increased rates of Gram-negative bacilli (GNB) and Strepto-
coccus spp., though Staphylococcus aureus remains the main
etiological agent.

The presence of bacteremia in patients with OAls is a major
concern. It is considered a major risk factor for poor outcomes
[6-8], but no detailed analysis of factors influencing mortality in
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large cohorts of patients with B-OAls has been published to date.
Moreover, little information is available on the type of OAls, the
presence of prior host factors, or the causative microorganisms as
determinants of mortality in patients with B-OAls. For example, SA
is reported as a major cause of morbidity and mortality [1,9], but
its impact on the overall mortality in B-OAls is unclear. Therefore,
it is essential that we understand the medical and surgical
interventions, together with other factors, that influence mortality
in patients with B-OAL

In this study, our aim was to analyze mortality (30-day case-
fatality rate) among a large cohort of patients with B-OAls, and to
investigate the host, microbiological, and interventional factors
that may influence prognosis.

Materials and methods
Study design and setting

This study was performed at the Hospital Universitari de
Bellvitge, a large teaching hospital in Barcelona, Spain. The hospital
does not attend pediatric, obstetric or burn patients, and has a
dedicated multidisciplinary Bone and Joint Infection Unit compris-
ing orthopedic surgeons, infectious diseases specialists and
rheumatologists. Patients with OAls are admitted to this Unit for
antibiotic therapy and/or surgical interventions, based on the
assessments of the attending physicians and surgeons. Usually,
SA of native joints is routinely managed by open arthrotomy.

Inclusion and exclusion criteria

Over the last three decades, a team of microbiologists and
infectious disease specialists have prospectively studied all cases
of bacteremia at our hospital. As a result, they have produced
a database that contains information on patients’ characteristics,
clinical presentation, source of bacteremia, microbiological
records, follow-up, and outcomes. The institutional review board
approved this study and publication of the results. The need for
informed consent was waived as the study analyzed data retro-
spectively and the data were anonymized.

All episodes of bacteremia (some patients had more than one
episode) and associated OAls managed between 1985 and 2014
were included. Patients were included if OAI was the primary
source of bacteremia, or if they had metastatic OAI secondary to
bacteremia from a distant focus. Patients were excluded if they
were younger than 18 years old or IVDU. Cases caused by Neisseria
spp. were also excluded so as to avoid including cases with
reactive rather than septic arthritis.

Definitions

All cases included in the study fulfilled the main diagnostic
criteria for each type of OAI; they presented with bacteremia and a
compatible clinical picture. According to our protocol, we consider
patients with a short history of a warm, swollen and tender joint to
have SA until proven otherwise [2,10]. An arthrocentesis is
routinely performed to obtain synovial fluid samples for micro-
biological analyses and a pair of blood cultures is taken; in cases in
which the process affects joints with difficult access (i.e., the axial
skeleton) only blood cultures are initially taken. Non-infectious
etiologies of acute arthritis are also ruled out prior to establishing
the diagnosis of SA. In addition, prosthetic joint infection (PJI) was
defined by the isolation of a pathogenic microorganism from two
or more surgical, joint-aspirated or blood cultures, or by one such
positive culture plus the presence of typical signs and clinical
symptoms (inflammatory signs, the presence of a sinus tract or

purulence around the prosthesis during surgery). Joint involve-
ment was classified as ‘peripheral’ (i.e., joints of the appendicular
skeleton, which were either native or PJI) and ‘axial’ (i.e., the axial
skeleton, including the acromioclavicular, sternoclavicular, sterno-
costal, pubic symphysis, inter-apophyseal, and sacroiliac joints).
VO, with or without spine arthrodesis, was defined by the
presence of back pain, motion limitation, spinal tenderness, and/
or macroscopic pus through the surgical wound, together with
characteristic imaging findings (computed tomography or mag-
netic resonance imaging) [4]. Peripheral osteomyelitis was defined
by the presence of typical signs and symptoms such as a draining
fistula, bone tenderness, and/or local swelling, and characteristic
imaging findings (bone radiograph, computed tomography or
magnetic resonance imaging) [3] and included cases with or
without an orthopedic device. Microbiology of OAI was always
identified by blood samples and in most cases by additional local
samples obtained from the affected joint or bone.

The severity of the underlying diseases was estimated by the
McCabe Jackson score (I = nonfatal disease [survival > 5 years]; II
= ultimately fatal disease [survival 1-5 years], Ill = rapidly fatal
disease [survival < 1 year]) [11]. Mortality was recorded if death
occurred within 30 days from the diagnosis, and early mortality if
death occurred within 7 days.

Microbiological studies

Blood samples were cultured following standard criteria by the
automated BACTEC™ method, using both aerobic and anaerobic
media. We used the following BACTEC™ systems (Becton-Dick-
inson Microbiology Systems, Franklin Lakes, NJ, USA): the BAC-
TEC™ NR-860 in the 1990s, the BACTEC™ 9240 in the 2000s, and
the BACTEC™ FX in the 2010s. During the study period, identi-
fication of microorganisms and their antibiotic susceptibility were
performed by standard biochemical reaction, disc diffusion or
microdilution, and the MicroScan system (Dade Behring, West
Sacramento, CA, USA). Antimicrobial susceptibility was defined
according to Clinical and Laboratory Standards Institute [12].
Streptococci were divided into two groups according to the Lance-
field and Sherman classifications: pyogenic species (Streptococcus
pyogenes, Streptococcus agalactiae, and Streptococcus pneumoniae)
and viridans species (Streptococcus bovis and Streptococcus milleri,
along with the remaining species) [13].

Statistical analysis

Data were analyzed by Stata 13.1 (Stata Corporation, TX, USA).
Categorical variables were described by counts and percentages,
while mean and standard deviation or median and interquartile
range (IQR) were used to summarize continuous variables.
Comparisons between groups were performed with either the
chi-square test or Fisher exact test for categorical variables, and the
t-test or Mann-Whitney U test was used for continuous variables.
A non-parametric test for trend was performed to analyze the
changes in mortality across the study periods: 1985-1994 (P1),
1995-2004 (P2), and 2005-2014 (P3).

For the mortality analysis, OAls were divided into two catego-
ries depending on the presence or absence of peripheral SA. Those
without peripheral SA included patients with osteomyelitis (verte-
bral and peripheral osteomyelitis) and SA of the axial skeleton.
To determine the predictors of mortality, logistic regression
models were built to estimate unadjusted and adjusted odds ratios
(ORs) with their 95% confidence intervals (95% Cls). Clinically
relevant variables associated with the outcome in the univariate
analysis were entered in the multivariate model. We did not
include variables related to infection severity (e.g., shock), which



J. Gomez-Junyent et al. / Seminars in Arthritis and Rheumatism 48 (2018) 327-333 329

may be considered intermediate variables rather than risk factors
for mortality. The likelihood ratio test was used to obtain p-values.

Since most cases of peripheral SA are managed with surgical
debridement, in contrast with other OAls such as VO or axial SA,
we also aimed to estimate the association of surgical debridement
with mortality among those with bacteremic SA. We used two
different approaches. First, a multivariate logistic regression model
was built, adjusting by clinically relevant variables. In a second
analysis, we performed a propensity score matching analysis
including factors that could potentially affect the decision of
receiving surgical debridement. Clinically relevant variables were
introduced in the propensity model, together with baseline
characteristics found to have a univariate association with surgical
debridement (p < 0.1). Variables finally included in the propen-
sity score matching model were age, McCabe and Jackson score,
shock upon admission, PJI and S. aureus infection. 1:1 nearest
neighbor matching with replacement was performed with a
caliper of 0.1. The association between surgical debridement and
mortality among those with surgical debridement after matching
was expressed with OR and 95% CIL.

Results

Between 1985 and 2014, a total of 36,507 episodes of bacter-
emia were recorded in our institution, of which 749 (2.1%) had
a concomitant OAI. Of these, we excluded 18 that occurred in
patients < 18 years, 70 that occurred in IVDU, 5 that were caused
by Neisseria spp., and 6 that lacked data on mortality. Finally, 650
episodes were therefore analyzed (Fig. 1).

The median age of the 650 included patients was 66 years (IQR
54-75), of which 59.7% were males. The most frequent baseline
medical conditions were diabetes mellitus (31.3%), immunosup-
pressive therapy (16%) and cancer (13.4%). Of note, there were 36
patients with rheumatoid arthritis, representing 25% of cases in
the whole cohort of bacteremia (36/144 patients), in contrast with
those without rheumatoid arthritis (614/36363; 1.7%) (p < 0.001).

These 650 patients presented with 691 B-OAls, which were 286
SA (41.4%), 278 VO (40.2%) and 127 peripheral osteomyelitis
(18.4%). Among the 286 cases of SA, axial arthritis was present in
44 (15.4%), native peripheral arthritis in 168 (58.7%) and PJI in 74
(25.9%). Thus, 242 patients (84.6%) presented with peripheral SA.
The main microorganism involved in B-OAls was S. aureus (56.8%),
of which 16.3% of strains were methicillin-resistant. Cases in those
with rheumatoid arthritis were mainly caused by S. aureus (80.6%).
Other groups of microorganisms were: GNB (22.2%), with E. coli
accounting for more than 10% of all cases, pyogenic streptococci
(9.1%) and viridans-group streptococci (6.5%).

Analysis of mortality

Among 650 patients with B-OAls, mortality (30-day case-fatal-
ity rate) was observed in 79 cases (12.2%), without significant
differences across the study periods: 7/71 (9.9%) in P1, 34/226
(15%) in P2 and 38/353 (10.8%) in P3 (p = 0.564). Early mortality
(<7 days) was 5.1% (33 cases), representing 41.8% of patients who
died (Fig. 2).

Mortality was greater in cases with PJI (19/74; 25.7%) and native
SA (26/168; 15.5%), compared with axial SA (2/44; 4.6%), VO (22/
278; 7.9%), and peripheral osteomyelitis (11/127; 8.7%). Overall
mortality was greater in those with peripheral SA, including native
SA and PJI, (45/242; 18.6%) than in those with other OAls (34/408;
8.3%) (p < 0.001). Early mortality was also greater in cases with
peripheral SA (22/242; 9.1%) than in cases with other OAls (11/408;
2.7%) (p < 0.001). Figure 3 shows the cumulative mortality in
patients with peripheral SA and other B-OAls. No significant
differences in overall mortality were found between primary and
metastatic B-OAls (11.2% vs 15.09%; p = 0.192) and primary and
metastatic peripheral SA (17.6% vs 21.7%; p = 0.481).

The 30-day mortality for each covariate, together with the
unadjusted ORs, are summarized in Table 1. Patients older than 65
years were more likely to die than younger patients (17.2% vs 7.1%;
p < 0.001). In fact, mortality increased clearly with age, though

36507 episodes of bacteremia
between 1985 and 2014

-18 excluded because age

749 had a concomitant osteoarticular
infection

below 18 years
- 70 excluded as intravenous

drug users

- 6 excluded because no data

650 patients finally included with 691
bacteremic osteoarticular infections

on mortality
- 5 excluded because infection

by Neisseria spp.

286 (41.4%) had septic
arthritis

| |

127 (18.4%) had
peripheral osteomyelitis

278 (40.2%) had
vertebral osteomyelitis

168 (58.7%) with native
peripheral septic arthritis

74 (25.9%) with
prosthetic joint infection

44 (15.4%) with axial
septic arthritis

\ J N\

N

242 (35%) with
peripheral septic arthritis

Y

449 (65%) with other
osteoarticular infections

Fig. 1. Flowchart of participants into the study.
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Fig. 2. Cumulative mortality among all 650 cases with bacteraemic osteoarticular
infections.

patients with peripheral SA had higher mortality in all age groups
(Fig. 4).

Liver cirrhosis and rheumatoid arthritis were associated with
greater mortality (deaths/total): 13/38 [34.2%] in patients with
liver cirrhosis vs 66/612 [10.8%] in those without (p < 0.001); 10/
36 [27.8%] in patients with rheumatoid arthritis vs 69/614 [11.2%]
in those without (p = 0.003). These higher mortality rates were
also observed in patients from the whole cohort of bacteremia
cases: 872/2965 [29.4%] in patients with liver cirrhosis vs 6005/
33542 [17.9%] in those without (p < 0.001); 43/144 [29.9%] in
patients with rheumatoid arthritis vs 8145/36,363 [22.4%] in those
without (p = 0.032). Thus, no significant differences in mortality
rates were found in patients with these comorbidities when they
had B-OAls or bacteremia from other sources. It should be noted
that patients with rheumatoid arthritis had more often peripheral
SA (77.8% vs 34.9%; p < 0.001) and, among the 10 patients who
died, 9 had peripheral SA.

B-OAls caused by S. aureus was associated with a mortality rate
of 14.9% (55/361), which was greater in cases of methicillin-
resistant than in methicillin-sensitive S. aureus (26.7% vs 12.6%;
p = 0.005). S. aureus was the causative agent in 69.6% of patients
who died. Although mortality associated with S. aureus was higher
in all B-OAl, those associated with peripheral SA had the greatest
mortality (Fig. 5). Mortality was 5.1% (3/59) for patients with
pyogenic streptococci, whereas it was 11.9% (5/42) for those with
viridans streptococci, and 7.6% (11/144) for those with GNB.

Adjustment in a multivariate model (Table 1) which included
all statistically significant variables from the univariate analysis,
indicated that peripheral SA was associated with a two-fold
increased odds of mortality (adjusted OR 2.12; 95% CI: 1.22-3.69;
p = 0.008). Other variables with adjusted ORs significantly
associated with mortality were age older than 65 years, liver
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———Peripheral septic arthritis Other osteoarticular infections

Fig. 3. Cumulative mortality in patients with peripheral septic arthritis compared
with other bacteraemic osteoarticular infections.

cirrhosis, rheumatoid arthritis, the McCabe and Jackson score, and
S. aureus infection.

Peripheral septic arthritis

We evaluated the impact of surgical debridement on mortality
in 239 patients with peripheral SA (3 patients had no information
available). There were not significant differences between those
treated with surgical debridement (191; 79.9%) compared to those
who were not (48; 20.1%), according to age, comorbidities, type of
OAI and McCabe and Jackson score (Table 2). S. aureus infection
was more frequent among those treated with surgical debride-
ment (62.8% vs 45.8%; p = 0.032).

Importantly, mortality was lower among patients treated with
surgical debridement compared with those who were not (28/191
[14.7%] vs 16/48 [33.3%]; p = 0.003); in particular, early mortality
was significantly lower among patients who underwent surgical
debridement compared with those who did not (9/191 [4.7%] vs
12/48 [25%]; p < 0.001). After adjusting for potential confounders
(age, liver cirrhosis, rheumatoid arthritis, McCabe and Jackson
score, PJI, and S. aureus infection) surgical debridement remained
significantly associated with reduced mortality (adjusted OR 0.23;
95% CI: 0.09-0.57; p = 0.002). After propensity score matching,
surgical debridement was still associated with decreased mortality
in patients with bacteremic SA (OR 0.81; 95% Cl: 0.68-0.96; p =
0.014).

Discussion

The main findings of this study are: first, mortality in patients
with B-OAIs was greater if the patient was elderly or had
peripheral SA. Second, early mortality (<7 days) accounted for
more than 40% of all deaths. Third, underlying conditions like
rheumatoid arthritis and liver cirrhosis were important risk factors
for mortality. Fourth, S. aureus was the main causative micro-
organism of B-OAls, and was associated with high mortality. Fifth,
surgical debridement was associated with decreased mortality in
patients with peripheral SA.

Although bacteremia is frequent among some OAls and it has
been associated with a poor prognosis, to our knowledge, no
previous studies had addressed mortality in a large cohort of
patients with B-OAls [6-9,14]. However, restricting our study to
patients with bacteremia alone makes it difficult to compare our
mortality figures with those of other studies. Comparison is
further confounded by the lack of definitions of mortality, the
use of different time cut-offs for defining mortality [7,9,14], or
because some studies were limited to particular microorganisms
[6,8,15].

Patients with rheumatoid arthritis, in comparison with the
general population, are considered to have an increased risk of
mortality and greater susceptibility to infection, including bacter-
emia, SA and osteomyelitis [16,17]. Our data reinforce this concept,
showing that rheumatoid arthritis was a major risk factor for
increased mortality. Most patients with rheumatoid arthritis also
presented with peripheral SA, with this being the most frequent
OAl among those who died. In current clinical practice, the
increasing use and availability of biological therapies and steroids
for patients with rheumatoid arthritis may be associated with this
increased likelihood of severe infections [18,19]. Liver cirrhosis was
also associated with increased mortality in our patients with
B-OAIs.

The impact of S. aureus bacteremia has been extensively
evaluated, with research showing that OAIs are one of its major
complications [20,21]. In our study, S. aureus was the most
frequent etiology among those who died, and it was a predictor
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Table 1
Risk factors for 30-day mortality in patients with bacteraemic osteoarticular infections (n = 650)

Variable Number of individuals Dead within 30 days (%) Unadjusted OR (95% CI) p value Adjusted OR (95% CI) p value
Age

<65 years 325 23 (71) 1 1

> 65 years 325 56 (17.2) 2.73 (1.64-4.56) <0.001 2.51 (1.41-4.49) 0.001
Sex

Female 262 33 (12.6) 1

Male 388 46 (11.9) 0.93 (0.58-1.50) 0.777
Cancer

No 562 66 (11.7) 1

Yes 87 13 (14.9) 1.32 (0.69-2.51) 0.408
Diabetes mellitus

No 446 54 (12.1) 1

Yes 203 25 (12.3) 1.02 (0.61-1.69) 0.940
Liver cirrhosis

No 612 66 (10.8) 1 1

Yes 38 13 (34.2) 430 (2.10-8.81) <0.001 3.10 (1.29-7.46) 0.014
Chronic kidney disease

No 587 69 (11.8) 1

Yes 63 10 (15.9) 1.42 (0.69-2.91) 0.359
Rheumatoid arthritis

No 614 69 (11.2) 1 1

Yes 36 10 (27.8) 3.04 (1.41-6.57) 0.009 3.02 (1.20-7.55) 0.024
McCabe & Jackson score

I 528 34 (6.4) 1 1

1I-111 122 45 (36.9) 8.49 (5.12-14.08) < 0.001 8.28 (4.71-14.56) < 0.001
Peripheral septic arthritis

No 408 34 (8.3) 1 1

Yes 242 45 (18.6) 2.51 (1.56-4.05) <0.001 2.12 (1.22-3.69) 0.008
S. aureus infection

No 281 24 (8.5) 1 1

Yes 369 55 (14.9) 1.88 (1.13-3.11) 0.012 2.19 (1.23-3.90) 0.006

OR: Odds ratio. CI: confidence interval. McCabe & Jackson score (I = nonfatal disease; Il = ultimately fatal disease, and Il = rapidly fatal disease).

of 30-day mortality in the whole cohort. What is clear is that S.
aureus bacteremia is associated with significant mortality rates
[22] that tend to be higher with methicillin-resistant S. aureus
bacteremia [23,24]. Our results are consistent with such research
findings.

Cases of peripheral SA presented the highest mortality among
all types of B-OAls (18.6%), with the lower mortality observed in
patients with axial SA. In accordance with previous reports
[25-27], the latter pattern of SA has been highlighted in young

25%
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20%
o
15% 13.1%

20%
5.7%
4.7%
) l
0%

10%
<65 65-74 >75

Mortality

W With peripheral septic arthritis m Without peripheral septic arthritis

Fig. 4. Mortality by age group and presence or absence of peripheral septic
arthritis.

people and IVDU, but has also been shown in other populations. In
the present study, we confirmed that mortality was clearly differ-
ent when associated with SA of the peripheral joints or of the axial
skeleton, supporting the argument that they should be considered
two separate entities of SA.

Previous reports that included bacteremic and non-bacteremic
cases of SA had shown mortality rates around 10% [28,29], possibly
representing a midpoint between our rates for peripheral and axial
SA. The higher mortality of peripheral SA may partly be explained

Peripheral osteomyelitis

4.4%
11.1%

. 5.8%
Vertebral osteomyelitis
10%

Axial septic arthritis

. . . 14.4%
Peripheral sepric arthrits ‘
21.4%
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Fig. 5. Mortality rates by the type of osteoarticular infection and whether
Staphylococcus aureus was the causative agent.
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Table 2
Baseline characteristics of 239 patients with bacteremic peripheral septic arthritis,
according to receiving or not surgical debridement

No surgical ~ Surgical p value

debridement debridement

(n = 48) (n = 191)
Age (median, IQR) 67 (54-77) 70 (58-78) 0.262
Age > 65 years 25 (52.1) 114 (59.7) 0.340
Male 22 (45.8) 103 (53.9) 0.316
One or more underlying 37 (771) 141 (73.8) 0.643

diseases

Diabetes mellitus 9 (18.8) 56 (29.3) 0.141
Neoplasm 9 (18.8) 25 (13.1) 0.316
Cardiopathy 7 (14.6) 25 (13.1) 0.786
Liver cirrhosis 5(10.4) 9 (4.7) 0.132
Chronic kidney disease 3 (6.3) 14 (7.3) 0.795
Immunosuppressive therapy 10 (20.8) 47 (24.6) 0.583
Rheumatoid arthritis 6 (12.5) 21 (11.0) 0.768
McCabe-Jackson score I-1I 12 (25.0) 37 (19.4) 0.388
Prosthesis joint infection 10 (20.8) 63 (33.0) 0.102
Post-surgical infections 5(10.4) 28 (14.7) 0.446
S. aureus infection 22 (45.8) 120 (62.8) 0.032

Data expressed as No. (%), if not stated otherwise. McCabe & Jackson score
(I = nonfatal disease; Il = ultimately fatal disease, and Il = rapidly fatal disease).
IQR: interquartile range.

by the inclusion only of bacteremic cases and partly by the
patients’ characteristics, because these individuals were older
and more frequently had chronic medical conditions. However,
the features of peripheral SA itself may play a major role, especially
regarding the accumulation of purulent collections in enclosed
spaces, the high inoculum associated with the infection, or the
enhanced inflammatory response. Thus, bacteremic peripheral SA
should be considered an emergency, and physicians should man-
age it accordingly.

We recommend that surgical debridement be considered for
any patient presenting with peripheral SA, especially if large joints
are affected. This approach has also been recommended for native
SA [1] and PJI [10]. We showed that surgical debridement reduced
the risk of mortality, especially early mortality. In this context, we
believe that surgery should ensure the removal of the purulent
content in the joint, and that this may improve the effectiveness of
antibiotics and reduce the inflammatory response. In turn, these
factors affect the mortality observed in these patients. In those
who may not be fit enough for surgery or transfer to the operation
theatre, physicians may consider joint drainage by arthrocentesis,
even repeated if needed, and defer the debridement until the
patient has been stabilized.

Our study has several limitations. It was an observational study
performed in a single center, thereby limiting the generalizability
of the results. In addition, since it was performed in a tertiary
teaching centre with a specialized Bone and Joint Infection Unit,
referral bias may have occurred. Despite the inclusion of a large
cohort, the sample size may have been too small for the analysis of
some patient subsets. We also included patients treated in our
hospital for a long period of time and treatment strategies might
have changed, which may have affected our results. Although we
evaluated the role of surgical debridement in those with bactere-
mic SA using a multivariate regression model and a propensity-
score matching analysis, it is still possible that other variables may
have affected our results. Factors affecting the physician’s decision-
making process of performing surgical debridement, such as the
patient’s sickness, could have caused selection bias. In this line,
adjusting by the McCabe-Jackson score or introducing shock in the
propensity-score matching analysis try to reduce the impact in
the association between surgical debridement and mortality, but
the possibility of residual bias cannot be excluded.

Conclusions

In conclusion, we believe that the findings of this study can
help clinicians identify patients with B-OAls at higher risk of
mortality. Clinicians should be aware that mortality rates associ-
ated with B-OAls are significant, especially in the elderly, in those
with rheumatoid arthritis or liver cirrhosis, and in cases caused by
S. aureus. Our results also indicated that mortality was higher from
peripheral SA than from other types of OAls. In this context, we
observed a protective role of surgical debridement that should
encourage clinicians to definitely incorporate this procedure in the
early global management of patients with peripheral SA.
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Abstract

Background and Objectives Osteoarticular infections (OIs) caused by fluoroquinolone-resistant Pseudomonas aeruginosa,
including multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains, have poor outcomes. We evaluated the
outcomes of an optimized strategy of continuous beta-lactam infusion (BL-CI) guided by therapeutic drug monitoring (TDM)
for OIs caused by fluoroquinolone-resistant P. aeruginosa.

Methods A prospective observational study of patients with P. aeruginosa Ols in a hospital-based BL-CI program (2016—
2018) was carried out. TDM targeting free BL concentrations in plasma (fCss) of at least 3—4 X MIC was performed. We com-
pared failure rates between patients with Ols caused by fluoroquinolone-resistant strains who were treated with BL-CI, with
or without colistin, and patients with Ols caused by fluoroquinolone-susceptible strains who were treated with ciprofloxacin.
Results Fifty-two patients were included in the study, 19 (36.5%) of whom had OlIs caused by fluoroquinolone-resistant
P. aeruginosa (13 (68.4%) MDR/XDR strains; 11 (57.9%) device-related infections). The median duration of BL-CI was
36 days; ten patients (52.6%) received BL—colistin combinations. Eighty-two samples were utilized in the TDM, and most
patients were found to have a median fCss of 3—-10XxXMIC; 17 dose adjustments were performed and eight patients needed
dose decreases, five of which were due to chronic kidney disease or acute kidney injury (AKI). BL-CI was well tolerated, with
the most frequent adverse event being AKI. Failure occurred to 4 patients (21.1%), which was similar to the failure rate of
patients with OIs caused by fluoroquinolone-susceptible P. aeruginosa treated with ciprofloxacin (5/30 [16.7%]) (p =0.699).
TDM was also used in the initial BL treatment of patients with OIs caused by susceptible strains before those patients were
switched to treatment with ciprofloxacin alone (33 patients, 110 samples, 19 dose adjustments).

Conclusions BL-CI used with/without colistin and supported by TDM may be an alternative and effective treatment option
for OIs caused by fluoroquinolone-resistant P. aeruginosa, where limited available therapeutic options exist, especially in
the setting of multidrug resistance. Future research should elucidate whether this strategy can produce outcomes similar to
those of patients treated for Ols caused by fluoroquinolone-susceptible strains.

1 Introduction

Osteoarticular infections (Ols) represent a challenge for
clinicians due to the presence of bacterial biofilms, which
impair the activities of most antibiotics [1-3]. While Ols are
mainly caused by gram-positive microorganisms, the inci-
dence of cases caused by gram-negative bacteria (GNB) is
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increasing [4, 5]. Among these GNB, Pseudomonas aerugi-
nosa is a frequent causative agent of Ols.

Fluoroquinolones are the mainstay of the antimicrobial ther-
apy of patients with GNB Ols, and have yielded good results
[6, 7] even in the most demanding cases involving prosthetic
joint infection (PJI) managed with debridement, antibiotics,
and implant retention (DAIR). In contrast, beta-lactams (BL)
are usually associated with worse outcomes [7, 8].

The emergence of increasing resistance of GNB to fluo-
roquinolones is concerning because it is associated with the
appearance of multidrug-resistant (MDR) and extensively
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Osteoarticular infections caused by quinolone-resistant
P. aeruginosa have poor cure rates, but continuous beta-
lactam infusion supported by therapeutic drug monitor-
ing may improve outcomes.

This strategy, with or without colistin, yielded desirable
target concentrations, was well tolerated, and resulted in
high cure rates.

This strategy could be a promising therapeutic option
for osteoarticular infections caused by quinolone- and
multidrug-resistant P. aeruginosa.

drug-resistant (XDR) strains, which are frequently resistant
to most antibiotics in vitro. Colistin, which is often the only
available option and has shown good anti-biofilm activity [9,
10], has been recommended for the treatment of MDR/XDR
P. aeruginosa Ols in combination with BL [11].

Given the limited treatment options available for MDR/
XDR P. aeruginosa Ols, new therapeutic alternatives are
clearly needed. The use of continuous BL infusion (BL-
CI) could optimize the pharmacodynamics of BL [12, 13]
and improve the outcomes of patients with Ols caused by P.
aeruginosa. Moreover, the use of BL-CI may represent an
opportunity to recover the activity of BLs against MDR/XDR
P. aeruginosa, which are resistant in vitro to these drugs
when administered via conventional intermittent infusion.
We recently reported our initial experience using BL-CI in
patients with GNB Ols after the development of an institu-
tional program (2012-2015) [14]. We described an easy-to-
use method of calculating suitable initial antibiotic dosages,
and noted the convenience of implementing therapeutic drug
monitoring (TDM) to ensure that the target concentration is
achieved and support this clinical practice.

Thus, in this study, we present our prospective experience
with the TDM of BL-CI within this program (2016-2018)
and compare the outcomes of patients with fluoroquinolone-
resistant P. aeruginosa Ols managed with an optimized
therapeutic strategy to the outcomes of patients with P. aer-
uginosa Ols who could receive fluoroquinolones.

2 Patients and Methods

2.1 Study Design, Setting, and Inclusion/Exclusion
Criteria

A prospective observational study was performed at Hospital
Universitari de Bellvitge (January 2016 to December 2018),
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a large teaching hospital in Spain. Patients with Ols caused
by P. aeruginosa who were admitted to our Bone and Joint
Infection Unit, irrespective of their in vitro antibiotic suscep-
tibility testing, were systematically given BL-CI over 24 h
and managed with TDM to maintain a drug concentration
that optimized the pharmacokinetics/pharmacodynamics
(T>MIC=100%, where T> MIC is the time spent above
the minimum inhibitory concentration) during the treatment
course (see below). In particular, carbapenems were admin-
istered as an extended infusion due to stability issues [15]
and to allow for a potential postantibiotic effect; thus, even
though carbapenem administration can also be guided by
TDM, patients who received carbapenems were not included
in the present study. We aimed to compare the outcomes of
patients with fluoroquinolone-resistant P. aeruginosa Ols
treated using a BL-CI strategy, which may allow recover-
ing antipseudomonal activity in most cases, to the outcomes
of patients with Ols caused by fluoroquinolone-susceptible
strains who received first-line treatment with fluoroquinolo-
nes. Considering that previous experience of the treatment
of fluoroquinolone-resistant P. aeruginosa (including MDR/
XDR strains) is scarce, a specific sample size could not be
estimated.

In order to evaluate the feasibility of TDM in this set-
ting and how it performed throughout the treatment course,
including dose adjustments, only patients who had at least
two serial blood samples extracted to determine BL con-
centrations were included. Polymicrobial infections that
included P. aeruginosa and cases where P. aeruginosa was
involved after a different primary infection (superinfection)
were also included. Diabetic foot infections were excluded.

This study was approved by the hospital’s ethics commit-
tee (reference EPA045/16) and authorized by the Spanish
Agency of Drugs and Sanitary Products (AEMPS) (refer-
ence 16744/RG 29045). All patients signed an informed
consent before they were included in the study.

2.2 Definitions

All cases included in the study fulfilled the main diagnostic
criteria for each type of OI [11]. The term “OI” included PJIs
and osteoarthritis (with or without an orthopedic device).

OIs by P. aeruginosa were identified by positive cultures
from two or more surgical samples or by one positive surgi-
cal culture, joint aspirate, or blood culture, together with
classical symptoms and signs of infection. Microbiological
studies were performed as previously reported [11]. Multi-
drug-resistant (MDR) and extensively drug-resistant (XDR)
strains were defined according to the criteria proposed by
Magiorakos et al. [16].

Chronic kidney disease (CKD) and acute kidney injury
(AKI) were defined according to standardized criteria [17,
18].
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2.3 Clinical/Surgical Management

Patients with an acute postsurgical PJI or device-associated
osteoarthritis were commonly managed with DAIR, accord-
ing to current recommendations [1, 2]. Implant removal was
performed otherwise.

Patients were usually treated with the selected antibiotic
plan for 4-6 weeks. We aimed to use combination therapy
with BL and another antipseudomonal agent, when possible,
as follows. For fluoroquinolone-resistant P. aeruginosa, we
combined BL with colistin, which was started at 2 million
IU (MIU) every 8 h (without a loading dose) when renal
function was normal, but was adjusted in those with CKD
according to available recommendations [19]. In order to
prevent potential toxicity, colistin was generally not con-
sidered for fragile patients (those aged > 75 years and those
with comorbidities), especially if they had CKD [20] and/
or were managed with implant removal or bone resection.
The antipseudomonal beta-lactam used was generally cef-
tazidime, except in cases with MDR/XDR strains, when
the BL with the lowest MIC was usually chosen. For fluo-
roquinolone-susceptible P. aeruginosa, oral ciprofloxacin
(750-1000 mg twice daily but adjusted according to renal
function) was combined with BL for at least 7-14 days, after
which the patient was switched to ciprofloxacin alone. Doses
of BL and combination agents were also adjusted if AKI
occurred during therapy, as per available recommendations
[21].

2.4 Continuous Infusion of Beta-Lactams
and Therapeutic Drug Monitoring

Our protocol recommends that patients should be com-
menced on empiric antibiotic treatment, mainly consist-
ing of intermittent BL infusion plus glycopeptides, while
awaiting microbiological results from surgical proce-
dures or tissue samples. When OI caused by P. aerugi-
nosa strains was confirmed, the BL therapy was switched
to CI. The daily dosage of BL-CI was based on a pre-
viously described formula and our own experience [12,
14]. A loading dose was commonly administered to rap-
idly attain the target steady-state concentration (fCss).
Loading doses of BL were 2 g (ceftazidime, cefepime,
aztreonam), 2/1 g (ceftolozane-tazobactam), and 4/0.5 g
(piperacillin-tazobactam).

The first blood samples that were used to check the fCss
were extracted from each patient at least 24 h after BL-CI
initiation (corresponding to a period of 4-5 half-lives of
the BL). Samples were then extracted at the clinicians’
discretion (weekly if possible) to check that the fCss was
being attained. Clinicians were encouraged to obtain a new
sample at least 24—48 h after modifying the daily BL dose.
Once extracted, the samples were immediately centrifuged

and frozen at — 80 °C until analysis to avoid disturbing
their stability. In our hospital, BL measurements are per-
formed twice weekly, so samples were analyzed a maxi-
mum of 72 h after they were collected. The stability of the
samples as well as the UPLC-MS/MS methodology used
to measure plasma concentrations have been validated, as
reported elsewhere [22].

In general, we aimed to optimize the most relevant PK/
PD target for BL by ensuring that 7> MIC = 100% and that
fCss was at least 3 or 4 times the MIC (3—4 X MIC), since
this concentration has been correlated with the maximum
killing effect of BL [12]. However, as higher concentra-
tions can also be desirable in Ols due to poor bone pen-
etration or the potential concentration-dependent effect of
BL in these infections, we used fCss values of between
3-4 xMIC and 10 x MIC. The daily dosage was adjusted
based on the measured BL concentrations in plasma; our
protocol suggests that dose adjustments (increases or
decreases) should be 50% of the initial dose. Dose reduc-
tions were usually performed when concentrations were
10-15x MIC, higher than 100 mg/L [23], or when toxicity
occurred. However, the criteria for adjusting the dosage
was ultimately decided by the clinicians, and the deci-
sion to adjust the dose was taken by consensus after a
multidisciplinary discussion. For isolates with high MICs,
3—-4 x MIC was often difficult to achieve, so lower levels
above the MIC (> 1.5-2 x MIC) were considered accept-
able. Free BL fractions were estimated from reported pro-
tein binding in healthy subjects [24-28].

2.5 Outcome

After the treatment, the patients were clinically assessed in
the outpatient clinic at months 3, 6, and 12; the patients
were then reviewed at the clinicians’ discretion. Failure
was defined as (a) death related to the infection, (b) implant
removal due to infection persistence/relapse in patients with
an orthopedic device, (c) new debridements > 30 days after
the first, due to persistence/relapse, and (d) relapsing symp-
toms during follow-up. Superinfection or orthopedic prob-
lems were not considered failures.

We also monitored adverse events throughout the treat-
ment course by performing either clinical assessments or
routine blood tests. Adverse events attributable to BL were
defined according to the common side effects associated
with their use [21] and/or an absence of a plausible alterna-
tive explanation.

2.6 Statistical Analysis

Data were analyzed with Stata 13.1 (Stata Corporation,
USA). Categorical variables were described by counts and
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percentages, while the median and interquartile range (IQR)
were used to summarize continuous variables. Compari-
sons between groups were performed with the chi-square
test or Fisher’s exact test for categorical variables and the
Mann—Whitney test for continuous variables.

The failure rate of patients with OIs caused by fluoroqui-
nolone-resistant P. aeruginosa was compared to the failure
rate of patients with fluoroquinolone-susceptible P. aerugi-
nosa. To achieve this, we excluded patients in the susceptible
group who were not treated with fluoroquinolones and we
avoided survivor’s bias by restricting the analysis to those
who did not fail in the first 21 days following treatment
initiation. Antibiotic therapy for osteoarticular infections
has a relatively long duration (6—8 weeks), which could be
shortened in cases failing prematurely. Therefore, the anti-
microbial therapy parameters were only analyzed when
the comparison groups had the same possibility of receiv-
ing antibiotics. Kaplan—Meier curves and the log-rank test
were used to compare the cumulative likelihood of failure
between groups. A p value of <0.05 was considered to be
statistically significant.

3 Results

During the study period, 61 patients with OlIs caused by P.
aeruginosa were identified, of whom nine were excluded
(one had a diabetic foot infection, three were treated with
meropenem, and five patients each provided only one sample
for TDM). Therefore, 52 patients were ultimately included
in the analysis, 19 (36.5%) of whom had Ols caused by fluo-
roquinolone-resistant P. aeruginosa.

3.1 Patients with Ols Caused
by Fluoroquinolone-Resistant P. aeruginosa

3.1.1 Characteristics of the Patients and Infections

The main characteristics of the cases included in this study
are summarized in Table 1. The majority were female (11,
57.9%) and the median age was 67 years (IQR 55-76). Most
patients had at least one comorbidity. Three patients (15.8%)
had CKD, but none were on hemodialysis.

Device-related infections accounted for more than half of
all OIs (osteoarthritis, n=6, 31.6%; PII, n=>5, 26.3%). Most
infections were caused by MDR or XDR strains (13, 68.4%),
and 11 (57.9%) were carbapenem resistant.

Almost one-third of all OIs were polymicrobial. More
than half of the patients had postsurgical OIs, and the OI
was cataloged as a superinfection in two patients (10.0%).
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3.1.2 Management of Infections

All but two patients were treated with surgery. Most (7,
63.6%) of those who had device-associated infections man-
aged with surgery were treated by implant removal.

The median duration of BL-CI was 36 days (IQR 28-39).
Only one patient was initiated on BL-CI immediately; the
rest received intermittent infusion for a median of 6 days
(IQR 4-7) prior to CI. The median global duration of antibi-
otic therapy was 42 days (IQR 30—46). Ten patients (52.6%)
received combinations of BL with colistin.

MIC values for each BL and doses used in BL-CI are
summarized in Table 2. In general, patients were treated
with median BL doses that were lower than the doses they
may have received with intermittent infusion, according to
product data sheets. BLs were chosen according to suscep-
tibility, but two cases were treated with ceftazidime with
a MIC of 16 mg/L. This was the lowest BL MIC available
upon testing; alternatives such as ceftolozane-tazobactam
or ceftazidime-avibactam were not yet available in our
hospital.

3.1.3 Therapeutic Drug Monitoring

Overall, 82 plasma samples were taken from the patients in
order to monitor BL concentrations (a median of five per
patient, IQR 3-6) during CI (Table 2). The median fCss
expressed in mg/L and as multiples of the respective P.
aeruginosa MIC in each patient is shown in Table 3. Most
patients had a median fCss of between 3 and 10 x MIC.
Median fCss values of less than 3 X MIC were mainly found
in patients with OIs caused by P. aeruginosa strains with
MICs of 8-16 mg/L (cases 4, 14, 15, and 16), whereas four
of the five patients with a fCss above 10 x MIC had CKD or
AKI (cases 2, 3, 7, and 8).

A total of 17 dose adjustments were performed in 12
patients (63.2%) during BL-CI (nine patients had one
adjustment, one had two adjustments, and two had three
adjustments). The median time from sample collection
to dose adjustment was 2 days (IQR 1-3). Three patients
did not initially achieve a fCss of at least 3 X MIC, two of
whom had OlIs by P. aeruginosa with MIC of §-16 mg/L
to the BL used. The other patient, despite dose adjustment,
did not meet that PK/PD target on subsequent samples.
TDM values prompted ten dose decreases in eight patients;
three of those patients presented AKI (cases 8, 9, and 17),
two had CKD (cases 2 and 3), and two also received colis-
tin (cases 5 and 10). Seven dose increases were performed
in six patients, three of whom (cases 16, 17, and 19) had
Ols caused by strains with a BL MIC of 4-8 mg/L.
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Table 1 Baseline and clinical characteristics of 52 patients with osteoarticular infection caused by Pseudomonas aeruginosa and treated with
continuous beta-lactam infusion

Characteristic All patients (n=52) Patients with fluoroqui- Patients with fluoroqui- p value
nolone-resistant strains nolone-susceptible strains
(n=19) (n=33)
Demographics
Age (years) (median, IQR) 68 (55-75) 67 (55-76) 69 (55-74) 0.985
Male sex 27 (51.9) 8 (42.1) 19 (57.6) 0.282
Any comorbidity 31 (59.6) 13 (68.4) 18 (54.6) 0.326
Diabetes mellitus 12 (23.1) 6 (31.6) 6(18.2) 0.270
Chronic heart disease 14 (26.9) 7 (36.8) 7(21.2) 0.221
Chronic lung disease 10 (19.2) 5(26.3) 5(5.2) 0.325
Malignancy 1(1.9) 0 1(3.0) 0.444
Chronic kidney disease 8 (15.4) 3(15.8) 5(5.2) 0.951
Rheumatologic autoimmune disease 7(13.5) 3(15.8) 4 (12.1) 0.324
Immunosuppressive therapy 6 (11.5) 3(15.8) 309.1) 0.467
Chronic steroid therapy 6 (11.5) 4 (21.1) 2(6.1) 0.103

Clinical data
Type of infection

Prosthetic joint infection 13 (25.0) 5(26.3) 8(24.2)

Osteoarthritis (without device) 23 (44.2) 8 (42.1) 15 (45.5)

Osteoarthritis (with device) 16 (30.8) 6 (31.6) 10 (30.3) 0.972
Device-related infections 29 (55.8) 11 (57.9) 18 (54.6) 0.815
Postsurgical infections 26 (50.0) 10 (52.6) 16 (48.5) 0.773
Microbiological data
Bacteremia 4(7.7) 1(5.3) 309.1) 0.618
Polymicrobial infection 19 (36.5) 6 (31.6) 13 (39.4) 0.573
Superinfection 6 (11.5) 2 (10.5) 4 (12.1) 0.862
MDR or XDR strains 13 (25.0) 13 (68.4) 0 <0.001
Carbapenem-resistant strains 11 (21.2) 11 (57.9) 0 <0.001
Antibiotic therapy
Duration of therapy (days) (median, IQR) 45 (42-56) 42 (30-46) 55 (42-59) 0.002
Duration of antibiotic therapy in CI (days) (median, 21 (14-36) 36 (28-39) 18 (13-23) <0.001

IQR)

Combination therapy* 39 (75.0) 10 (52.6) 29 (87.9) 0.004

Duration of combination therapy (days)" (median, 14 (10-21) 35 (20-36) 13 (10-15) 0.006
IQR)

Surgical therapy

None 3(5.8) 2 (10.5) 1(3.0)

Debridement® 20 (38.5) 6 (31.6) 14 (42.4)

DAIR 13 (25.0) 4 (21.1) 9(27.3)

Implant removal 16 (30.8) 7(36.8) 9(27.3) 0.315

Outcome

Failure! 9(18.4) 4 (21.1) 5(16.7) 0.699

Adverse events 11 (21.2) 5(26.3) 6(18.2) 0.489

All data are expressed as the number (percentage) unless stated otherwise
IQR interquartile range, MDR multidrug resistant, XDR extensively drug resistant, DAIR debridement, antibiotics, and implant retention

#Combination therapy included colistin for those with fluoroquinolone-resistant strains or ciprofloxacin for those with fluoroquinolone-suscepti-
ble strains

® Among those who received antibiotics in combination
‘Individuals without an associated device

449 individuals were analyzed (three individuals were excluded from the fluoroquinolone-susceptible group: two were not treated with cipro-
floxacin and one received ciprofloxacin for <21 days)
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Table 2 The median MIC, median dose, and estimated free concentration in plasma of each continuously infused beta-lactam used to treat fluo-

roquinolone-resistant Pseudomonas aeruginosa Ols in the study

Beta-lactam (number of plasma samples)®

MIC (range), mg/LL Dose (IQR), g/day Estimated free beta-lactam  Estimated free beta-lactam

concentration (IQR), mg/Lb concentration (IQR), X

MIC
Aztreonam (n=19) 4 (2-8) 3(1.54) 12.1 (9.1-18.2) 2.3(2.0-3.9)
Ceftazidime (n=49) 2 (1-16) 2(2-4) 18.2 (11.9-31.8) 9.1 (7.0-18.9)
Cefepime (n=10) 6 (4-8) 2 (2-2.5) 21.6 (14.2-30.4) 3.7 (3.54.5)
Ceftolozane-tazobactam (n=4) 4 5 (4-6) 16.7 (15.4-21.9)° 4.2 (3.9-5.5)°

MIC minimum inhibitory concentration, /QR interquartile range, Ols osteoarticular infections

*Plasma samples were collected from four patients treated with aztreonam, 12 treated with ceftazidime, two treated with cefepime, and one

treated with ceftolozane-tazobactam

®Median free beta-lactam concentrations based on patient samples obtained on various occasions; these concentrations reflect a mix of inter- and

intraindividual variability

“Only ceftolozane concentrations are considered

3.2 Patients with Ols Caused
by Fluoroquinolone-Susceptible P. aeruginosa

Thirty-three patients had Ols caused by fluoroquinolone-sus-
ceptible P. aeruginosa that were treated with BL-CI; those
patients had similar characteristics to the patients infected
with fluoroquinolone-resistant strains (Table 1).

The median duration of BL-CI was significantly shorter
(18 days, IQR 13-23), and the most frequently used BL was
ceftazidime (Table 4). Again, patients received lower median
BL doses than those they may have received with intermit-
tent infusion, according to product data sheets. The major-
ity received combination therapy with ciprofloxacin for a
median of 13 days (IQR 10-15). Ciprofloxacin was used
after BL discontinuation in 31 patients (median 31 days, IQR
22-37); two patients with a fluoroquinolone allergy were
treated with BL-CI only.

Regarding the TDM, a total of 110 plasma samples were
taken for BL concentration analysis (a median of three per
patient, IQR 2—4) (Table 4). A total of 19 dose adjustments
were performed in 15 patients (45.5%) during therapy (12
had one adjustment, 2 had two adjustments, and 1 had three
adjustments). The median time from sample collection to
dose adjustment was 1 day (IQR 0-3). Only four patients
did not initially achieve a fCss of at least 3 X MIC; those
patients had Ols by P. aeruginosa strains with a BL MIC
of 4-8 mg/L. Three of those patients achieved the PK/PD
target after dose adjustment, and the remaining patient had
an Ol by P. aeruginosa with MIC of 8 mg/L to the BL used
(piperacillin-tazobactam). Dose decreases were needed after
receiving the results for ten of the samples during TDM.
Five of those decreases were performed in patients with
CKD/AKI.
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3.3 Comparison of Outcomes and Adverse Events

We evaluated treatment failure rates for 49 patients; three of
the patients with fluoroquinolone-susceptible strains were
excluded from this analysis because they were not treated
with fluoroquinolones (two patients) or they had received
ciprofloxacin for <21 days before failure (one patient).

After a median follow-up of 444 days (IQR 338-617),
the treatment had failed in nine patients (18.4%). There was
no significant difference in failure rate between the patients
with fluoroquinolone-resistant strains and those with sus-
ceptible strains (21.1% [4/19] vs 16.7% [5/30], respectively;
p=0.699) (Fig. 1). There was also no significant difference
in baseline characteristics or in the achievement of the phar-
macokinetics/pharmacodynamics target (a median fCss of
at least 3 X MIC) between the patients in whom the treat-
ment failed and those in whom it did not fail (Table 5).
Among the patients in whom treatment failed, one had a
PJI and eight had osteoarthritis (four of whom had a device
and four did not). In the patients with device-related Ols,
4/5 (80%) patients in whom treatment failed were managed
with implant retention, compared to 8/22 (36.4%) patients
in whom treatment succeeded (p =0.049).

Adverse events occurred in five (26.3%) and six (18.2%)
patients with fluoroquinolone-resistant and -susceptible
strains, respectively (p =0.489), at a median of 17 days
(IQR 8-20) following BL-CI initiation. In patients with
OIs caused by fluoroquinolone-resistant P. aeruginosa,
the adverse event was AKI in four (three of whom also
received colistin) and diarrhea in one (not associated with
Clostridium difficile). Among those with susceptible strains,
the adverse events were AKI (n=3), encephalopathy (1),
BL-related fever (1), and candidemia (1). All of the patients
recovered aside from one (with AKI) who died due to a
worsening of their baseline medical condition.
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Table 4 The median MIC, median dose, and estimated free concentration in plasma of each continuously infused beta-lactam used to treat fluo-

roquinolone-susceptible Pseudomonas aeruginosa Ols in the study

Beta-lactam (number of plasma samples)®

MIC (range), mg/LL Dose (IQR), g/day Estimated free beta-lactam  Estimated free beta-lactam

concentration (IQR), mg/Lb concentration (IQR), X

MIC
Ceftazidime (n=284) 1 (0.25-8) 2(14) 12.1 (8.1-19.0) 9.2 (5.8-13.8)
Cefepime (n=17) 1(1-2) 2 (1-2.5) 19.2 (11.4-26.0) 11.0 (8.9-13)
Piperacillin-tazobactam (n=9) 2(1-4) 12 (10-12) 13.2 (11.5-17.5)¢ 2.3 (2.0-3.3)°

MIC minimum inhibitory concentration, /QR interquartile range, Ols osteoarticular infections

*Plasma samples were collected from 25 patients treated with ceftazidime, six treated with cefepime, and two treated with piperacillin-tazobac-

tam

®Median free beta-lactam concentrations based on patient samples obtained on various occasions; these concentrations reflect a mix of inter- and

intraindividual variability

“Only piperacillin concentrations are considered
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Fig. 1 Kaplan—Meier curves of cure likelihood among patients with osteoarticular infections caused by fluoroquinolone-susceptible (continuous
line) and fluoroquinolone-resistant (dashed line) strains of Pseudomonas aeruginosa

4 Discussion

Treatment with fluoroquinolones is considered the first-line
antimicrobial therapy for Ols caused by P. aeruginosa [1,
2]. Some fluoroquinolone-resistant P. aeruginosa strains
are MDR/XDR, which limits the probability of success
even further and thus demands new therapeutic strategies.
In this study, we found that an optimized treatment strat-
egy of TDM-supported BL-CI, often used in combina-
tion with colistin, led to similar patient outcomes to those
attained when OlIs caused by fluoroquinolone-susceptible P.

aeruginosa were managed with ciprofloxacin. Importantly,
our study did not aim to provide evidence for TDM, but it
did show that it was feasible to use TDM in the management
of difficult-to-treat Ols caused by P. aeruginosa.

CI has been suggested as a method that could optimize
the pharmacodynamics of BL by ensuring fCss for 7> MIC
~ 100%. Extending the T>MIC may be appropriate in
challenging scenarios (such as for critically ill patients or
biofilm-related infections), as it has been linked to better
outcomes [29-31]. BL-CI may also recover the activities
of BL against MDR/XDR strains (which usually exhibit
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Table 5 Comparative analysis

: . Characteristics Patients in whom treat-  Patients in whom treament  p value
of patients in whom treatment ment failed (n=9) did not fail (n=40)
of an osteoarticular infection
caused by Pseudomonas Demographics
aeruginosa failed or did not fail Age (median, IQR) 73 (65-75) 67 (55-75) 0416
Female sex 5(55.6) 19 (47.5) 0.662
Any comorbidity 4 (44.4) 26 (65.0) 0.253
Diabetes mellitus 2(22.2) 10 (25.0) 0.861
Chronic heart disease 1(11.1) 12 (30.0) 0.246
Chronic lung disease 1(11.1) 9(22.5) 0.444
Malignancy 0 1(2.5) 0.632
Chronic kidney disease 2(22.2) 5(12.5) 0.451
Rheumatologic autoimmune disease 2(22.2) 5(12.5) 0.226
Immunosuppressive therapy 1(11.1) 5(12.5) 0.909
Chronic steroid therapy 1(11.1) 5(12.5) 0.909
Clinical data
Type of infection
Prosthetic joint infection 1(11.1) 10 (25.0)
Osteoarthritis (without device) 4(44.4) 18 (45.0)
Osteoarthritis (with device) 4(44.4) 12 (30.0) 0.577
Device-related infections 5(55.6) 22 (55.0) 0.976
Postsurgical infections 5(55.6) 19 (47.5) 0.662
Microbiological data
Bacteremia 1(11.1) 3(7.5) 0.721
Polymicrobial infection 2(22.2) 15 (37.5) 0.384
Superinfection 1(11.1) 5(12.5) 0.909
MDR or XDR strains 3(33.3) 10 (25.0) 0.593
Carbapenem-resistant strains 2(22.2) 9 (22.5) 0.763
Treatment data
Achievement of PK/PD target® 8 (88.9) 36 (90.0) 0.921
Implant retention® 4 (80%) 8 (36.4%) 0.049

IQR interquartile range, MDR multidrug resistant, XDR extensively drug resistant, PK/PD pharmacokinet-

ics/pharmacodynamics

“Number (%) of patients who had an estimated median free BL concentration of at least 3 x MIC

P27 patients with device-related infections were considered (five failed, 22 did not fail; two patients were

not eligible for failure analysis)

high BL MICs otherwise), and may optimize PK/PD indi-
ces (T>MIC=100%) [23].

Colistin has shown remarkable antibiofilm activity
against P. aeruginosa in previous experimental models and
a few clinical studies, mainly when used in combination
with BL against MDR/XDR P. aeruginosa [9—-11]. How-
ever, when treating OIs caused by fluoroquinolone-resistant
P. aeruginosa, we avoided using colistin in older fragile
patients, especially if they were managed by removing the
implant or performing extensive bone resection, in order to
prevent potential toxicity. Even in this situation, most of the
patients were cured, further supporting the efficacy of BL-CI
and suggesting that it is an effective therapeutic option for
improving the outcomes of patients with OIs caused by P.
aeruginosa when fluoroquinolones cannot be used.
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Previous studies in this area have shown that significantly
poorer outcomes result when Ols caused by GNB (including
P. aeruginosa) are treated with regimens that do not include
a quinolone—usually BL administered via intermittent infu-
sion or orally [7, 8]. Interestingly, Grossi et al. emphasized
the importance of optimizing the intravenous administration
of BL to improve the outcomes of orthopedic device-related
infections caused by fluoroquinolone-resistant GNB [32].
Although we also included other osteoarticular infections
aside from prosthetic joint infections, the results we obtained
with BL-CI (with or without colistin) support the role of this
therapeutic strategy in such a setting.

When optimizing BL pharmacodynamics through the
use of CI (T'>MIC=100%), as was done in our study,
the importance of achieving BL concentrations exceeding
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four times the MIC in cases of biofilm-related infection is
unclear. However, it may be important to achieve this tar-
get due to the antibiotic tolerance of biofilms. In contrast to
previous assumptions inferred from studies involving plank-
tonic bacteria [12], results from a limited number of stud-
ies using high bacterial inoculums or biofilm experimental
models have suggested that BL may exhibit concentration-
dependent activity against P. aeruginosa [33-36].

In our study, TDM was found to be useful for guiding an
optimized BL-CI therapy for difficult-to-treat infections. We
employed an easy-to-use method to calculate the appropriate
initial BL-CI dosing regimen for each clinical case, based
on the MIC and antibiotic clearance. This method, despite
being a practical approximation for bedside use, shows poor
correlation between observed and predicted BL concentrac-
tions in patients with CKD or weight > 75 kg, and for BL
that are not exclusively cleared renally [14]. In our expe-
rience, most patients had a fCss of 3—10 x MIC. Patients
with a fCss exceeding 10 X MIC generally had CKD/AKI,
whereas patients with a fCss of less than 3 X MIC had OIs by
P. aeruginosa with high MIC. This suggests that TDM may
be especially relevant in cases where the fCss of the beta-
lactam may be less predictable or highly variable (CKD/
AKI) and in cases where it may be difficult to achieve a
relevant fCss, such as cases with a high MIC [37]. Although
our approach is feasible and practical for clinical use, truly
individualized treatments may require population pharma-
cokinetics models for an OI setting, as they should provide
more reliable dose adjustments.

The target fCss of the beta-lactam was generally
obtained with lower doses compared to standard intermit-
tent infusion, without affecting the outcome. It is unclear
whether BL concentrations in plasma correlate with BL
concentrations at the infection site [38], but CI prob-
ably maintains free (and active) local concentrations of
BL, which may partly explain the good clinical courses
observed in this study. However, despite their limita-
tions, most pharmacokinetics studies that have evaluated
BL bone concentrations have found bone-to-serum BL
concentration ratios of less than one [39]. Therefore, the
local BL concentrations in our study may have been sig-
nificantly lower than those obtained in plasma samples.

Overall, BL-CI was well tolerated and all but one of the
patients with adverse events recovered. The most frequent
adverse event was AKI, which was difficult to associate
solely with BL-CI, since most patients had underlying
conditions, had undergone surgery, or had received other
nephrotoxic drugs such as colistin. Our experience indi-
cates that BL-CI is a safe therapeutic option, as has also
been found in previous studies [29].

The observational design of our single-center study may
limit the generalizability of the results. Patients included

in this study were heterogeneous in terms of their clinical
presentations, P. aeruginosa susceptibility profiles, and,
consequently, the use of several beta-lactams. Unfortu-
nately, our sample size was too small to allow subgroup
analyses or other comparative studies such as that between
cases receiving BL-CI with TDM and cases receiving
BL-CI without TDM. Due to variability in protein bind-
ing and the potential effect of hypoalbuminemia [40, 41],
the real free BL concentrations may have differed from
those estimated here, especially for highly protein-bound
BL (i.e., aztreonam). As mentioned before, the use of
colistin in some patients may partly explain the good out-
comes observed. Despite all of these considerations, we
believe that our results support the use of BL-CI for the
management of Ols caused by fluoroquinolone-resistant
P. aeruginosa.

5 Conclusions

The optimized use of BL-CI, with or without colistin, for
OlIs caused by fluoroquinolone-resistant P. aeruginosa
resulted in an alternative therapeutic option with favorable
outcomes. BL-CI guided by TDM was found to be a safe
and feasible therapeutic option which ensured that desir-
able target concentrations were maintained and avoided
toxicity. While further robust studies are awaited, our
data should encourage physicians to incorporate BL-CI
and TDM into an optimized strategy for the management
of Ols caused by fluoroquinolone-resistant P. aeruginosa.
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ARTICLE INFO ABSTRACT

Keywords: Background: Ceftolozane, in combination with the B-lactamase inhibitor tazobactam, is a new option in the
Ceftolozane pipeline against multidrug-resistant Gram-negative bacilli. As for other B-lactam antibiotics, optimizing the use
Osteoarticular infections of ceftolozane-tazobactam is advisable, especially in difficult-to-treat infections. In this regard, therapeutic drug

Therapeutic drug monitoring
UHPLC-MS/MS
Tazobactam

monitoring would be required to guide the treatment of ceftolozane-tazobactam. Thus, we aimed to develop and
validate procedures based on UHPLC-MS/MS for measurement of ceftolozane and tazobactam plasma con-
centrations in clinical practice.

Material and methods: Analyses were conducted using an Acquity® UPLC® integrated system coupled to an
Acquity® TQD® tandem-quadrupole mass spectrometer. Ceftolozane, tazobactam and their internal standards
(ceftazidime-Ds and sulbactam) were detected by electrospray ionization mass spectrometry in positive and
negative ion multiple reaction monitoring modes, using transitions of 667.2 —199.3/139.0 and 551.9 — 467.9
for ceftolozane and ceftazidime-Ds, and 299.0 — 138/254.9 and 232.0 — 140.0 for tazobactam and sulbactam.
Measurement procedures developed were used for guiding the treatment and adjusting daily dose of ceftolozane-
tazobactam in patients with osteoarticular infections.

Results: Coefficients of variation and absolute relative biases were < 7.9% and 6.5% in all cases. The lower limit
of quantification, linearity, normalized-recoveries, normalized-matrix effects and measurement uncertainties for
ceftolozane were: 0.97 mg/L, (0.97-125) mg/L, <113.6%, <108.7%, and < 18.7%, respectively; and for ta-
zobactam: 1.04 mg/L, (1.04-125) mg/L, <103.6%, <101.9%, and < 20.0%. No interferences and carry-over
were observed. Patients plasma concentrations were higher than the recommended 3-4 times the minimal in-
hibitory concentrations.

Conclusions: Our measurement procedures are suitable for therapeutic drug monitoring of ceftolozane-tazo-
bactam in patients with osteoarticular infections.

Abbreviations: B-LA, B-lactam antibiotic; CLSI, Clinical and Laboratory Standards Institute; CO, Carry-over; CV, coefficient of variation; §,, Relative bias associated
to calibration procedure; Ay.y, Maximum permissible root mean square of the relative error of measurement (measurement uncertainty metrological requirement);
DMSO, Dimethyl sulfoxide; EMA, European Medicines Agency; ESI, Electrospray ionization, EUROLAB, European Federation of National Associations of
Measurement, Testing and Analytical Laboratories; GNB, Gram-negative bacilli; HPLC, High-performance liquid chromatography; IFCC, International Federation of
Clinical Chemistry; IUPAC, International Union of Pure and Applied Chemistry; IS, Internal standard; LC, Liquid chromatography; LLOQ, Lower limit of quantifi-
cation; ME, Matrix effect; MDR, Multidrug-resistant; MIC, Minimal inhibitory concentration; MRM, Multiple reaction monitoring; MS, Mass spectrometer; MS/MS,
Tandem mass spectrometry; m/z, Mass-to-charge; QC, Quality control; REC, Recovery of extracted samples; SEL, Selectivity; TDM, Therapeutic drug monitoring;
UHPLC, Ultra-high performance liquid chromatography; ULOQ, Upper limit of quantification; UV, Ultraviolet; %D, Percent deviation; T > MIC, Time the drug
concentration remains above the MIC
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Fig. 1. Chemical structures of ceftolozane and ceftazidime.

1. Introduction

Ceftolozane is a fifth-generation cephalosporin structurally similar
to the previous f-lactam antibiotic (B-LA) ceftazidime, but with a
modified side chain (Fig. 1). It is administered with the B-lactamase
inhibitor tazobactam and this combination is active against several
multidrug-resistant (MDR) Gram-negative bacilli (GNB) [1-3]. In the
current worldwide concern of infections caused by MDR microorgan-
isms and particularly, when these microorganisms are responsible of
difficult-to-treat infections (i.e., biofilm-related osteoarticular infec-
tions), an optimized use of antibiotics is advisable [4,5]. In this line, the
administration of (3-LA in continuous infusion has been used to optimize
their pharmacokinetic/pharmacodynamic indices and then to expect an
improvement in the efficacy and protection against the emergence of
resistance [6-8]. In these cases, therapeutic drug monitoring (TDM) of
B-LA to guide this therapy should be considered and thus, this could be
also the case for ceftolozane-tazobactam [9].

For the particular measurement of mass concentrations of ceftolo-
zane and tazobactam in plasma, a limited number of studies have ap-
plied high-performance liquid chromatography (HPLC) with UV de-
tection procedures [10-12], and only few cases included HPLC coupled
to the tandem mass spectrometry (MS/MS) [13-15]. Among these
HPLC-MS/MS procedures reported, several methodological limitations
can be identified in regard with the lacked information about the se-
lectivity, carry over, matrix effect, dilution integrity, and measurement
of uncertainty.

The aim of this work was to develop ultra-high-performance liquid
chromatography coupled to tandem mass spectrometry (UHPLC-MS/
MS) procedures for the measurement of ceftolozane and tazobactam
mass concentrations in plasma, and to validate widely their perfor-
mance characteristics. Additionally, we aimed to apply these proce-
dures for guiding the treatment of cases of osteoarticular infections.

2. Material and methods
2.1. Chemical, materials and reagents

Reference material of ceftolozane sulfate (pure ceftolozane content
of 76.9%) was donated by Merck Sharp & Dohme S.A. (Barcelona,
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Spain). Certified reference material of tazobactam (purity of 99.6%)
was purchased from United States Pharmacopeia (Rockville, MD, USA).
Ceftazidime-Ds (purity of 90.0%, isotopic purity of 98.6%), used as
ceftolozane-internal standard (IS), was supplied by Toronto Research
Chemicals (Ontario, Canada). Certified reference material of sulbactam
(purity of 99.9%; IS for tazobactam) was obtained from European
Pharmacopeia (European Directorate for the Quality of Medicines-
Council of Europe, Strasburg, France)

LC-MS-grade acetonitrile, dimethyl sulfoxide (DMSO), formic acid,
methanol and water were purchased from Sigma-Aldrich Quimica S.L.
(Madrid, Spain).

Ceftolozane/tazobactam-free human plasma (blank plasma) was
obtained from blood of patients arrived at Emergency Laboratory of
Hospital de Bellvitge. Blood was collected in BD Vacutainer® lithium-
heparin tube (Becton Dickinson, Franklin Lakes, NJ, USA) and cen-
trifuged at 2000g for 10 min at room temperature. Subsequently, the
obtained plasma was pooled and stored at (—75 * 3) °C until use. An
aliquot was separated to confirm the absence of ceftolozane and tazo-
bactam using the current UHPLC-MS/MS procedures.

2.2. Preparation of calibration, control and internal standard materials

For ceftolozane and tazobactam, two stock solutions of each one
from independent weighing were prepared at a concentration of 2.00 g/
L. The stock solutions for ceftolozane were prepared by weighing
5.20mg of ceftolozane sulfate and dissolving this one in 2mL
water:metanol:DMSO (50:25:25, v/v/v); and for tazobactam, weighing
4.02mg in 2mL of water:metanol:DMSO (50:25:25, v/v/v). For each
drug, eight working standards (10.0, 50.0, 100, 250, 450, 750, 1000
and 1250 mg/L) with a volume of 1-mL each one were prepared pi-
petting, respectively, 5.0, 25, 50, 125, 225, 375, 500, and 625 pL of
stock solution and 995, 975, 950, 875, 775, 625, 500, and 375 uL of
water. These solutions were stored light-protected at (—75 = 3) °C. On
the day of analysis, 100 pL of calibration materials at 1.00, 5.00, 10.0,
25.0, 45.0, 75.0, 100 and 125 mg/L were prepared pipetting 10 uL of
working standard and 90 pL of drug-free plasma. Four plasma quality
control (QC) materials were prepared in the same manner as the cali-
bration materials at 3.00, 7.50, 30.0 and 80.0 mg/L.

Stock solution of ceftazidime-Ds was prepared by diluting 1 mg of
ceftazidime-Ds in 10.0 mL of metanol:DMSO (50:50, v/v/v). Sulbactam
stock solution was made weighing 2.5 mg in 25 mL of methanol. These
solutions were stored at (=75 = 3) °C. A working solution of IS was
prepared freshly for 20 samples analysis by adding 150 uL of each stock
solution to 5.70 mL of acetonitrile.

2.3. Instrumentation, measurement procedures and equipment

Analyses were conducted using an Acquity® UPLC® chromato-
graphic system coupled to an Acquity® TQD® tandem-quadrupole mass
spectrometer (Waters, Milford, MA, USA).

Given that, at the present time, we use a previously developed and
validated UHPLC-MS/MS procedure to measure different B-LA con-
centrations in plasma [16] in routine practice, for practical reasons, we
used the same sample preparation (protein precipitation with acetoni-
trile and subsequent dilution with water containing 0.1% (v/v) formic
acid), chromatographic separation conditions (analytical column, mo-
bile phases, flow rate, elution conditions based on gradient mode, in-
jected volume, and autosampler temperature), and generic mass spec-
trometer parameters (capillary voltage, extractor voltage, RF lens
voltage, source temperature, desolvation temperature, desolvation gas
flow rate, and collision gas flow).

Ceftolozane and its IS were detected by multiple reaction mon-
itoring (MRM) operating in positive electrospray ionization (ESI+)
mode, and using the following transitions of mass-to-charge (m/z):
ceftolozane, 667.2 — 199.3 (quantifier ion) and 667.2 — 139.0 (quali-
fier ion); ceftazidime-Ds, 551.9 —467.9. On the other hand, for
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tazobactam and its IS, the mass spectrometer operated in MRM and ESI-
modes, and their m/z transitions were 299.0 — 138.0 (quantifier ion)
and 299.0 — 254.9 (qualifier ion) for tazobactam, and 232.0 — 140.0
for sulbactam. Cone voltages of 23V for ceftolozane, 20 V for ceftazi-
dime-Ds and tazobactam, and 25V for sulbactam were used. Collision
energies were 16/25 eV for ceftolozane and 14/15 eV for tazobactam as
quantifier/qualifier ions, as well as, 12 eV for ceftazidime-Ds and sul-
bactam. The dwell time was set to 100 ms for every channel.

Also, the following equipment was used: ADA-120/L analytical
balance (Adam Equipment, Bletchley, UK), Acura® 825 adjustable
100-1000 pL volume pipette from Socorex Isba (Ecublens, Switzerland)
(pipette A), Nichipet® EX II adjustable 10-100 uL (pipette B) and
0.5-10puL. (pipette C) volume pipettes from Nichiryo Co Ltd.
(Koshigaya-shi, Saitama, Japan), and 2-mL BLAUBRAND® class A, USP
certified bulb pipette with two marks (BRAND GMBH + CO KG,
Wertheim, Germany).

2.4. Validation

Validations were carried out according to the European Medicines
Agency (EMA) guideline [17], Clinical and Laboratory Standards In-
stitute (CLSI) [18-22] and EUROLAB guidelines [23,24].

2.4.1. Intermediate imprecision and bias associated to calibration procedure

According to CLSI EP05-A3 guideline [18], to estimate intermediate
imprecision (within-laboratory coefficient of variation) and bias,
plasma QC materials were processed in 20 non-consecutive days over
2 months. Relative bias (6,) were calculated using the following equa-
tion:

S5, = (f — “)100
u

where X is the mean value obtained in the imprecision study for each
control material and g, the conventional values assigned by weighing.

According to the EMA guideline [17], CV should be <15% and &,
should be within the acceptance criteria of + 15%.

2.4.2. Lower limit of quantification

For each drug, lower limit of quantification (LLOQ) was estimated
in the same way than the intermediate imprecision and bias, but pro-
cessing a plasma sample at concentration of 1.00 mg/L.

According to the EMA acceptance criteria [17], the LLOQ should
have a signal-to-noise (S/N) ratio = 5, and an acceptable imprecision
(20%) and bias ( = 20%).

2.4.3. Selectivity

Selectivity (SEL) studies were performed according to the EMA
guideline [17]. Thus, a double blank plasma sample (containing a
neither analyte nor IS), a blank plasma sample (spiked only with IS), a
sample at LLOQ and 9 drug-free plasma samples from volunteers not
treated with ceftolozane-tazobactam but receiving other antibiotics
(amikacin, ampicillin, aztreonam, cefepime, ceftazidime, gentamycin,
meropenem, tobramycin, and vancomycin) were analyzed for inter-
ferences with the analytes. Antibiotic concentrations of the drug-free
plasma patient samples were within therapeutic intervals for the ami-
noglycosids or above 3-5 of the minimal inhibitory concentration (MIC)
for B-LA.

Based on the EMA criteria, peak area response of all possible in-
terfering peaks at the retention time of analyte (ceftolozane or tazo-
bactam) should be <20% of the LLOQ for the analyte and <5% for the
IS (ceftazidime-Ds or sulbactam).

2.4.4. Carry-over
In accordance with the EMA guideline [17], carry-over (CO) studies
were assessed by injecting a double blank plasma sample, a sample at
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LLOQ, and the highest calibration material (125 mg/L) in the following
order:

Sample at LLOQ — Highest calibration material

— Double blank plasma sample

The peak are responses obtained in the double blank plasma sample
were evaluated at the retention time of ceftolozane, tazobactam and
their IS.

Following the EMA criteria [17], carry-over was acceptable if peak
area response in the double blank sample was <20% of the analyte
peak area response at the LLOQ, and < 5% of the peak area response of
their IS.

2.4.5. Calibration curve

Eight plasma calibration samples were prepared and daily calibra-
tion curves for each batch were assessed. Integration of smoothed peak
areas, calibration curves and calculation of ceftolozane or tazobactam
concentrations were performed using the TargetLynx™ v4.1 software
(Waters, Milford, MA, USA). Plasma calibration level 1 (1.00 mg/L)
served as the LLOQ and calibration level 8 (125mg/L) as the upper
limit of quantification (ULOQ).

The calibration curves were generated by linear fit of the analyte/IS
area response ratio multiplied by IS concentration vs. analyte con-
centration (1/X weighting; excluding the option to force through the
point of origin). According to the EMA guideline [17], calculated con-
centrations of the calibration standards should be all within + 15% of
the nominal value ( = 20% for the LLOQ).

2.4.6. Linearity

According to the CLSI EP06-A guidelines [19], to verify statistically
the linearity interval of the measurement procedure for concentrations
of ceftolozane and tazobactam in plasma, the highest calibrator mate-
rial (125 mg/L), was either diluted with the lowest calibrator material
(LLOQ, 1.00mg/L) at ratios of 0:5 (dilution factor 1), 1:4 (dilution
factor 2), 2:3 (dilution factor 3), 3:2 (dilution factor 4), 4:1 (dilution
factor 5), and 5:0 (dilution factor 6). Dilution samples were randomly
processed in triplicate. The measured values obtained were plotted on
the y-axis versus the dilution factor on the x-axis. Using the Analyse-it®
v5.10 statistical software (Analyse-it Software, Ltd., Leeds, UK), the
polynomial regression method was used in order to evaluate the non-
linearity. Briefly, this method consists of two parts. The first part ex-
amines whether a nonlinear polynomial fits the data better than a linear
one. The second part, performed in cases when a nonlinear polynomial
fits the data better than a linear one, assesses whether the difference
between the best-fitting nonlinear and linear polynomial is less than a
previously predefined bias requirement of the measurement procedure
(in our case 15%, which was established from EMA [17]). Also, taking
into account that the random variability can lead to poor ability to
detect nonlinearity, imprecision values obtained for each dilution
should be lower than the imprecision requirement previously pre-
defined of the measurement procedure (in our case 15%, which was
established from EMA [17]).

2.4.7. Dilution integrity

According to the EMA guideline [17], for ceftolozane and tazo-
bactam, the dilution integrity experiment was carried out analyzing six
replicates of a plasma sample prepared at two times the ULOQ, and
subsequently diluted 1/10 with drug-free plasma. According to the
EMA guideline, imprecision should be =15% and bias should be
within = 15%.

2.4.8. Recovery of extracted samples and matrix effect

According to the EMA, the CLSI-IFCC C50-A and the C62-A guide-
lines [17,20,21] and Viswanathan et al. [25], to examine the recovery
of extracted samples (REC) and the matrix effect (ME), 4 concentrations



R. Rigo-Bonnin et al.

of ceftolozane and tazobactam (3.00, 7.50, 30.0 and 80.0 mg/L) and 1
concentration of their IS (2.5mg/L) were tested. Recovery and ME
(based on estimation of matrix factor) were calculated according to the
following equations:

Peak Area response of extracted sample (with analyte) 100

REC (%) = -
Peak Area response of post — extracted spiked sample
ME (%) = Peak Area response of post — extrzllcted spiked éample 100
Peak Area response of analyte in pure solution

Six different batches of plasma matrix samples were analyzed.

Considering the REC and ME of the IS, IS-normalized REC and IS-
normalized matrix factors were also calculated by dividing the REC or
ME of each analyte by the REC or ME of its IS.

According to the EMA [17] or CLSI [20,21] criteria, the variation in
recoveries and matrix effects among all concentrations should be
<15%.

2.4.9. Stability

Stability studies included working standard and control solutions
stabilities of ceftolozane and tazobactam, IS-stock solutions, extracted
samples in-autosampler stability and short- and long-term stabilities for
concentration of ceftolozane and tazobactam. These studies were per-
formed following the EMA guideline recommendations [17].

For stability of working standard, and control material solutions,
these one were freshly prepared, diluted 10-fold with water, and pro-
cessed. Afterwards, these solutions were kept at (=75 * 3) °C until
their respective analyses either 6 months later.

For stability IS-stock solutions, solutions were freshly prepared,
diluted 10-fold with metanol:DMSO (50:50, v/v/v) for ceftazidime-Ds
and with methanol for sulbactam, and processed at the day of pre-
paration and 6 months later, after a storage at (=75 * 3) °C.

Stability of extracted samples in the autosampler was tested by
processing the extracted samples and reinjecting them after 6h, 12h
and 24 h storage at (4 + 1) °C into autosampler.

Stability studies of concentration of analytes in the studied matrix
(plasma in our case) were performed using the four plasma QC mate-
rials (3.00, 7.50, 30.0 and 80.0 mg/L). Three different batches of
plasma QC materials were freshly prepared and processed, and left on
the bench-top at room temperature, (5 + 3) °C and at (—75 * 3) °C
until their respective analyses at different times. For short-term stabi-
lity, the batch plasma QC stored at room temperature were processed 2,
4, 8 and 12 h later, and the batch plasma QC stored at (5 *+ 3) °C, were
processed 1, 2, 3 and 5 days later. On the other hand, for the long-term
stability, the batch plasma QC stored at (—75 * 3) °C were processed
6 months later.

All solutions, extracted samples and plasma QC materials were
analyzed against a freshly prepared calibration curve and using ten
replicates of each one. In all cases, to estimate the stability, percent
deviations (%D) from the nominal concentrations (areas in the case of
IS), i.e. biases, were calculated as:

%D = (Mean value of the 10 replicates—Nominal concentration ) 100

Nominal concentration

According to the EMA criteria [15], the %D should be within +
15%.

2.4.10. Measurement uncertainty

Measurement uncertainties of ceftolozane and tazobactam con-
centration in plasma values were estimated using the top-down ap-
proach called single-validation approach, according to different guide-
lines [22-24]. Fig. 2. shows a cause and effect diagram used to identify
the different sources of uncertainty. The main uncertainty sources
considered were related with calibrator's-assigned values, the inter-
mediate precision and the bias of the measurement system. These
standard uncertainties were estimated using information from certified
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reference materials manufacturers (certificates of analysis), mass and
volumetric equipment calibration certificates, and the performance
characteristic results obtained from the current measurement proce-
dures. Once the standard uncertainties were quantified, they were
combined to give a combined uncertainty for, finally, to estimate an
expanded uncertainty using a coverage factor of 2 (k = 2).

Uncertainties associated with the assigned values of calibration
materials (u.,) were due to the ceftolozane sulfate and tazobactam
certified reference materials mass weighted into the balance, the dif-
ferent pipetted volumes used to prepare calibration materials, and the
stability of working standards.

The measuring mass uncertainty from analytical balance (uy,;) was
indicated in the certificate of external calibration as (5.00 = 0.17) mg
(k= 2).

According to the manufacturer's data, the 2-mL bulb pipette accu-
racy is 0.006 mL. To estimate its uncertainty (upyp) @ type-B estimation
using a triangular distribution was used.

The uncertainty associated to the measuring volume from pipetting
(upip) was: (1000.0 * 2.6) L (k = 2), (500.0 + 1.8) pL (k = 2) and
(100.0 = 0.4) pL (k = 2) for pipette A; (10.00 + 0.18) pL (k = 2),
(50.00 = 0.22) uL (k = 2) and (100.0 = 0.4) puL (k = 2) for pipette B;
and (0.500 *+ 0.02) uL (k=2), (5.00 £ 0.08) uL (k=2) and
(10.00 = 0.16) pL (k = 2) for pipette C.

Additionally, upy, and uy, include the uncertainty related to the
temperature change (uemp) associated to the volume. By assuming a
rectangular distribution, the uncertainty for the temperature variation
for 2 mL bulb pipette and pipettes were calculated using the following
equation:

Voo AT
J3

where Vy is the volume of the bulb pipette or the volume pipetted; a,
the volume expansion coefficient for water (2.1410~*°C™1); and AT,
the difference between the actual laboratory temperature and the ca-
libration temperature indicated in the bulb pipette (AT = 5°C) or the
temperature during the calibration of the pipettes (AT = 2°C).

Uncertainty related to the stability of working standards (usp) was
estimated as [26]:

Utemp =

gy = 2
stab \/ﬁ
where L is the absolute %D value obtained in the stability study.

Taking into account the procedure to prepare each calibration ma-
terial described above, the relative u., was obtained as:

— 2 2 2 2 2 2 2
Ucal = \/ubal + Upup + upip,stock + upip,water + upip,ws + upip,plasma + Ugtab

where Upip, stock iS the relative uncertainty related to the stock solution
volume pipetted for the preparation of the working standards; upip waters
the relative uncertainty associated to the water volume pipetted for the
preparation of the working standards; u, ws, the relative uncertainty
related to the working standard solution volume pipetted for the pre-
paration of the calibration materials; and upp plasma, the relative un-
certainty associated to the blank plasma volume pipetted for the pre-
paration of the calibration materials.

The relative uncertainties associated to intermediate imprecision
(up) were the CV obtained in the present study.

The different possible sources of bias considered were: calibration
procedure (§,), REC, ME, CO and SEL. The REC and the ME biases are
corrected by using the IS, whereas the other sources remain un-
corrected. Treatment of corrected and uncorrected biases was per-
formed according to Magnusson et al. recommendations [27].

Since there are no high-order reference materials to be used, we
used the control materials as reference to estimate the §, as described
above. The relative uncertainties related to the &, (us) were calculated
as follows:
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Fig. 2. Cause and effect diagram of the most relevant measurement uncertainty sources of ceftolozane or tazobactam mass concentration in human plasma using the
single laboratory approach.

, o) , possible interference i; psgr, the SEL reference value assigned as 0%
us = /6 + (7) T (indicating that no interference exist).

The relative uncertainty associated to the REC (uggc) and the ME
where n, the number of reference materials processed (n=80 in our (upe) Were their respective coefficient of variations obtained divided by
case); uy, the relative uncertainty associated with the assigned value of the root square of their number of samples used to perform the REC and
the reference material estimated in the same manner than the uc, de- ME studies. The relative uncertainties related to CO (uco) and the SEL
scribed above but for the control materials. (usL) were calculated as:

Biases related to the REC, ME, CO and SEL were estimated using the

following equations: Uco = 620 + Us_co

1 n
OrEc = —* z (REC; — pgge) ‘ "
noa UsprL = \/5$2EL + z (us—seL);
1 n i=1
OmE = Py Z (ME; — pyg) where us_co and us_gg;, were estimated using a right-angled triangle
i=1

distribution (type-B approach) as:

dco = CO — e m

Us—co Or Us—sgL = \/—
18

n

1
OsgL = —- ), (SEL; — pggr)
h ; l St where a and b are, respectively, the lower and upper limits of the in-

terval; being a=0% in our case for CO and SEL; and b the CO value or
the mean SEL value of all interferences considered.

All uncertainty bias sources were combined to obtain the un-
certainty related to the bias (upias):

where n is the number of samples used to perform the REC, ME and SEL
studies (n = 12 for REC and ME; and n = 9 for SEL); REC; is the nor-
malized REC in % (100-REC sample/REC internal standard) value ob-
tained for the sample i; prgc, the REC reference value assigned as 100%
(indicating 100% of REC); ME; is the normalized ME in % (100-ME
sample/ME internal standard) value obtained for the sample i; yyg, the

_ [,z 2 2 2 2
Upjas = \/“5 + Uggc + UME + UCo T+ USEL

ME reference value assigned as 100% (indicating that no ME exist); CO, Once the individual contribution of uncertainty sources was esti-
the carry-over value in %; co, the CO reference value assigned as 0% mated, we combined them to give a relative combined standard un-
(indicating that no CO exist); SEL;, the selectivity value in % for the certainty (u.) according to the following equation:
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Table 1
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Characteristics of patients and the plasmatic concentrations of ceftolozane-tazobactam obtained in each case.

Patient Age (years) Weight (kg) GFR (mL/ MIC (mg/ Ceftolozane-tazobactam dosage/ Steady-state ceftolozane Steady-state tazobactam
min) L) frequency (g/h) concentration (mg/L) concentration (mg/L)

1 73 70 > 90 1.5 6-3/24 38.1 7.5
2 69 120 86 1.0 2-1/24 6.60 1.3
3 71 75 > 90 2.0 2-1/24 11.4 2.3
4 39 77 > 90 4.0 4-2/24 18.5 2.7

6-3/24 21.8 3.4

6-3/24 329 4.2

In all cases, patients suffered for osteoarticular infections caused by multidrug-resistant Pseudomonas aeruginosa.

GFR, Glomerular filtration rate estimated using the CKD-EPI formula.

MIC, Minimum inhibitory concentration of ceftolozane-tazobactam for each P. aeruginosa strain.

* Ceftolozane-tazobactam was administered in continuous infusion in all cases.

** For the particular Case 4, three different samples are represented, which were obtained at different time during the treatment.

Table 2
Intermediate imprecision and bias values obtained in the UHPLC-MS/MS
measurement system for ceftolozane and tazobactam mass concentrations in
plasma.

Quantity Material n x cv u 8,
(mg/L) (%) (mg/L) (%)
P—Ceftolozane; mass c. LLOQ 80 0.97 12.5 1.00 -3.0
QC1 80 3.05 7.2 3.00 1.7
QC2 80 7.71 5.4 7.50 2.8
QC3 80 31.5 3.6 30.0 5.0
QC4 80 85.2 3.1 80.0 6.5
P—Tazobactam; mass c. LLOQ 80 1.04 15.9 1.00 4.0
QC1 80  2.99 7.9 3.00 -0.3
QC2 80 7.28 6.6 7.50 -2.9
QC3 80 28.6 4.9 30.0 —4.7
QC4 80 75.4 3.8 80.0 -5.8

LLOQ, lower limit of quantification; QC1, control material 1; QC2, control
material 2; QC3, control material 3; QC3, control material 4; n, number of
materials processed; ” x, mean value; CV, intermediate coefficient of variation;
u, reference value (conventional value); §,, intermediate relative bias.
Quantities are described according to the IFCC and IUPAC recommendations
[30]1. P, plasma; mass c., mass concentration.

_ 2 2 2
Ue = \[Uca) + up + Upias

Relative expanded uncertainty (U) was obtained by multiplying u.
by a coverage factor of 2 [22].

Finally, the U values obtained were compared with the uncertainty
requirement, whose was established based on the maximum permissible

Table 3

root mean square of the relative error of measurement (An,.x) concept,
in accordance to the guideline of the German Medical Association on
quality assurance in medical laboratory testing [28]. The Ay, value
used was 21% and obtained as:

Amax = \ 6y%zax + CVr%lax

being 84 and CV,,qy, the EMA relative bias and imprecision require-
ments (15%), respectively [17].

2.5. Application to biological samples

The current UHPLC-MS/MS procedures as well as another pre-
viously published by our group [16] have been developed to be in-
troduced into an institutional antimicrobial stewardship program ap-
proved by our hospital. This program included the optimized use of
antibiotics in difficult-to-treat infections, such as those occurring in
critically-ill-patients and osteoarticular infections. Particularly, the
administration of B-LA in continuous infusion or extended infusion
against these difficult-to-treat infections is considered a routine clinical
practice in our hospital.

2.5.1. Patients and sample collection

We evaluated the applicability of the UHPLC-MS/MS procedures by
processing plasma samples from patients treated with ceftolozane-ta-
zobactam admitted in Infectious Diseases Department. All these pa-
tients suffered osteoarticular infections.

Blood samples were obtained at least 72h after the beginning of
ceftolozane-tazobactam in order to assure that it represented

Recoveries, internal standard-normalized recoveries, matrix factors, and internal standard-normalized matrix factors obtained in the UHPLC-MS/MS measurement

system for ceftolozane and tazobactam mass concentrations in plasma.

Value Ceftazidime-Ds recovery  Ceftolozane recovery IS-normalized recovery Ceftazidime-Ds matrix factor Ceftolozane matrix factor IS-normalized matrix factor
(%) (%) (%) (%) (%) (%)

2.5mg/L 75.4 (11.5) - - 112.4 (10.5) - -

3.0mg/L - 75.2 (5.9) 100.5 (9.49) - 112.9 (6.9) 100.9 (7.9)

7.5mg/L - 78.4 (4.8) 104.7 (9.1) - 113.9 (4.3) 102.3 (12.0)

30.0mg/L - 81.5 (2.6) 109.3 (11.9) - 117.6 (2.5) 105.5 (10.3)

80.0mg/L - 85.1 (4.6) 113.6 (8.1) - 121.1 (4.6) 108.7 (11.4)

Value Sulbactam recovery Tazobactam recovery IS-normalized recovery Sulbactam matrix factor Tazobactam matrix factor IS-normalized matrix factor

(%) (%) (%) (%) (%) (%)

2.5mg/L 80.9 (10.9) - - 105.9 (11.2) - -

3.0mg/L - 81.0 (13.5) 100.1 (12.4) - 102.4 (9.9) 96.7 (10.2)

7.5mg/L - 81.7 (13.1) 101.0 (12.1) - 104.0 (10.1) 98.2 (10.6)

30.0 mg/L - 82.0 (13.9) 101.4 (12.8) - 106.5 (7.3) 100.6 (9.7)

80.0mg/L - 83.4 (9.8) 103.6 (10.7) - 107.9 (5.9) 101.9 (7.8)

Coefficients of variation (in %) between patients are indicated in brackets.
IS, internal standard.
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Table 4
Measurement uncertainty budget for the measurement of ceftolozane and tazobactam mass concentrations in human plasma using the single laboratory validation
approach.
Quantity Material Value Ucal up, us URgc Ume Usgr, Uco Upjias 7 U U
(mg/L) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (mg/L)
P—Ceftolozane; mass c. QC1 3.05 2.65 7.20 3.29 2.71 2.28 2.06 3.39 5.32 9.34 18.67 0.57
QC2 7.71 2.65 5.40 3.92 2.63 3.46 2.06 3.39 5.88 8.41 16.83 1.30
QC3 31.5 2.65 3.60 5.67 3.43 2,97 2.06 3.39 6.03 7.51 15.0 4.7
QC4 85.2 2.65 3.10 7.00 2.34 3.29 2.06 3.39 5.66 6.98 14.0 119
P—Tazobactam; mass c. QC1 2.99 3.16 7.9 3.36 3.58 2,94 1.52 2.05 5.30 10.02 20.04 0.60
QC2 7.28 3.16 6.6 4.39 3.49 3.06 1.52 2.05 5.30 9.04 18.07 1.32
QC3 28.6 3.16 4.9 5.52 3.70 2.80 1.52 2.05 5.30 7.88 15.8 4.5
QC4 75.4 3.16 3.8 6.59 3.09 2.25 1.52 2.05 4.60 6.75 13.5 10.2

QC1, control material 1; QC2, control material 2; QC3, control material 3; QC4, control material 4; u., (%), relative uncertainty associated with the assigned value of
the calibrator materials; u, (%), relative uncertainty related to the intermediate precision; us (%), relative uncertainty related to the bias associated to the calibration
procedure; uggc, relative uncertainty associated to the bias related to the recovery of the extracted samples; uyg, relative uncertainty related to the bias associated to
the matrix effect; ugg;, relative uncertainty associated to the bias related to the selectivity; uco, uncertainty related to the bias associated to carry-over; up;,s (%),
relative uncertainty related to the bias; u. (%), relative combined uncertainty; U (%), relative expanded uncertainty; U (mg/L), expanded uncertainty in mg/L units.
Quantities are described according to the IFCC and IUPAC recommendations [30]. P, plasma; mass c., mass concentration.

concentrations at the steady-state condition. Samples were collected in
BD Vacutainer® lithium-heparin tube (Becton Dickinson, Franklin
Lakes, NJ, USA) and immediately refrigerated at (2-8) °C. Finally, they
were then centrifuged at 2000g for 10 min at (4 = 1) °C, aliquoted, and
stored at (—75 = 3) °C until analysis.

2.5.2. Microbiological studies

The isolation of the microorganisms was carried out by micro-
biological conventional procedures. Identification was performed with
the MALDI-TOF Biotyper® system (Bruker, Billerica, MA, USA).

Antibiotic susceptibility was performed using the MicroScan® au-
tomated microdilution system (Beckman Coulter Inc., Brea, CA, USA).
In addition, exact MIC values for ceftolozano-tazobactam was de-
termined by E-test® method (bioMérieux, Marcy-l'Etoile, France).
Minimal inhibitory concentration clinical breakpoints were defined
according to the CLSI criteria [29].

3. Results
3.1. Intermediate imprecision and bias

Data for intermediate imprecision and relative bias are summarized
in Table 2. The imprecision values ranged from 3.1% to 7.9% whereas
relative bias values ranged between —5.8% and 6.5%. The imprecision
and absolute relative bias values obtained were within the EMA criteria.

3.2. Lower limit of quantification

Lower limits of quantification were 0.97 mg/L (signal-to-noise ratio
of 15.2) and 1.04 mg/L (signal-to-noise ratio of 8.9) for ceftolozane and
tazobactam, respectively. Data for intermediate imprecision and re-
lative bias at LLOQ are summarized in Table 2. All LLOQ obtained were
in accordance to the EMA criteria.

3.3. Selectivity

Ceftolozane, tazobactam and their IS were clearly separated from
endogenous peaks originating from the blank matrix.

No significant endogenous area response peaks were observed at the
retention time of ceftolozane, tazobactam and their IS. For amikacin,
ampicillin, aztreonam, cefepime, ceftazidime, gentamycin, meropenem,
tobramycin, and vancomycin plasma batches, the peak area responses
observed at ceftolozane retention times were 1.4%, 2.2%, 1.8%, 2.6%,
2.9%, 1.9%, 2.7%, 1.3%, and 1.6% of the LLOQ of ceftolozane, re-
spectively, being 0.4%, 0.3%, 0.5%, 0.6%, 0.7%, 0.5%, 0.8%, 0.3%, and
0.6% at ceftazidime-Ds retention time. Further, the peak area responses
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observed at tazbactam retention times were 1.7%, 1.1%, 2.7%, 1.4%,
1.3%, 2.1%, 1.8%, 0.9%, and 0.7% of the LLOQ of tazobactam, re-
spectively; and being 0.3%, 0.4%, 1.0%, 0.5%, 0.4%, 0.8%, 0.5%, 0.4%,
and 0.3% at sulbactam retention time. All peak area responses obtained
were within the EMA criteria.

3.4. Carry-over

No significant area response peaks at the same retention time of
ceftolozane, tazobactam and their IS were observed in the chromato-
gram of double blank plasma extract immediately after injection of
highest calibration material. Peak areas responses observed in the
double blank plasma sample after measurement of the highest cali-
bration sample were 3.3% of the peak area response at LLOQ of cef-
tolozane, and 2.0% of the peak area response at LLOQ of tazobactam.
On the other hand, peak area responses were 0.9% and 0.6% of the peak
area responses of ceftazidime-Ds and sulbactam, respectively. Peak area
response obtained accomplished the EMA acceptance criteria.

3.5. Calibration curve

Typical calibration curve equations were y = 0.7016-x — 1.061
(** = 0.9957) and y = 0.3028x + 0.1262 (r* = 0.9948) for ceftolozane
and tazobactam, respectively; where y is the analyte/IS standard area
response ratio multiplied by the IS concentration, and x is the nominal
concentration of analyte. The deviations of the calculated concentra-
tions from their nominal values at LLOQ ranged from 5.6% to 12.2% for
ceftolozane and — 10.4% to — 3.5% for tazobactam. Calibration mate-
rials other than LLOQ were within (3.2-7.9)% and (1.9-9.3)% for cef-
tolozane and tazobactam, respectively. All these values accomplished
the EMA criteria.

3.6. Linearity

For ceftolozane, mean values + standard deviation obtained for
each dilution were: (0.94 + 0.08) mg/L, (25.2 + 0.85) mg/L,
(48.9 += 1.27) mg/L, (74.6 = 1.59) mg/L, (99.7 * 2.08) mg/L, and
(122 + 1.53) mg/L. In the linearity analysis, no second or third order
polynomial fit was statistically better than the linear fit at the 5% sig-
nificant level, indicating that between the LLOQ and the ULOQ a lin-
earity interval exists. Dilution integrities of all samples achieved the
EMA acceptance criteria for imprecision and bias.

For tazobactam, mean values + standard deviation obtained for
each dilution were: (1.02 * 0.09) mg/L, (25.2 * 0.95) mg/L,
(50.9 + 1.53) mg/L, (74.3 = 2.10) mg/L, (104 = 2.08) mg/L, and
(122 = 2.08) mg/L. The linearity analysis showed a nonlinear
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Fig. 3. Multiple reaction monitoring chromatograms for ceftolozane, tazobactam, and their internal standards (ceftazidime-Ds and sulfactam) for a control sample at
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response. The third-order term in the third-degree polynomial was
significant (p = 0.0399) and the nonlinear terms in the second-order
model were not significant (p = 0.2363). The standard errors also
showed that the third-order model fitted better than the first- or second-
order models. Percentage differences in predicted values between the
first- and third-order models were within —1,7 and 9.4%. Taking into
account that none of these differences exceeded the linearity (bias)
criterion of 15%, as well as the imprecision requirement (15%), the
measurement procedure was considered linear between the LLOQ and
the ULOQ.

3.7. Dilution Integrity

Imprecision and bias values for dilution integrity at ten-fold dilution
for ceftolozane were found to be 6.4 and —5.2%, respectively; and 7.8
and —7.3% for tazobactam, being lower than the EMA requirements.

3.8. Recovery of extracted samples and matrix effect

Values for REC, IS-normalized REC, matrix factor, IS-normalized
matrix factor and variabilities of REC and ME of ceftolozane and ta-
zobactam at different concentrations are showed in Table 3. Evaluation
of the matrix effect showed ion enhancement for ceftolozane, tazo-
bactam well compensated by their IS. The variation in recoveries and
matrix effects among all concentrations accomplished with the EMA or
CLSI criteria.

3.9. Stability

Working standard and control solutions (10.0, 50.0, 100, 250, 450,
750, 1000 and 1250 mg/L; and 30.0, 75.0, 300 and 800 mg/L) were
stable during storage at (—75 * 3) °C for at least 6 months with ab-
solute %D values of 8.2%, 8.1%, 7.8%, 7.9%, 7.7%, 7.4%, 7.6%, 7.9%,
8.0%, 7.6%, 8.3%, and 7.2%, respectively for ceftolozane; and 9.7%,
9.3%, 8.9%, 7.5%, 10.1%, 9.4%, 9.3%, 8.2%, 9.8%, 9.1%, 8.8%, and
8.9% for tazobactam. Internal standard-stock solutions stored at
(=75 = 3) °C was stable for 6 months (absolute %D value of 9.2% for
ceftolozane and 10.9% for tazobactam). On the other hand, ceftolozane
and tazobactam concentrations in extracted samples were stable in the
autosampler at (4 = 1) °C for 12 h (absolute %D values <13.4% and
<14.2% for ceftolozane and tazobactam, respectively). Furthermore,
ceftolozane and tazobactam concentrations in plasma were stable
during storage at (5 * 3) °C for a period of 2days (absolute %
D < 13.9% for ceftolozane and <14.5% for tazobactam), at room
temperature for 8 h (absolute %D < 12.9% and <13.3% for ceftolo-
zane and tazobactam, respectively), and at (=75 = 3) °C for at least
6 months (absolute %D < 14.2% for ceftolozane and <14.7% for ta-
zobactam).

All percent deviations were negative, indicating a decomposition or
degradation of ceftolozane and tazobactam.

3.10. Measurement uncertainty

Table 4 shows the measurement uncertainty budget containing all
main uncertainty sources, as well as the combined and expanded un-
certainties. The U values obtained were lower than the maximum per-
missible root mean square of the relative error of measurement (21%).

3.11. Clinical application

Ceftolozane and tazobactam concentrations in plasma as well as
clinical and microbiological information of selected cases are shown in
Table 1. In all cases, ceftolozane-tazobactam was administered in con-
tinuous infusion. Plasma drug concentrations were above the MIC all
the time (T > MIC 100%) and they were also higher than the re-
commended 3-4 times the MIC value for optimizing the
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pharmacodynamic parameters of these antibiotics [1-3,12-15].
4. Discusion

The UHPLC-MS/MS procedures were developed and validated for
measurement of ceftolozane and tazobactam concentrations in plasma.
These procedures were applied in the management of patients with
osteoarticular infections caused by MDR P. aeruginosa to monitor the
treatment with ceftolozane-tazobactam in continuous infusion.

Chromatographic separation and generic mass spectrometer condi-
tions, and sample preparation were previously reported by our group as
adequate for the analysis of different (-LA concentrations in plasma
[16]. Taking into account that we use the reported measurement pro-
cedure for TDM of -LA in routine practice, for practical reasons, we
decided to use those conditions for measurement of ceftolozane and
tazobactam concentrations in plasma. Under these chromatographic
separation conditions, ceftolozane eluted at retention time of 1.14 min,
ceftazidime-Ds at 1.15, tazobactam at 1.27 min, and sulbactam at
1.31 min. Typical MRM chromatograms for the lowest control material
(3.00 mg/L) are shown in Fig. 3. The UHPLC-MS/MS run times were
3.5min, being shorter than other procedures previously reported
[10-12]. On the other hand, setting the generic MS parameters de-
scribed by our group [16], specific MS parameters as m/z precursor and
product ions, cone voltage and collision energy were optimized in-
jecting 10.0 mg/L of each drug and IS solution in a mixture of water:-
acetonitrile 50:50 v/v containing 0.1% formic acid at a flow rate of
10 yL/min. The most abundant ions obtained were the [M-H] * adducts
in ESI+ for ceftolozane, and ceftazidime-Ds, and the [M-H] ~ adducts
in ESI- for tazobactam and sulbactam. Furthermore, because ceftolo-
zane and ceftazidime-Ds detected in ESI+ presented similar elution
times than tazobactam and sulbactam in ESI-, we preferred not use the
polarity switching mode option. Therefore, two injections were carried
out, one to monitor ceftolozane and ceftazidime-Ds and the second one
to trace tazobactam and sulbactam. Furthermore, taking into account
the REC and ME results obtained in this study, extraction procedure
previously reported by our group [16] (based on protein precipitation
with acetonitrile), besides simplifying the extraction procedures pub-
lished by other groups [10-15], can also be applied for measurement of
ceftazolane and tazobactam concentration.

Regarding to the measurement procedure performance character-
istics, we evaluated intermediate imprecision, bias, selectivity, carry-
over, calibration curve, linearity, dilution integrity, recovery of ex-
tracted samples, matrix effect, stability, and measurement of un-
certainty. Of all of them, selectivity, carry-over, matrix effect and
measurement uncertainty have not been evaluated by other groups
[10-15], although the importance that these metrological character-
istics have for obtaining accurate ceftolozane and tazobactam con-
centration results, and that these pharmacological quantities are mea-
sured for TDM or to perform pharmacokinetic/pharmacodynamic
studies.

The imprecision, bias and LLOQ results obtained for the proposed
UHPLC-MS/MS procedures were similar or better to those of previous
publications [10-15]. These results indicate acceptable precisions and
trueness. Also, we considered that the LLOQ were low enough given
that ceftolozane-tazobactam MIC's for many multidrug-resistant Gram-
negative bacilli are higher than 1.00 mg/L [28,31], and because pa-
tients receiving a continuous infusion administration rarely will have
low concentrations of ceftolozane and tazobactam in plasma.

Selectivity data obtained showed that no endogenous interferences
exist. Carry-over values obtained were negligible, indicating that there
are no necessary include blank samples between patient samples to
prevent the CO.

For each analyte, a calibration curve consisting of 8 plasma cali-
brators was prepared with a LLOQ and an ULOQ based on available
literature and in-house experience. The calibration curves generated
showed that linear regression with a weighting scheme of 1/X can
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describe the data set generated in the intervals of (0.97-125) mg/L for
ceftolozane, and (1.04-125) mg/L for tazobactam. Also, statistical lin-
earity studies were performed to verify the linearities between the
LLOQ and the ULOQ, indicating that the linear regression model used
for the calibration curve were valid.

According to the results obtained in the dilution integrity study, for
those samples with a concentration above the ULOQ, a 1/10 dilution
can be applied. Higher dilution factors were not investigated because of
the wide calibration range.

We showed steady REC and ME values, given that the use of the
ceftazidime-Ds and sulbactam as IS well compensated the lack of REC
and the ME observed in the measurements of ceftolozane and tazo-
bactam concentrations. For ceftolozane, we did not use a ceftolozane-
labeled compound due to its high price, but we used a labeled-cepha-
losporin analogue structurally similar to the ceftolozane, the ceftazi-
dime-Ds, which elutes simultaneously with ceftolozane. For tazo-
bactam, we used a chemical structural analogue, sulbactam, as IS due to
problems of availability at the moment of purchase of its stable labeled
compound.

Ceftolozane and tazobactam working standard and control solu-
tions, as well as the IS-stock solutions were stable during storage at
(=75 = 3) °C for at least 6 months. Extracted samples were stable in
autosampler at (4 + 1) °C for 12 h. The storage capabilities of plasma
samples were investigated and deemed to be acceptable for a minimum
of 8h at room temperature, 2days at (5 = 3) °C and 6 months at
(=75 = 3) °C. Despite this, taking into account that the stability of
concentration of B-LA in plasma at room temperature or refrigerated is
low [32,33], mainly in sample extracts, we recommend process a
maximum run of 30 samples and using a refrigerated autosampler
temperature to prevent the gradual antibiotic decomposition.

Finally, in the validation process we included a detailed procedure
to estimate a “new” performance characteristic: the measurement un-
certainty, considering that it is essential to evaluate the reliability of -
LA concentration results facilitated by clinical laboratories and it is
being required in accredited clinical laboratories [34].

5. Conclusions

In conclusion, we developed simple UHPLC-MS/MS procedures to
measure concentrations of ceftolozane and tazobactam in plasma, and
validated them following international guidelines. The mentioned
procedures were useful for monitoring the treatment of difficult-to-treat
osteoarticular infections caused by MDR P. aeruginosa. Overall, we be-
lieve our measurement procedures can be applied in the daily routine of
the clinical laboratory, considering the performance characteristics
obtained.
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ARTICLE INFO ABSTRACT
Am'df? history: Objectives: Ceftolozane/tazobactam is a potential tool for infections caused by multidrug-resistant (MDR)
Received 22 October 2018 Pseudomonas aeruginosa (P. aeruginosa), but its efficacy against some difficult-to-treat infections has not

Accepted 16 January 2019 been well defined

Methods:  Using an in vitro pharmacodynamic biofilm model, this study evaluated the com-
Editor: Professor Paul Tulkins parative efficacy of ceftolozane/tazobactam against MDR/extensively drug-resistant (XDR) P. aerugi-
nosa strains, alone and in combination with colistin. Simulated regimens of ceftolozane/tazobactam

Ilfgjrlggfzody infection (2 g/1 g every 8 h), meropenem (2 g every 8 h) and ceftazidime (2 g every 8 h), alone and
Pseudomonas aeruginosa in combination with colistin (continuous infusion) were evaluated against three colistin-susceptible
Multidrug resistance and ceftazidime-resistant strains: MDR-HUB1, ceftolozane/tazobactam-susceptible and meropenem-
Ceftolozane-tazobactam susceptible; XDR-HUB2, ceftolozane/tazobactam-susceptible and meropenem-resistant; MDR-HUB3,
Colistin ceftolozane/tazobactam-resistant and meropenem-susceptible. Antibiotic efficacy was evaluated by de-
Biofilm creases in bacterial counts (Alog CFU/mL) from biofilm-embedded bacteria over 54 h. Resistance emer-

gence was screened.
Results:  Among monotherapies, ceftolozane/tazobactam had low killing but no resistance appeared,
ceftazidime was ineffective, colistin was initially effective but regrowth and resistance occurred, and
meropenem was bactericidal against carbapenem-susceptible strains. Ceftolozane/tazobactam plus colistin
was the most effective combination against the meropenem-resistant XDR-HUB2 strain (Alog CFU/mL
54-0 h=-4.42 vs. -3.54 for meropenem-colistin; P=0.002), whereas this combination against MDR-
HUB1 (-4.36) was less effective than meropenem-colistin (-6.25; P < 0.001). Ceftolozane/tazobactam plus
colistin was ineffective against the ceftolozane/tazobactam-resistant strain; meropenem plus colistin was
the most bactericidal therapy (-6.37; P < 0.001 vs. others). Combinations of active beta-lactams plus
colistin prevented the emergence of colistin-resistant strains.
Conclusions: Combinations of colistin plus ceftolozane/tazobactam and meropenem were the most appro-
priate treatments for biofilm-related infections caused by XDR and MDR P. aeruginosa strains, respectively.
These combinations could be considered as potential treatment options for these difficult to treat infec-
tions.

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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Gram-negative bacilli (GNB) has been observed in recent years
[1]. Moreover, the emergence of multidrug-resistant (MDR) GNB
and, particularly, the global spread of MDR Pseudomonas aeruginosa
(P. aeruginosa) is worrisome in the setting of device-related infec-
tions due to the presence of biofilms. Bacterial biofilms impair the
activity of most antibiotics [2,3], and very limited options exist for
the treatment of these MDR P. aeruginosa strains, which are com-
monly resistant to fluoroquinolones and have a decreased suscep-
tibility to beta-lactams [4].

Colistin is often the only active drug that can be used against
these MDR microorganisms [5,6]. Colistin may have notable ac-
tivity against biofilm-embedded bacteria present in the inner lay-
ers of biofilms [7,8], but its clinical efficacy can be threatened by
its toxicity and the ability to select for resistant subpopulations
when given in monotherapy. Thus, its administration in combina-
tion with other antibiotics, such as beta-lactams, may provide a
synergistic effect and protect against the emergence of resistant
strains [9-11].

Recently, the appearance of ceftolozane/tazobactam, a novel
cephalosporin in combination with a beta-lactamase inhibitor, has
represented a promising opportunity for the treatment of serious
infections by MDR P. aeruginosa [12]. It is approved for the treat-
ment of intraabdominal and urinary tract infections, but in the
current global era of multiresistance there is a need to improve
the knowledge about its efficacy against other infections caused by
MDR and XDR strains of P. aeruginosa, such as biofilm-related in-
fections, in which scarce experience exists.

Thus, the objective of this study was to evaluate the activity
of ceftolozane/tazobactam, in comparison with that of meropenem
and ceftazidime, alone and in combination with colistin against
MDR and XDR P. aeruginosa in an in vitro pharmacodynamic
biofilm model. It also aimed to investigate the protection of re-
sistance to colistin and ceftolozane/tazobactam after exposure to
these antibiotics.

2. Materials and methods
2.1. Bacterial isolates

Three clinical isolates of P aeruginosa, all colistin-
susceptible but ceftazidime-resistant strains, were used: HUB1, a
ceftolozane/tazobactam-susceptible and meropenem-susceptible
MDR strain (ST308); HUB2, a ceftolozane/tazobactam-susceptible
and meropenem-resistant XDR strain (ST175); and HUB3, a
ceftolozane/tazobactam-resistant and meropenem-susceptible
MDR strain (ST274). The three strains have spread worldwide
and are considered to be high-risk clones [13]; mechanisms of
resistance are AmpC hyperproduction for all strains (MDR-HUB3
having the AmpR mutation G154R), plus OprDporin deletion in
XDR-HUB2. Multidrug resistant and XDR were defined in accor-
dance with previous criteria [14]; antibiotic susceptibility was
interpreted according to EUCAST criteria.

2.2. Antibiotics

Ceftolozane was provided by MSD (Merck Sharp & Dohme,
Spain), whereas the remaining drugs were purchased from the
manufacturers’ laboratory (Sigma-Aldrich, Madrid, Spain). Stock so-
lutions of antibiotics were re-suspended immediately prior to each
experiment following the laboratories’ recommendations.

2.3. Determination of MIC, MBC, and minimum biofilm inhibitory
and eradication concentrations

The minimum inhibitory concentrations (MICs) and mini-
mum bactericidal concentrations (MBCs) were determined by

broth microdilution method using standard recommendations [15].
The minimum biofilm inhibitory (MBIC) and eradication (MBEC)
concentrations were determined based on previously described
methodology [16], using an MBEC™ device (Innovotech Inc.,
Canada). All tests were performed at least in triplicate.

2.4. In vitro pharmacokinetics/pharmacodynamics (PK/PD) biofilm
model

A CDC Biofilm Reactor (CBR) (BioSurface Technologies, USA) was
used, which consists of a glass vessel with an effluent spout giv-
ing place to an operational volume of 350 mL in continuous mix-
ing by a magnetic baffled stir bar. Antibiotics and media can be
added through the ports in the top lid of the reactor, from where
eight rods descend, each housing three removable Teflon coupons
(biofilm growth surfaces), for a total of 24 sampling opportunities
throughout the experiment.

The protocol followed previously reported methods [17-19], and
consisted of a biofilm conditioning phase, in which the biofilm
was formed for 48 h, followed by a therapeutic phase. Briefly, the
biofilm conditioning phase started with the bacteria inoculation
into the reactor (initial inoculum of 7 log CFU/mL), followed by
a 24-h batch culture at 37 °C in drug-free 20% TSB. Then, fresh
sterile 20% TSB was infused into the model for 24 h using a peri-
staltic pump (Masterflex, Cole-Parmer, USA), to achieve a bacterial
residence time within the reactor shorter than the generation time
for the suspended bacteria. The generation time (g) was calculated
according to the following equation:

g=Ln2/u;
where u is the growth rate,
M:LHN*LI’]No/tfto;

where N is the number of bacteria at time t, and N, is the number
of bacteria at time t.

Thus, the generation times, infusion rates and estimated bac-
terial residence times within the reactor were as follows: 45 min,
8 mL/min and 43.75 min, respectively, for MDR-HUB3, and 60 min,
6 mL/min and 58.33 min, respectively, for MDR-HUB1 and XDR-
HUB2.

Once the biofilm was formed, the therapeutic phase started
(time zero, 0 h). For the three beta-lactam regimens, a bolus dose
was injected into the model every 8 h to achieve the desired free-
drug Cmax (fCmax; in accordance with the protein binding for each
drug). Then, fresh media (20% TSB) was pumped at a flow rate re-
producing the respective beta-lactam t;/,.

Evaluated regimens were as follows: ceftazidime, 2 g every
8 h (fCmax 134 mg/L, ty;; 2 h, flow rate 2 mL/min, protein bind-
ing considered 16%); meropenem, 2 g every 8 h (fCmax 90 mg/L,
typ 1 h, flow rate 4 mL/min, protein binding considered 10%);
ceftolozane/tazobactam, 2 g/1 g every 8 h (fCmax 111 mg/L, t;),
2.5 h, flow rate 1.61 mL/min, protein binding considered 21%/fCmax
25 mg/L, ty;, 2.5 h, flow rate 1.61 mL/min, protein binding consid-
ered 30%, respectively) [20-22].

For the particular case of ceftolozane/tazobactam combina-
tion, with different t;;, (2.5 h and 1 h, respectively), the t;;, of
ceftolozane was reproduced and it was assumed that tazobactam
would be eliminated at the same t;;,, thus providing tazobactam
concentrations during the whole 8-h period always in adequate
proportion with ceftolozane (at least 2:1). In all cases, flow rates
were calibrated prior to each experiment and monitored through-
out to ensure that the system was performing optimally.

Colistin was pumped into the CBR as a continuous infusion at
3.50 mg/L, which mimicked the plasma steady-state concentration
observed in humans by 6-9 MU colistin every 24 h [23-24]. This
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Minimum inhibitory concentrations, minimum bactericidal concentrations, minimum biofilm inhibitory concentrations, and
minimum eradication concentrations for the different antibiotics among all Pseudomonas aeruginosa strains.

MDR-HUB1 XDR-HUB2 MDR-HUB3
Antibiotics

MIC MBC  MBIC MBEC MIC MBC  MBIC MBEC MIC  MBC MBIC MBEC
CST 1 4 8 > 64 2 2 8 64 2 2 8 > 64
CAZ 64 128 > 256 > 256 32 32 > 256 >256 64 > 256 > 256 > 256
MEM 2 4 2 > 256 16 16 16 > 256 2 4 2 > 256
“TOL/TZB 2 4 8 > 256 4 4 16 > 256 8 8 16 > 256

MIC = minimum inhibitory concentration; MBC=minimum bactericidal concentration; MBIC=minimum biofilm inhibitory
concentration; MBEC = minimum biofilm eradication concentration; CST = colistin; CAZ = ceftazidime; MEM = meropenem;

TOL/TZB = ceftolozane/tazobactam.

* The MIC, MBC, MBIC and MBEC values refer to the concentration of ceftolozane in the presence of a fixed concentration

of tazobactam at 4 mg/L.

was achieved by bolus administration at 0 h followed by infused
medium with colistin at the appropriate concentration.

For all strains, the therapeutic regimens evaluated were cef-
tazidime, meropenem, ceftolozane/tazobactam and colistin, as
monotherapies, the respective beta-lactams in combination with
colistin, and controls (no antibiotic). All the experiments were per-
formed at least in duplicate.

2.5. Pharmacodynamic analysis

One sample from medium (free-floating bacteria) and three
coupons from a rod (biofilm-embedded bacteria) were collected at
0, 6, 24, 30, 48, and 54 h (two extra coupons were collected at
the last time point). The removed coupons were processed follow-
ing previously described methodology [17,19]; medium and coupon
samples were serially diluted (10-fold), plated on agar plates (Beck-
ton Dickinson, Spain), and incubated at 37 °C for 24-48 h.

Bacterial counts were expressed as log CFU/mL (means and
standard deviations [SD]). Efficacy was evaluated against biofilm-
embedded and free-floating bacteria using the log change method
from 0 h to each t timepoint (Alog CFU/mL th-Oh). Treatments
were considered to be bactericidal (or to have bactericidal effect)
when they led to a > 3 log CFU/mL reduction, compared with the
corresponding counts at zero time. Monotherapy or combination
regimens causing a reduction of > 1 log CFU/mL at a specified time
were considered active. Synergy (or synergistic effect) was defined
as > 2 log CFU/mL killing for the combination relative to the most
active monotherapy at a specified time; additivity was defined as
1-2 log CFU/mL greater killing for the combination.

2.6. Pharmacokinetic studies

For these studies, the CBR was filled with saline serum, antibi-
otic boluses were injected into the CBR, and peristaltic pumps were
set up in accordance with simulated t;/, (described above). Sam-
ples were then collected into 1 mL polypropylene test tubes at
different time points and stored at -20 °C until analysis. All an-
tibiotics and tazobactam concentrations were analysed by Ultra-
Performance Liquid Chromatography-Tandem Mass Spectrometry
(UPLC/MS-MS), following a methodology previously standardised
by the current group [25]; a prior standardisation of this method
was developed for ceftolozane and tazobactam.

2.7. Colistin population analysis profiles, and resistance studies

Baseline heteroresistance to colistin was studied by the screen-
ing of subpopulations (population analysis profiles, PAPs) able to
grow in the presence of > 2, 4, 8, and 16 mg/L of colistin, ap-
plying previously reported methods [9,17]. To evaluate the emer-
gence of resistance to ceftolozane/tazobactam and colistin during
the therapeutic experiments, samples from coupons at all time

points were plated onto nutrient agar plates containing 4-4 mg/L
of ceftolozane/tazobactam and 2 mg/L of colistin. Results were in-
terpreted as positive if any macroscopic growth was observed. For
the particular case of XDR-HUB2 strain, the PAPs of colistin from
isolates recovered at the end of experiments were also analysed.

2.8. Confocal laser scanning microscopy

Coupons were evaluated by confocal laser scanning microscopy
(CLSM) to confirm biofilm infection (0 h) and treatment activity
(54 h). Images of the biofilms stained with LIVE/DEAD BacLight
Bacterial Viability Kit (ThermoFisher Scientific, USA) were acquired
using a Leica TCS-SL filter-free spectral confocal laser scanning mi-
croscope (Leica Microsystems, Germany) equipped with a 488 nm
argon laser and 543 nm He/Ne laser (Centres CientificsiTecnolog-
ics, Universitat Barcelona, Spain) using a 63x oil immersion objec-
tive (1.4 numerical aperture). Different image stacks were acquired
with a 0.5 microns’ distance between planes and the pinhole size
was kept at 1 AU. The number of total planes was calculated ac-
cording with the thickness of each biofilm. Three different stacks
were obtained randomly of each coupon. Selected fields were ac-
quired with zoom 4 and an image resolution of 1024 x 1024 pixels.
The images obtained were processed with IMARIS software (Bit-
plane AG, Switzerland).

2.9. Statistical analysis

Data were analysed using Stata 13.1 (Stata Corporation, USA).
An analysis of variance with Tukey$ post hoc test was performed
for each treatment regimen to evaluate changes in the log CFU/mL
for free-floating and biofilm-embedded bacteria. A P-value of <
0.05 was considered statistically significant.

3. Results

Table 1 summarises the MIC, MBC, MBIC and MBEC for all
strains. Targeted values of PK parameters for intermittent adminis-
tration of beta-lactams were well reproduced; observed fCpmax con-
centrations (mean + SD) were within 15% of the targeted val-
ues: 115 mg/L + 2.1 for ceftazidime (t;, 2 h), 94 mg/L + 1 for
meropenem (t;; 1 h), 100 mg/L + 19 and 24 mg/L + 0.4 for
ceftolozane and tazobactam, respectively (t;;, 2.5 h).

3.1. Microbiological response

The bacterial growth of biofilm-embedded and free-floating
cells in the absence of antibiotics for all strains is illustrated in
Fig. 1. Mean inoculums for biofilm-embedded cells at 0 h were
higher for MDR strains (HUB1 and HUB3) than for XDR-HUB2.

Bacterial counts (log changes) of biofilm-embedded in the pres-
ence of antibiotics throughout the experiments are shown in
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Fig. 1. Bacterial growth in the absence of antibiotics for biofilm-embedded (a) and
free floating (b) cells for the three strains of Pseudomonas aeruginosa.

Time on the x-axis begins immediately after the 48-hour conditioning phase

Data presented as means + SD

P. aeruginosa = Pseudomonas aeruginosa.

Fig. 2. Among monotherapies, at 54 h, ceftolozane/tazobactam
achieved a low Kkilling only against susceptible strains (MDR-
HUB1 and XDR-HUB2), which was only greater than controls
for MDR-HUB1 (Alog CFU/mL=-0.91; P=0.002), whereas cef-
tazidime was ineffective in all strains. Colistin therapy, over-
all, resulted in an initial killing against all strains, but re-
growth appeared later in a different manner (Alog CFU/mL
at 54 h=-133 in MDR-HUB1, -1.85 in XDR-HUB2, and -2.07
in MDR-HUB3), this leading colistin to be the only effective
monotherapy at 54 h against XDR-HUB2 (P < 0.001 vs. con-
trols and other monotherapies). Of interest, meropenem alone
was the most effective monotherapy and the only bactericidal
regimen at 54 h against both carbapenem-susceptible strains (Alog
CFU/mL =-4.55 in MDR-HUB1 and -3.96 in MDR-HUB3; P < 0.001
vs. controls and other monotherapies).

Regarding drug combinations, the addition of colistin to
ceftolozane/tazobactam significantly increased the activity of

monotherapies against both ceftolozane/tazobactam-susceptible
strains (MDR-HUB1 and XDR-HUB2) at 54 h (P < 0.001), this
leading to a bactericidal and synergistic effect in both cases.
Ceftolozane/tazobactam plus colistin was the most effective com-
bination against the meropenem-resistant XDR-HUB2 strain (Alog
CFU/mL=-4.42 vs. -3.54 for meropenem-colistin; P=0.002);
whereas this combination against MDR-HUB1 (Alog CFU/mL=-
4.36) was less effective than meropenem-colistin (-6.25; P <
0.001) and showed similar efficacy as meropenem monotherapy
(P=0.964). In contrast, the combination ceftolozane/tazobactam-
colistin was ineffective against the ceftolozane/tazobactam-
resistant strain (MDR-HUB3), being meropenem plus colistin the
most bactericidal therapy (Alog CFU/mL=-6.37; P < 0.001 vs.
other regimens). The combination ceftazidime-colistin was slightly
effective against MDR-HUB1 and MDR-HUB3 (no synergism nor
bactericidal effect), but it achieved a bactericidal effect against
XDR-HUB2 (Alog CFU/mL=-3.10).

Overall, low non-bactericidal activity was observed among free-
floating cells of the three strains of P. aeruginosa (mean inoculums
at 0 h around 8 log CFU/mL). Only meropenem and its combina-
tion with colistin showed activity at 54 h against MDR-HUB1 strain
(Alog CFU/mL=-2.67 and -2.23, respectively).

3.2. Resistance studies and colistin PAPs

Resistant strains to ceftolozane/tazobactam among biofilm-
embedded cells were not detected with any treatment (monother-
apy or combination) in ceftolozane/tazobactam-susceptible strains.

Colistin-heteroresistant subpopulations were detected at base-
line in all strains (Fig. 3). The proportion of colonies able to
grow at concentrations of colistin 2 mg/L, 4 mg/L and 8 mg/L
was slightly higher for the XDR-HUB2 (from 1x 104 to 1 x 1076
CFU/mL) than for the MDR strains (from 1x10~> to 1x 1078
CFU/mL). At the end of treatment (Fig. 4), colistin monotherapy
led to the emergence of resistant subpopulations at 54 h among
all strains. The combination of an active beta-lactam and colistin
prevented the emergence of resistant subpopulations, in contrast
with what occurred when the beta-lactam was non-active in vitro.
For the XDR-HUB2 strain, the PAPs of cells recovered at the end
of treatments with meropenem-colistin and ceftazidime-colistin
showed the same proportion of colistin-resistant subpopulations
than that obtained at baseline; in contrast, this proportion in-
creased with colistin monotherapy (until 102 CFU/mL).

3.3. Confocal laser scanning microscopy images

Well-formed biofilms prior to the start of therapeutic experi-
ments were observed in all strains. Treatment with beta-lactams
altered the shape of isolates in both live and dead cells. Colistin
in monotherapy mainly had activity within deeper layers of the
biofilm structure, whereas beta-lactams plus colistin mainly re-
sulted in activity against all the biofilm structure. Fig. 5 shows
some CLSM images of the biofilm-embedded cells of P. aeruginosa
HUB2, according to treatment regimens.

4. Discussion

The best treatment for osteoarticular and orthopaedic device-
related infections caused by MDR P. aeruginosa is currently un-
known. The presence of bacterial biofilms, where nutrient and oxy-
gen penetration are limited, results in tolerance to antibiotics by
expression of phenotypic changes and this impairs the activity of
antibiotics, such as beta-lactams, which act against processes oc-
curring in growing bacteria [2,3]. In this setting, the occurrence of
MDR/XDR P. aeruginosa isolates dramatically limits the therapeutic
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Fig. 2. Bacterial killing by monotherapies with colistin, ceftazidime, meropenem and ceftolozane-tazobactam, and the combination of colistin with beta-lactams against

biofilm-embedded cells of three different Pseudomonas aeruginosa strains.
Results are expressed using the log change method

Data presented as means + SD

P. aeruginosa = Pseudomonas aeruginosa.
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Fig. 3. Baseline Population Analysis Profiles of the three strains of Pseudomonas
aeruginosa at an initial inoculum of 10° cfu/mL.
P. aeruginosa = Pseudomonas aeruginosa.

alternatives, since these usually have a decreased susceptibility to
beta-lactams and are often only susceptible to colistin.

The current study evaluated the comparative efficacy of
ceftolozane/tazobactam, in monotherapy and in combination with
colistin, using an in vitro pharmacodynamic biofilm model. This
has previously been used to model P. aeruginosa, has been vali-
dated for evaluating the pharmacodynamic efficacy of antibiotics,
and reasonably mimics foreign-body infections. Based on previ-
ous knowledge, antibiotic efficacy is evaluated by using free drug
concentrations in order to reproduce the main PK/PD parame-
ters achieved in human serum (i.e. AUC/MIC or T>pc), which are
equivalent to those achieved in interstitial fluids [26]. However, it
should be considered that antibiotic peak concentrations close to

100%

80% —
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0% T 1
CsT MEM-CST TOL/TZB-CST CAZ-CST

mHUB1 HUB2 mHUB3

Fig. 4. Emergence of resistant colistin subpopulations among biofilm-embedded
cells of the three Pseudomonas aeruginosa strains according to the treatment reg-
imen at 54 hours.

Data expressed as proportion of samples with colonies growing at colistin concen-
tration of 2 mg/L among all tested

CST = colistin; MEM = meropenem; TOL/TZB = ceftolozane-tazobactam; CAZ = cefta-
zidime.

the biofilm infection within the reactor may be greater than those
achieved locally in a human extravascular biofilm-related infection
(i.e. prosthetic joint infection).

Ceftolozane/tazobactam is a novel cephalosporin in combina-
tion with a beta-lactamase inhibitor that is active among most
resistant GNB, including MDR/XDR P. aeruginosa. It is approved
for clinical use, but its efficacy against osteoarticular and biofilm-
related infections is not well known. In the pre-clinical setting,
previous experiences have suggested poor activity and the clin-
ical efficacy is limited to few cases with contradictory success
[27-29]. In the current model, ceftolozane/tazobactam in
monotherapy showed low anti-biofilm efficacy against susceptible
strains and it was ineffective against a ceftolozane/tazobactam-
resistant strain (MDR-HUB3). Of note, the latter strain was
considered resistant (MIC=8 mg/L) in accordance with the
current susceptibility breakpoints (EUCAST criteria) for the
1 g/0.5 g every 8 h regimen, but it could likely be con-
sidered susceptible according to the simulated PK/PD pa-
rameters for the purpose of 2 g/1 g dosage. Regarding the
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Fig. 5. Confocal laser scanning microscopy images of biofilm-embedded cells of
Pseudomonas aeruginosa HUB2 at 0 hours (a), at 54 hours for the treatment of col-
istin in monotherapy (b), ceftolozane/tazobactam in monotherapy (c), and the com-
bination of ceftolozane/tazobactam and colistin (d).

Live cells are green due to staining with Syto 9, whereas dead cells appear red due
to staining with propidium iodide. Maximum intensity projection of confocal im-
ages of total biofilm thickness is represented as central image. Rectangle images
below and to the right of the projection correspond to XZ and YZ planes, respec-
tively.

low frequency of spontaneous resistant mutants previously
reported [30], no ceftolozane/tazobactam-resistant strains among
the biofilm-embedded population emerged. Overall, given conflict-
ing data between this and other published in vitro studies and case
reports, clinicians should be cautious when considering the use
of ceftolozane/tazobactam in monotherapy against osteoarticular
infections by MDR and XDR P. aeruginosa.

The current study also evaluated the comparative efficacy of
other beta-lactams in monotherapy. All strains were resistant to
ceftazidime and no significant activity was observed with this
therapy. Interestingly, meropenem alone achieved bactericidal ac-
tivity against the two meropenem-susceptible strains, suggesting
a differential anti-biofilm activity by an unknown mechanism in
comparison with other beta-lactams such as cephalosporins. Haa-
gensen et al. used a dynamic biofilm model with flow cell tech-
nology and CLSM, and showed that meropenem initially targeted
P. aeruginosa subpopulations present at the periphery of the
biofilm structure but repeated doses resulted in progressive killing
of cells in deeper layers [31,32].

Currently, colistin is often the only active drug for treating
MDR-GNB and recent research suggests that it has a remarkable
anti-biofilm effect mainly based on greater activity in anaerobic
conditions and as a biofilm ‘destabiliser’ [7,8,33,34]. The current
results with colistin in monotherapy showed initial killing against
biofilm-embedded bacteria followed by regrowth and the progres-
sive appearance of resistant strains; the final efficacy was vari-
able but notable (almost 2 log CFU/mL killing). Interestingly, CLSM
pictures from the current experiments showed how colistin has
higher affinity for killing bacteria within inner layers of the biofilm
population.

In agreement with previous reports [9,35,36], the current
results have shown that combining beta-lactams with colistin
substantially increases the activity of monotherapies against
biofilm-related infections caused by MDR/XDR P. aeruginosa and
also reinforce the opinion that combination therapy may prevent
the emergence of colistin-resistant subpopulations. Moreover, the
results also suggest that the anti-biofilm benefits of this combina-
tion extend to other subfamilies of beta-lactams, apart from car-
bapenems, but the efficacy of each beta-lactam plus colistin com-
bination may significantly differ according to its prior activity and
the strains’ variability.

The combination of ceftolozane/tazobactam plus colistin
achieved a bactericidal effect against susceptible strains, but it
was ineffective against the ceftolozane/tazobactam-resistant strain.
Overall, this combination was the most active treatment for the
meropenem-resistant strain. It is believed that the combination
ceftolozane/tazobactam-colistin has not been previously evalu-
ated against biofilm-related infections by MDR P. aeruginosa, and
few studies exist with time-kill analyses [37,38], which mainly
reported a synergistic or additive effect even in the case of
ceftolozane/tazobactam-resistant P. aeruginosa strains. This con-
trasts with the current results, which limited these beneficial
effects against biofilm-embedded bacteria to the treatment of
ceftolozane/tazobactam-susceptible strains. The combination of
ceftazidime plus colistin was the least active in all strains, al-
though bactericidal in the XDR strain. Finally, the combination
of meropenem plus colistin was the most effective regimen for
meropenem-susceptible MDR P. aeruginosa strains and, interest-
ingly, this combination also achieved a synergistic and bactericidal
effect against the meropenem-resistant XDR-HUB2 strain. It has
previously been shown that doripenem plus colistin enhance the
in vitro anti-biofilm killing of monotherapies against carbapenem-
resistant MDR/XDR P. aeruginosa strains, which contained different
mechanisms of resistance (VIM-2 metallo-beta-lactamase or PSE-1
beta-lactamase plus efflux pump) than the XDR-HUB2 strain used
[17].

The synergy observed with the beta-lactam and colistin combi-
nation has been previously associated with mechanistic and sub-
population synergy effects [35], which may also be applied to
biofilm-related infections by targeting different subpopulations.
Whereas colistin may target subpopulations with low metabolic
activity within inner layers of the biofilm [7,33,34], beta-lactams
may act upon more metabolically active subpopulations present
at the periphery of the biofilm structure [31,32]. In the particu-
lar setting of biofilm-related osteoarticular and orthopaedic device-
related infections, clinical data have also emphasised the benefits
of using colistin in combination, especially against P. aeruginosa
isolates [39]. However, this combination has not been found to be
superior to colistin alone among critically ill patients with other
types of infection caused by MDR-GNB (not limited to P. aerug-
inosa) [40]. The different characteristics of biofilm-related infec-
tions and the particular activity of colistin in this field may explain
these apparent contradictory results. The current study observed
poor efficacy against free-floating bacteria for all monotherapies or
combinations. Although it did not specifically study this bacteria
population, it probably reflected a mix of microorganisms at high
inoculums, forming small clusters or biofilm-like aggregates, either
in a planktonic state or detached from biofilms. All these charac-
teristics may impair the efficacy of treatments, which were clearly
different from that obtained against biofilm-embedded cells, as
also observed in a previous study [17].

Additionally, it was found that the combination of beta-lactams
and colistin prevented the amplification of colistin-resistant sub-
populations among heteroresistant strains in biofilm-embedded
populations, depending on the strain’s susceptibility to beta-
lactams: protection was more likely if the strain was susceptible.
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However, current analysis of colistin PAPs with XDR-HUB2 strain
at the end of treatment showed a similar proportion of heterore-
sistant populations with the combined treatments compared to
PAPs at baseline, thus suggesting a stochastic expression of resis-
tance rather than the emergence of real mutants. In contrast, this
proportion of heteroresistant strains did change at the end of
treatment with colistin alone. Overall, this protective effect of
combined therapies (independent of susceptibility or resistance to
beta-lactam) should be evaluated for longer periods.

Although CBR can simulate the PK/PD profile of antibiotics
similar to human dosage exposure, there is a clear limitation in
mimicking the complex structures that biofilms constitute in vivo.
Similarly, host-pathogen interactions were not considered and
these may also affect the efficacy of treatments. Moreover, an-
tibiotic concentrations near the biofilm infection site may differ
depending on the biofilm location in vivo, which represents a lim-
itation of the CBR. Even when ceftolozane/tazobactam was used in
a 2:1 solution, the activity and dynamics of both compounds may
have been different, as they were purchased from different com-
panies. This study was also limited by the use of a small number
of P. aeruginosa strains and, certainly, the use of more strains may
provide a deeper understanding of the anti-biofilm activity of the
treatments. However, these three strains are disseminated world-
wide and very representative high-risk clones; specifically, ST274
clone is linked to chronic biofilm-related infections and ST175 is
highly disseminated in Spanish hospitals. Finally, this model eval-
uated a 48-h-old biofilm, so different results may have been ob-
tained with a more mature biofilm. For all these reasons, it is rea-
sonable to be cautious when translating the results into clinical
practice.

5. Conclusions

Monotherapies with beta-lactams mainly had little efficacy
against biofilm-embedded MDR/XDR P. aeruginosa, with the ex-
ception of meropenem against susceptible strains. Colistin alone
had notable efficacy, but it was influenced by the emergence
of resistance. Based on the efficacy and protection against re-
sistance, the results support the use of a beta-lactam plus col-
istin combination to treat foreign-body infections caused by
MDR/XDR P. aeruginosa. Ceftolozane/tazobactam plus colistin was
the most appropriate combination for meropenem-resistant (non-
carbapenemase producer) P. aeruginosa strains, whereas the combi-
nation of meropenem-colistin was for the carbapenem-susceptible
strains. More studies are needed to further evaluate the particular
anti-biofilm activity of meropenem and its combination with col-
istin against carbapenem-resistant GNB and to provide more evi-
dence for the use of these combinations in clinical practice.
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Synopsis

Objectives: The PK/PD of beta-lactams in continuous infusion (CI) for biofilm infections
by Pseudomonas aeruginosa has not been defined. We evaluated the efficacy of several
dosage regimens of CI ceftazidime, with or without colistin, an antibiotic with a potential
anti-biofilm effect, against biofilm-embedded P. aeruginosa.

Methods: The reference strain PAOT1 and a clinical isolate HUBS (both ceftazidime- and
colistin-susceptible) were investigated over 54 h using a dynamic CDC biofilm reactor.
CI dosage regimens were ceftazidime monotherapy (4, 10, 20 and 40 mg/L), colistin
monotherapy (3.50 mg/L); and combinations of colistin with ceftazidime (4 or 40 mg/L).
Efficacy was evaluated by log changes and confocal microscopy.

Results: Against PAO1 at 54 h, the anti-biofilm activity of ceftazidime monotherapies
was slightly higher for ceftazidime 20 mg/L (-2.84 log;,cfu/mL) and 40 mg/L (-3.05), but
there were no differences against HUBS. Ceftazidime-resistant colonies emerged with 4
mg/L regimens in both strains and with other regimens in PAO1. Colistin monotherapy
had significant anti-biofilm activity against HUB8 (-3.07), but lower against PAO1 (-
1.12), and colistin-resistant strains emerged. Combinations of ceftazidime-colistin at 54
h increased the killing compared to each monotherapy and prevented resistance
emergence to both antibiotics; a higher killing was observed with ceftazidime 40 than 4
mg/L combinations (-4.19 vs -3.10 PAOI; -4.71 vs -3.44 HUBS).

Conclusions: This study demonstrated that, with %T>MIC=100%, CI ceftazidime
displayed a concentration-dependent killing against P. aeruginosa biofilm, especially
with colistin combination. Our results support using high-dosage regimens of CI
ceftazidime with colistin against biofilm-associated infections by ceftazidime-susceptible

P. aeruginosa.
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Introduction

The antimicrobial treatment of foreign-body infections, including those involving
orthopaedic devices, is particularly challenging due to the presence of bacterial biofilms.!
The tolerance to antibiotics in biofilm-embedded bacteria limits the efficacy of these
agents against biofilm-related infections.”? Gram-negative bacilli are the second most
frequent aetiology of orthopaedic device-associated infections and their incidence has
increased in recent years;* in particular, Pseudomonas aeruginosa is a major pathogen
often involved in such infections. Fluoroquinolones are the first-line antimicrobials for
foreign-body infections by P. aeruginosa;’ however, resistance is rapidly emerging.*
Although the efficacy of beta-lactams in foreign-body infections has been questioned,
they are often the main alternatives when fluoroquinolones are not available.

Since the efficacy of beta-lactams depends on the percentage of time that concentrations
are above MIC (%T>MIC),’ their use in continuous infusion (CI) has been proposed in
order to optimize their pharmacokinetics/pharmacodynamics (PK/PD).”# The use of CI
beta-lactams can achieve %T>MIC of 100%, which may be beneficial against foreign-
body infections. Moreover, maximum killing rates in in vivo studies are obtained with
beta-lactam concentrations at 3-4 times the MIC (3-4xMIC).” However, our current
knowledge of beta-lactam PK/PD is based on studies performed with planktonic bacteria,
which may not necessarily reflect what occurs with biofilm-embedded bacteria. For
instance, it is possible that beta-lactams may show concentration-dependent killing
against P. aeruginosa biofilm for a certain concentration range, which might be related
with drug diffusion through biofilms. Understanding the PK/PD characteristics of beta-
lactams in biofilm-associated infections is crucial for optimising their use against foreign-
body infections by P. aeruginosa, in order to obtain maximum killing and minimize

emergence of resistance.
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75  Recently, colistin has emerged as a last-line therapy for foreign-body infections by P.
76  aeruginosa.’ In vitro studies have found that colistin may have specific activity against
77  deeper layers of P. aeruginosa biofilms.!%!! PK/PD studies using in vitro dynamic models,
78 such as the CDC Biofilm Reactor, have revealed synergistic effects of colistin
79  combinations with beta-lactams, including carbapenems and cephalosporins, against
80  biofilm infections by MDR and XDR P. aeruginosa.'>!> Such combinations have been
81  suggested as a valid therapeutic alternative for difficult-to-treat bone and joint infections
82 by MDR/XDR P. aeruginosa.'* However, it is unknown whether the addition of colistin
83  can improve the PK/PD of beta-lactams against biofilm-embedded bacteria.

84 In the present study, we investigated the efficacy of several clinically achievable
85  concentrations of CI ceftazidime, with and without colistin, against a biofilm infection by

86  P. aeruginosa using an in vitro PK/PD model.
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Materials and methods
Bacterial isolates

Two strains of P. aeruginosa were used in experiments with the CDC Biofilm Reactor,
both of which were susceptible to ceftazidime and colistin, the reference strain PAO1
(American Type Culture Collection, Rockville, MD, USA) and a clinical isolate HUB8
from biofilm-related osteoarticular infections in Hospital Universitari de Bellvitge

(Barcelona, Spain).

Static time-kill studies and antibiotics

Minimum inhibitory concentrations (MICs) of ceftazidime and colistin (sulphate) were
determined by broth microdilution in cation-adjusted Mueller-Hinton broth (CAMHB;
Ca?" at 23.0 mg/L and Mg?" at 12.2 mg/L; Oxoid, Basingstoke, UK). The susceptibility
profile to both antibiotics in P. aeruginosa was defined according to EUCAST
breakpoints.!> Minimum biofilm inhibitory concentration (MBIC) and minimum biofilm
eradication concentration (MBEC) were determined in CAMHB using an MBEC™
device (Innovotech Inc., Edmonton, Canada).!®!7 All experiments were performed at
least in triplicate. Biofilm forming ability was evaluated for each strain using a reported
method.!® Static time-kill experiments were also conducted to evaluate the antibacterial
efficacy of ceftazidime alone (1X, 2X, 4X, 8X, 16X and 32XMIC)."?

For MIC/MBIC/MBEC determinations and in vitro PK/PD studies, colistin (sulphate,
BetaPharma, China) and ceftazidime (Sigma-Aldrich, Australia) were used. Colistin was
used in the current study as it is the antibacterial entity formed in vivo after the
administration of its inactive prodrug, sodium colistin methanesulfonate.?’ Stock

solutions of colistin and ceftazidime were prepared immediately prior to each experiment
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and sterilized by filtration with cellulose acetate syringe filters (Millipore, Bedford, MA,

USA).

In vitro pharmacokinetics/pharmacodynamics biofilm model

A CDC Biofilm Reactor (BioSurface Technologies, USA) was used, which consisted of
a glass vessel (350 mL) in continuous mixing by a magnetic baffled stir bar. Our protocol
consisted of a biofilm conditioning phase, in which the biofilm was formed for 48 h
followed by a therapeutic phase.'?!32! Briefly, the biofilm conditioning phase started with
the bacterial inoculation inside the reactor (initial inoculum of 7 log;ocfu/mL), followed
by a 24-h batch culture at 37°C in drug-free 20% cation-adjusted tryptone soy broth (20%-
CATSB) (Oxoid, Basingstoke, UK). Then, fresh sterile 20%-CATSB was infused into
the model for 24 h using a peristaltic pump (Masterflex, Cole-Parmer, USA) to achieve a
bacterial residence time within the reactor shorter than the generation time for the
suspended bacteria. Once the biofilm was formed, the therapeutic phase started (time zero,
Oh) and fresh medium (20%-CATSB) was pumped at a flow rate (2 mL/min) reproducing

the half-life of ceftazidime (t;, = 2h).

Regimens evaluated were CI ceftazidime at clinically achievable concentrations (4, 10,
20 and 40 mg/L) and CI colistin (3.50 mg/L). For ceftazidime regimens, a bolus dose was
injected at 0 h followed by infused medium with ceftazidime at the corresponding
concentration. Colistin was pumped into the CDC Biofilm Reactor as a CI at 3.50 mg/L,
which mimicked the unbound plasma steady-state concentration observed in certain
patients receiving 6-9MU/day colistin methanesulfonate.?>?3 This was achieved by bolus
administration at 0 h followed by infused medium with 3.50 mg/L colistin. In all cases,
flow rates were calibrated prior to each experiment and monitored throughout to ensure

optimal performance of the system. For both strains, the therapeutic regimens evaluated
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were monotherapies of ceftazidime and colistin, 4 mg/L or 40 mg/L ceftazidime (in CI)
in combination with colistin, and controls (no antibiotic). All the experiments were

performed at least in duplicate.

Pharmacokinetic/Pharmacodynamic analysis

Colistin and ceftazidime concentrations were measured by HPLC.?*2> Samples (1 mL)
collected from the model at different timepoints were placed in 1.5-mL microcentrifuge
tubes and immediately stored at -80°C. Samples from medium (free-floating bacteria) and
at least three coupons from a rod (biofilm-embedded bacteria) were collected at 0, 6, 24,
30, 48, and 54 h (two extra coupons were collected at 54 h). The removed coupons were
processed as previously described;!>!? biofilm-embedded and planktonic bacteria were
serially diluted with sterile saline and 50 uL. was spirally plated onto drug-free nutrient
agar (NA) (Media Preparation Unit, Monash University, Victoria, Australia) using an
automatic spiral plater (WASP, Don Whitley Scientific, West Yorkshire, UK). Serial 10-
fold dilutions and spiral plating minimized antibiotic carryover. Colonies were counted
after 24 h of incubation at 37°C and 48 h for the plates with small colonies.

Bacterial counts were expressed as log;ocfu/mL. The efficacy of a therapeutic regimen
was evaluated against biofilm-embedded and planktonic bacteria (Alog;ocfu/mL Xh-0h).
Treatments were considered to be bactericidal (99.9% kill) when they led to a >3
logipcfu/mL reduction compared with the inocula at zero time. Monotherapy or
combination regimens with a reduction of >1 log;ocfu/mL at a specified time were
considered active. Synergy was defined as >2 log;ocfu/mL killing for the combination
relative to the more active monotherapy at a specified time; additivity was defined as 1

to 2 logjocfu/mL greater killing for the combination.
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Population analysis profiles of colistin and resistance

Baseline heteroresistance to colistin was studied with population analysis profiles
(PAPs).% In order to evaluate the emergence of ceftazidime and colistin resistance, both
biofilm-embedded and planktonic bacterial samples were additionally plated onto NA
containing 16 mg/L and 4 mg/L of ceftazidime and colistin, respectively (Media
Preparation Unit). Colonies able to grow on plates containing ceftazidime 16 mg/L were
then subcultured and MICs were determined by broth microdilution. For all treatment
regimens containing colistin, PAPs of biofilm-embedded and planktonic bacteria

recovered at the end of experiments were also analysed.

Confocal laser scanning microscopy (CLSM)

Coupons were evaluated by CLSM to confirm biofilm infection (0 h) and treatment
activity (54 h). Images of the biofilms stained with LIVE/DEAD BacLight Bacterial
Viability Kit (ThermoFisher Scientific, USA) were acquired using a Nikon Eclipse Ti
confocal laser scanning microscope (Nikon Instruments Inc., Japan) equipped with a 488-
nm argon laser and 561-nm He/Ne laser (Monash Micro Imaging) using a 20x dry
objective (0.75 numerical aperture). Different image stacks were acquired with a 3-
micron distance between planes and the pinhole size was kept at 1.2 AU. The number of
total planes was calculated according to the thickness of each biofilm and different stacks
of each coupon were obtained randomly. Selected fields were acquired with an image
resolution of 1024x1024 pixels. The images obtained were processed with IMARIS

software (Bitplane AG, Switzerland).

Statistical analysis

Data were analysed using Stata 13.1 (Stata Corporation, USA). An analysis of variance

Journal of Antimicrobial Chemotherapy: under review
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186  with Tukey’s post hoc test was performed for each treatment regimen to evaluate changes
187  in logjocfu/mL for biofilm-embedded and planktonic bacteria. A p value of <0.05 was

188  considered statistically significant.
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Results

MICs, MBICs, MBECs and biofilm formation of PAO1 and HUBS are summarized in
Table 1. Both strains were strong biofilm formers and had high MBECs of ceftazidime
and colistin. Baseline PAPs of both strains revealed heteroresistance to colistin prior to
the treatment (Figure 1). Static time-kill assays showed that concentrations of ceftazidime
at 4XMIC and above did not result in greater killing (Supplementary Figure 1). In the
dynamic CDC Biofilm Reactor experiments, achieved colistin concentration (mean+SD)
was 3.03+1.66 mg/L (targeted value 3.5 mg/L) and measured ceftazidime concentrations
and ratios of these concentrations to the MIC and MBIC are shown in Table 2. Log
changes of biofilm-embedded and free-floating bacteria from the reactor experiments in
the presence or absence of antibiotics are illustrated in Figure 2. For planktonic bacterial
cells at 54 h, non-bactericidal killing was observed for all the treatments evaluated. The
combination of colistin plus 40 mg/L ceftazidime was the most active against PAOI

(Alogjocfu/mL=-2.61) and HUBS (Alog;ocfu/mL=-2.06).

Colistin monotherapy resulted in rapid initial killing against biofilm-embedded bacterial
cells of PAOI1, but regrowth was observed after 24 h with mild efficacy at 54 h
(Alogjocfu/mL=-1.12). Substantial killing by colistin was also observed against biofilm-
embedded bacterial cells of HUBS at 24 h without regrowth, and colistin was the only
bactericidal monotherapy (Alog;ocfu/mL=-3.07). Biofilm-embedded bacteria growing on
4 mg/L colistin plates were observed in all timepoints with colistin monotherapy against
both strains; PAPs of bacteria recovered at 54 h after this treatment showed significantly
greater proportions of colonies growing at >2 mg/L colistin, compared to the baseline
(Figure 3).

Ceftazidime monotherapy resulted in >2 log;, reduction at 54 h against biofilm-embedded

cells of both strains (Figure 2A). Against PAOI, greater activities were observed with
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ceftazidime at both 40 mg/L (Alog;ocfu/mL=-3.05) and 20 mg/L (Alog;ocfu/mL=-2.84).
Actually, 20 and 40 mg/L of ceftazidime were significantly more active than 4 and 10
mg/L against PAO1 (p<0.001). While against HUBS, no significant differences were
observed when comparing the high and low ceftazidime concentrations (p=0.424). Well-
formed biofilm prior to the treatment was observed with CLSM for both strains.
Monotherapies with 4 or 40 mg/L ceftazidime and colistin resulted in the appearance of
a mixed staining in green and red fluorescence (Figure 4), showing the presence of live
and damaged bacteria within the biofilm structure. Monotherapies with ceftazidime also
altered the cell shape, which appeared enlarged. With both strains, resistance to
ceftazidime among biofilm-embedded bacteria emerged in the 4 mg/L ceftazidime group
at 24-30 h after treatment. Ceftazidime resistance also emerged at 54 h in PAO1 with 10,
20 and 40 mg/L ceftazidime, but not in HUBS. Ceftazidime MICs of resistant clones
ranged from 32 to 128 mg/L. Ratios of ceftazidime concentrations to MBIC above 5
protected against the emergence of ceftazidime resistance in HUBS at 54 h, which was
achieved with concentrations higher than 4 mg/L. Against PAO1, ratios of ceftazidime
concentrations to MBIC above 5 were not achieved with any concentration evaluated;
however, there was a lower percentage of ceftazidime-resistant isolates recovered at 54 h

after treatment with 20 and 40 mg/L ceftazidime than 4 and 10 mg/L (Table 2).

The addition of colistin (3.5 mg/L) to 4 or 40 mg/L. ceftazidime increased the killing
activity of monotherapies at 54 h against biofilm-embedded bacteria of both isolates. The
combination of colistin plus 4 mg/L ceftazidime resulted in significantly greater
bactericidal activity than 4 mg/L ceftazidime monotherapy against PAO1 (-3.10 vs -2.27;
p<0.001) and HUB8 (-3.44 vs -2.50; p<0.001). This combination was synergistic
compared to colistin monotherapy against PAO1 (p<0.001), but not significantly more

effective against HUB8 (p=0.344). The activity of colistin plus 40 mg/L ceftazidime

Journal of Antimicrobial Chemotherapy: under review

Page 12 of 32



Page 13 of 32

239
240
241
242
243
244
245
246
247

248

Journal of Antimicrobial Chemotherapy

resulted in the highest killing against both strains at 54 h (Alog;ocfu/mL=-4.19 for PAOI;
Alog;ocfu/mL=-4.71 for HUB8) (p<0.001 in all comparisons). Colistin plus 40 mg/L
ceftazidime resulted in >1 log;, reduction at 54 h compared to the combination of colistin
plus 4 mg/L ceftazidime against both isolates (p<0.001). No colistin- or ceftazidime-
resistant strains emerged with combinations throughout treatment. Colistin PAPs of
recovered colonies at 54 h showed that combinations of colistin with 4 or 40 mg/L
ceftazidime resulted in lower heteroresistance, compared to the baseline (Figure 3).
CLSM images revealed a greater red fluorescence and more severely damaged bacteria
with the combination therapies of ceftazidime and colistin, in particular with 40 mg/L

ceftazidime (Figure 4).
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Discussion

Biofilm complicates the antimicrobial management of foreign-body associated infections
by P. aeruginosa.’ In an era of rapidly increasing antibiotic resistance, it is crucial to
optimize treatment strategies to achieve the best possible outcomes in these difficult-to-
treat scenarios.?’ Beta-lactams are still one of the most frequently used antibiotics for the
treatment of foreign-body associated infections by P. aeruginosa, although their anti-
biofilm activity has been questioned.?® As traditional PK/PD principles are mainly based
on the killing against planktonic bacterial cells, understanding the PK/PD associated with

the anti-biofilm efficacy is key in optimising the treatment for biofilm-related infections.

In the present study, using a biofilm PK/PD model with P. aeruginosa, we examined
several dosage regimens of CI ceftazidime, which optimized the time-dependent activity
of beta-lactams by achieving %T>MIC~1007 while also evaluated the effect of
ceftazidime concentration on the killing. Our findings are of particular interest to
clinicians, as we investigated clinically achievable concentrations of both ceftazidime and
colistin. Although the CDC Biofilm Reactor is a validated tool for investigating the
PK/PD of antibiotics, biofilm structure may be different in vivo and host-pathogen
interactions were not taken into account in our study. In this study, CI ceftazidime
monotherapy at several concentrations was associated with a notable efficacy after 54 h
of treatment (killing >2 log;ocfu/mL). Our results suggest the importance of administering
high concentrations of ceftazidime for longer periods in order to improve its anti-biofilm
activity against P. aeruginosa. In our study, the %T>MIC during CI ceftazidime was
optimized to maximum in all experiments (%T>MIC=100%) and it was evident that
higher concentrations of ceftazidime were associated with greater anti-biofilm activity
against PAO1. This was not so evident against HUBS, with similar efficacy between

ceftazidime regimens.
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To our knowledge, no previous in vitro studies have evaluated the strategy of CI
ceftazidime against P. aeruginosa biofilms or have compared its efficacy with that of
intermittent infusion. Our findings are consistent with previous experimental studies
which showed that the time-dependent killing of beta-lactams on planktonic bacteria was
complemented with a dose-dependent killing against biofilms in P. aeruginosa.?-3!
Hengzhuang et al. used an in vitro time-kill study to examine the anti-biofilm effect of
imipenem against planktonic and biofilm bacteria with a non-mucoid PAO1 strain and its
isogenic mucoid variant strain; imipenem exhibited time-dependent activity against the
biofilm of both strains, but higher concentrations for longer treatment periods (above 64
mg/L for at least 6 h) were required against the biofilm, than for planktonic cells.*? Results
from a neutropenic mouse model of biofilm lung infection with P. aeruginosa PAO1
further validated their in vitro findings, and showed a concentration-dependent killing of
colistin against the biofilms and a time-dependent killing by imipenem against biofilm-
embedded cells.?! Interestingly, the AUC/MIC index correlated well with the anti-biofilm
efficacy of imipenem against biofilm-embedded cells.3! The PK/PD of ceftazidime and
imipenem was investigated in three different in vitro biofilm infection models with P.
aeruginosa PAO1 and its beta-lactamase overproducing mutant.?® Similar results
regarding PK/PD for imipenem were found; however, a concentration-dependent killing
of ceftazidime was observed against the beta-lactamase overproducing mutant, which the
authors associated to beta-lactamases potential accumulation within biofilms. Overall, it
was proposed that biofilm-related PK/PD parameters (e.g. the time exceeding the MBIC
[%T>MBIC], AUC/MBIC or C,,,x/MBIC complementing %T>MIC) can be optimized
by the administration of CI beta-lactams for the treatment of biofilm-related infections by

P. aeruginosa.?-3!
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In the present study, the efficacy of ceftazidime monotherapies at 54 h might have been
interfered by the emergence of resistant subpopulations, which were indeed observed in
a higher proportion in PAOl compared to HUB8 and using lower ceftazidime
concentrations in both strains (Table 2). Ceftazidime resistance is extensively related to
B-lactamase overproduction.’?33 Tam et al. examined the ability of different beta-lactam
dosage regimens to suppress the emergence of resistance using a hollow-fibre PK/PD
model with wild-type and drug-resistant clinical isolates of Klebsiella pneumoniae and
P. aeruginosa (harbouring extended-spectrum beta-lactamase and AmpC-overexpression,
respectively).?* They evaluated standard clinical doses of ceftazidime, cefepime and
meropenem administered every 8 h, and showed that beta-lactam resistance was
prevented by ensuring C,,;/MIC>3.8. In our present study, although only two P.
aeruginosa strains (a wild-type and clinical isolate) were examined, we observed minimal
resistance with higher ratios of ceftazidime concentration (in CI) to MBIC, which were
achieved against HUBS strain using 10, 20 and 40mg/L ceftazidime. Although more
studies are needed, these results may have clear implications for ceftazidime dosing in

clinical practice, supporting the use of high doses in CI.

Our results also support previous studies that showed a synergistic effect of the
combination of beta-lactams plus colistin against biofilms by P. aeruginosa.'>!3 In line
with the PK/PD activity of ceftazidime monotherapy, we also noted that the greatest
bactericidal efficacy against both strains was achieved with the higher concentrations (e.g.
40 mg/L) of CI ceftazidime plus colistin. Confocal microscopy imaging results also
support the synergy of the combination of beta-lactams and colistin against P. aeruginosa
biofilms. Ceftazidime plus colistin combinations were associated with a greater red
fluorescence (damaged cells) across all biofilm layers, in contrast to monotherapies, in

which a mix of live and damaged bacteria were generally found. Our study also highlights
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the importance of colistin and beta-lactam combinations for minimizing the emergence
of colistin resistance (Figure 3), which can have an important impact on the efficacy of
the combination. In contrast, colistin monotherapy modified the initial heteroresistance
profile of both strains, with higher proportion of colonies able to grow at concentrations
of >2 mg/L at 54 h compared to baseline, a finding that was prevented with both
combinations of ceftazidime plus colistin. Previous PK/PD in vitro studies, including P.
aeruginosa biofilms or infections with planktonic bacteria, have also shown the benefits
of colistin plus beta-lactam combination therapy for preventing the emergence of colistin-

resistant strains.!2.13:26.35

The mechanism involved in the synergistic efficacy with the combination of colistin and
ceftazidime is not well known. It has been reported that colistin is active against bacteria
with low metabolic profiles within the biofilms;!'%!13637 in contrast, beta-lactams can
show predominant killing against bacteria present in the outer layers of biofilm, as these
are more metabolically active.’®3 We also hypothesized that higher ceftazidime
concentrations may result in greater ceftazidime diffusion through the heterogeneous
structure of biofilms, where bacterial subpopulations with different metabolic status and
antibiotic tolerance might be present.*’ The addition of colistin made the combination
more effective by disrupting the biofilm and facilitating the access of beta-lactams to
subpopulations within biofilm layers.!%37 Previous studies with MDR A. baumannii in an
early logarithmic growth phase revealed time-dependent synergistic killing by colistin -
beta-lactam combinations. Colistin initially disorganized the bacterial cell envelope
followed by the inhibition of cell wall biosynthesis by beta-lactams via multiple
metabolic pathways.*!4> Thus, the activity of ceftazidime and colistin on different cellular

targets and biofilm layers may explain the synergy observed with the combination.
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Further studies are warranted to elucidate the spatiotemporal activity of colistin and beta-

lactam combinations on P. aeruginosa biofilm and the mechanism of their synergy.

In summary, our findings suggest a potential dose-dependent killing of CI ceftazidime
against P. aeruginosa biofilms; thus, with maximum %T>MIC of ceftazidime, other
biofilm-related PK/PD parameters (e.g. AUC/MBIC) should also be examined.
Ceftazidime concentrations of 40 mg/L in CI provided greater anti-biofilm benefits in
combination with colistin and may minimise the emergence of resistance to both
antibiotics in foreign-body associated infections caused by P. aeruginosa. These findings
provide important PK/PD information for ceftazidime dosing against biofilm-related
infections by P. aeruginosa in clinical practice, supporting its use in CI at high

concentrations and combination with colistin.

Journal of Antimicrobial Chemotherapy: under review

Page 18 of 32



Page 19 of 32

358

359
360
361
362

363

364
365
366
367
368
369
370
371
372
373

374

Journal of Antimicrobial Chemotherapy

Acknowledgements

The support and guidance by staff at Monash Micro Imaging (MMI) of Monash
University (Melbourne, Australia), especially Dr Alex Fulcher, is gratefully
acknowledged. We are also indebted to Dr Fe Tubau (Department of Microbiology,
Hospital Universitari de Bellvitge, Spain) for kindly providing the isolates used in these

experiments.

Part of this study was presented at the 29" European Congress of Clinical Microbiology

and Infectious Diseases, Amsterdam, Netherlands, 13-16 April 2019.

Funding

This study was partly supported by a research grant from the Spanish Ministry of Health,
Instituto de Salud Carlos III, Spain (P114/00511). J. G-J was supported by a grant from
the Spanish Ministry of Education (FPU14/03124) and by travel grants by the Spanish

Ministry of Education (EST17/00672) and Universitat de Barcelona.

Transparency declarations

None to declare.

Journal of Antimicrobial Chemotherapy: under review



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

Journal of Antimicrobial Chemotherapy

References

1 Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Engl J Med
2004; 351: 1645-54.

2 Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of
persistent infections. Science 1999; 284: 1318-22.

3 Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the natural
environment to infectious diseases. Nat Rev Microbiol 2004; 2: 95-108.

4 Benito N, Franco M, Ribera A et al. Time trends in the aetiology of prosthetic
joint infections: a multicentre cohort study. Clin Microbiol Infect 2016; 22: 732.e1-8.

5 Rodriguez-Pardo D, Pigrau C, Lora-Tamayo J et al. Gram-negative prosthetic
joint infection: outcome of a debridement, antibiotics and implant retention approach. A
large multicentre study. Clin Microbiol Infect 2014; 20: O911-9.

6 Craig WA. Pharmacokinetic/pharmacodynamic parameters: rationale for
antibacterial dosing of mice and men. Clin Infect Dis 1998; 26: 1-10; quiz 1-2.

7 Mouton JW, Vinks AA. Continuous infusion of beta-lactams. Curr Opin Crit
Care 2007; 13: 598-606.

8 Roberts JA, Webb S, Paterson D et al. A systematic review on clinical benefits of
continuous administration of beta-lactam antibiotics. Crit Care Med 2009; 37: 2071-8.

9 Li J, Nation RL, Turnidge JD et al. Colistin: the re-emerging antibiotic for
multidrug-resistant Gram-negative bacterial infections. Lancet Infect Dis 2006; 6: 589-
601.

10 Pamp SJ, Gjermansen M, Johansen HK et al. Tolerance to the antimicrobial
peptide colistin in Pseudomonas aeruginosa biofilms is linked to metabolically active

cells, and depends on the pmr and mexAB-oprM genes. Mol Microbiol 2008; 68: 223-40.

Journal of Antimicrobial Chemotherapy: under review

Page 20 of 32



Page 21 of 32

399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

422

Journal of Antimicrobial Chemotherapy

11 Pletzer D, Hancock RE. Antibiofilm Peptides: Potential as Broad-Spectrum
Agents. J Bacteriol 2016; 198: 2572-8.

12 Gomez-Junyent J, Benavent E, Sierra Y et al. Efficacy of ceftolozane/tazobactam,
alone and in combination with colistin, against multidrug-resistant Pseudomonas
aeruginosa in an in vitro biofilm pharmacodynamic model. Int J Antimicrob Agents 2019;
53: 612-9.

13 Lora-Tamayo J, Murillo O, Bergen PJ et al. Activity of colistin combined with
doripenem at clinically relevant concentrations against multidrug-resistant Pseudomonas
aeruginosa in an in vitro dynamic biofilm model. J Antimicrob Chemother 2014; 69:
2434-42.

14 Ribera A, Benavent E, Lora-Tamayo J et al. Osteoarticular infection caused by
MDR Pseudomonas aeruginosa: the benefits of combination therapy with colistin plus
beta-lactams. J Antimicrob Chemother 2015; 70: 3357-65.

15 The European Committee on Antimicrobial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone diameters, version 9.0. 2019.

16 Ceri H, Olson ME, Stremick C et al. The Calgary Biofilm Device: new technology
for rapid determination of antibiotic susceptibilities of bacterial biofilms. J Clin
Microbiol 1999; 37: 1771-6.

17 Moskowitz SM, Foster JM, Emerson J et al. Clinically feasible biofilm
susceptibility assay for isolates of Pseudomonas aeruginosa from patients with cystic
fibrosis. J Clin Microbiol 2004; 42: 1915-22.

18 Stepanovic S, Vukovic D, Hola V et al. Quantification of biofilm in microtiter
plates: overview of testing conditions and practical recommendations for assessment of

biofilm production by staphylococci. Apmis 2007; 115: 891-9.

Journal of Antimicrobial Chemotherapy: under review



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

Journal of Antimicrobial Chemotherapy

19 Abdul Rahim N, Cheah SE, Johnson MD et al. Synergistic killing of NDM-
producing MDR Klebsiella pneumoniae by two 'old' antibiotics-polymyxin B and
chloramphenicol. J Antimicrob Chemother 2015; 70: 2589-97.

20 Bergen PJ, LiJ, Rayner CR et al. Colistin methanesulfonate is an inactive prodrug
of colistin against Pseudomonas aeruginosa. Antimicrob Agents Chemother 2006; 50:
1953-8.

21 Goeres DM, Loetterle LR, Hamilton MA et al. Statistical assessment of a
laboratory method for growing biofilms. Microbiology 2005; 151: 757-62.

22 Garonzik SM, Li J, Thamlikitkul V et al. Population pharmacokinetics of colistin
methanesulfonate and formed colistin in critically ill patients from a multicenter study
provide dosing suggestions for various categories of patients. Antimicrob Agents
Chemother 2011; 55: 3284-94.

23 Plachouras D, Karvanen M, Friberg LE et al. Population pharmacokinetic analysis
of colistin methanesulfonate and colistin after intravenous administration in critically ill
patients with infections caused by gram-negative bacteria. Antimicrob Agents Chemother
2009; 53: 3430-6.

24 Rigo-Bonnin R, Cobo-Sacristan S, Padulles A et al. Measurement of ceftazidime
concentration in human plasma by ultra-performance liquid chromatography-tandem
mass spectrometry. Application to critically ill patients and patients with osteoarticular
infections. Biomed Chromatogr 2016; 30: 410-8.

25 Li J, Milne RW, Nation RL et al. Stability of colistin and colistin
methanesulfonate in aqueous media and plasma as determined by high-performance
liquid chromatography. Antimicrob Agents Chemother 2003; 47: 1364-70.

26 Bergen PJ, Tsuji BT, Bulitta JB et al. Synergistic killing of multidrug-resistant

Pseudomonas aeruginosa at multiple inocula by colistin combined with doripenem in an

Journal of Antimicrobial Chemotherapy: under review

Page 22 of 32



Page 23 of 32

448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

471

Journal of Antimicrobial Chemotherapy

in vitro pharmacokinetic/pharmacodynamic model. Antimicrob Agents Chemother 2011;
55: 5685-95.

27 Boucher HW, Talbot GH, Bradley JS et al. Bad bugs, no drugs: no ESKAPE! An
update from the Infectious Diseases Society of America. Clin Infect Dis 2009; 48: 1-12.
28 Gilbert P, Brown MR. Biofilms and beta-lactam activity. J Antimicrob Chemother
1998; 41: 571-2.

29 Hengzhuang W, Ciofu O, Yang L et al. High beta-lactamase levels change the
pharmacodynamics of beta-lactam antibiotics in Pseudomonas aeruginosa biofilms.
Antimicrob Agents Chemother 2013; 57: 196-204.

30 Hengzhuang W, Wu H, Ciofu O et al. Pharmacokinetics/pharmacodynamics of
colistin and imipenem on mucoid and nonmucoid Pseudomonas aeruginosa biofilms.
Antimicrob Agents Chemother 2011; 55: 4469-74.

31 Hengzhuang A Wu H, Ciofu O et al. In vivo
pharmacokinetics/pharmacodynamics of colistin and imipenem in Pseudomonas
aeruginosa biofilm infection. Antimicrob Agents Chemother 2012; 56: 2683-90.

32 Cabot G, Zamorano L, Moya B et al. Evolution of Pseudomonas aeruginosa
Antimicrobial Resistance and Fitness under Low and High Mutation Rates. Antimicrob
Agents Chemother 2016; 60: 1767-78.

33 Feng Y, Jonker MJ, Moustakas I et al. Dynamics of Mutations during
Development of Resistance by Pseudomonas aeruginosa against Five Antibiotics.
Antimicrob Agents Chemother 2016; 60: 4229-36.

34 Tam VH, Chang KT, Zhou J et al. Determining beta-lactam exposure threshold to
suppress resistance development in Gram-negative bacteria. J Antimicrob Chemother

2017; 72: 1421-8.

Journal of Antimicrobial Chemotherapy: under review



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

Journal of Antimicrobial Chemotherapy

35 Bergen PJ, Forrest A, Bulitta JB et al. Clinically relevant plasma concentrations
of colistin in combination with imipenem enhance pharmacodynamic activity against
multidrug-resistant Pseudomonas aeruginosa at multiple inocula. Antimicrob Agents
Chemother 2011; 55: 5134-42.

36 Brochmann RP, Toft A, Ciofu O et al. Bactericidal effect of colistin on planktonic
Pseudomonas aeruginosa is independent of hydroxyl radical formation. Int J Antimicrob
Agents 2014; 43: 140-7.

37 Kolpen M, Appeldorff CF, Brandt S et al. Increased bactericidal activity of
colistin on Pseudomonas aeruginosa biofilms in anaerobic conditions. Pathog Dis 2016;
74: {tv086.

38 Haagensen J, Verotta D, Huang L et al. Spatiotemporal pharmacodynamics of
meropenem- and tobramycin-treated Pseudomonas aeruginosa biofilms. J Antimicrob
Chemother 2017; 72: 3357-65.

39 Haagensen JA, Verotta D, Huang L et al. New in vitro model to study the effect
of human simulated antibiotic concentrations on bacterial biofilms. Antimicrob Agents
Chemother 2015; 59: 4074-81.

40 Hoiby N, Bjarnsholt T, Givskov M et al. Antibiotic resistance of bacterial
biofilms. Int J Antimicrob Agents 2010; 35: 322-32.

41 Han ML, Liu X, Velkov T et al. Comparative Metabolomics Reveals Key
Pathways Associated With the Synergistic Killing of Colistin and Sulbactam
Combination Against Multidrug-Resistant Acinetobacter baumannii. Front Pharmacol
2019; 10: 754.

42 Han ML, Liu X, Velkov T et al. Metabolic Analyses Revealed Time-Dependent
Synergistic Killing by Colistin and Aztreonam Combination Against Multidrug-Resistant

Acinetobacter baumannii. Front Microbiol 2018;9: 2776.

Journal of Antimicrobial Chemotherapy: under review

Page 24 of 32



Page 25 of 32

497

498

499

500

Journal of Antimicrobial Chemotherapy

Table 1. MICs, MBICs, MBECs (mg/L) and biofilm formation assays for the P. aeruginosa strains examined in this study.

Isolate MIC MBIC MBEC Biofilm formation
Ceftazidime Colistin Ceftazidime Colistin Ceftazidime Colistin Index Category
(OD/ODc)
PAO1 2 1 8 32 >512 >512 5.2 Strong
HUBS 1 1 2 32 >512 128 13.1 Strong

Index and category of biofilm formation assays are based on the methodology described by Stepanovic et al.'® MIC: Minimum inhibitory

concentration. MBIC: Minimum biofilm inhibitory concentration. MBEC: Minimum biofilm eradication concentration.
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Table 2. Observed mean ceftazidime concentrations and ratios to MIC and MBIC during the CDC Biofilm Reactor experiments and emergence

of ceftazidime resistance at 54h.

Page 26 of 32

PAO1 HUBS

Therapeutic CAZ CAZ CAZ CAZ CAZ CAZ CAZ CAZ

group concentration | concentration/ | concentration/ resistance concentration | concentration/ | concentration/ resistance
(mg/L)! MIC MBIC (%) (mg/L)! MIC MBIC (%)*3

CAZ4 4.5520.6 2.27 0.57 Yes (66) 4.01£1.1 4.01 2 Yes (40)
CAZI10 9.5140.5 4.77 1.18 Yes (66) 10.3£2.8 10.3 5.15 No (0)
CAZ20 18.0£3.0 9.01 2.25 Yes (40) 18.84+1.1 18.8 9.42 No (0)
CAZ40 34.5£5.0 17.2 4.31 Yes (26) 35.17£4.8 35.2 17.5 No (0)
CAZ4 + CST 3.3310.2 1.67 0.42 No (0) 3.2620.9 3.26 1.63 No (0)
CAZA40 + 38.6714.1 19.3 4.83 No (0) 40.1343.8 40.1 20.1 No (0)
CST

'All measurements are expressed as mean + standard deviation. ?Percentage of ceftazidime 16 mg/L containing plates at 54 h showing the presence

of P. aeruginosa colonies. >At 54 h, the proportion of ceftazidime-resistant isolates increased from 1x10-3 in CAZ20 and CAZ40 experiments to

1x10"! — 1x102 in CAZ4 and CAZ10 experiments against PAO1, and was 1x10-2 — 1x10- in CAZ4 experiments against HUBS.
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506  MIC: Minimum inhibitory concentration. MBIC: Minimum biofilm inhibitory concentration. CAZ: Ceftazidime. CST: Colistin. CAZ4:
507  Ceftazidime 4 mg/L. CAZ10: Ceftazidime 10 mg/L. CAZ20: Ceftazidime 20 mg/L. CAZ40: Ceftazidime 40 mg/L.

508
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509  Figure 1. Baseline population analysis profiles of the P. aeruginosa strains evaluated in

510  this study. Data are presented as meantstandard deviation (n=3).
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514  Figure 2. Bacterial killing by different treatments against biofilm-embedded (a) and
515  planktonic (b) cells of P. aeruginosa evaluated with the CDC Biofilm Reactor. Bacterial
516  killing is expressed using the log change. Data are presented as mean £SD (n=24). CAZ:

517  Ceftazidime. CST: Colistin.
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519  Figure 3. Population analysis profiles of biofilm-embedded bacteria of P. aeruginosa
520  evaluated with the CDC Biofilm Reactor after 54 h of treatment. Data are presented as

521  mean £SD (n=10). CAZ: Ceftazidime. CST: Colistin.
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526  Figure 4. Confocal laser scanning microscopy images of biofilm-embedded bacteria of P. aeruginosa evaluated with the CDC Biofilm Reactor
527  after 54 hours of treatment. Live bacteria stained with Syto 9 are green, whereas dead bacteria stained with propidium iodide are red; yellow
528  represents a mixture of live and dead cells. Maximum intensity projection of confocal images of total biofilm thickness is represented as central
529  image. Rectangle images below and to the right of the projection correspond to the XZ and YZ planes, respectively. CAZ: Ceftazidime. CST:

530  Colistin.
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Supplemental Figure 1. Time-kill curves of P. aeruginosa strains evaluated in the CDC

Biofilm reactor exposed to different concentrations of ceftazidime. MICs are 2 mg/L for

PAOI and 1 mg/L for HUBS.
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