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PRESENTACION



La presentacion de esta Tesis Doctoral se reatizéoena de compendio de articulos
publicados segun la normativa aprobada por la Gomide Doctorado de la Universidad

de Barcelona.

Los estudios que forman parte de esta tesis dbgi@rtenecen a una misma linea de
investigacion. Estos resultados pretenden apiorftaimacion relevante y novedosa en este

campo y esta recopilado en los siguientes articuiggales:

()] “Endotracheal tubes for critically ill patients: anvivo analysis of associated

tracheal injury, mucociliary clearance and seaéffggacy”

(n)  “Gravity predominates over ventilator pattern ire threvention of Ventilator-

Associated Pneumonia”

Ambos articulos han sido publicados recientememterevistas de amplia difusion
internacional, Chest/Critical Care Medicine respachente, con factor de impacto global
de 13.279 puntos.
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Neumonia asociada a la ventilacidn mecénica

La Neumonia Asociada a la Ventilacion Mecéanica (NAY una complicacion comun de la
unidad de cuidados intensivpsgue ocurre después de 48 horas de iniciada kilacdn
mecanica (VM). El riesgo de desarrollar NAV estoxpnadamente, 3 % por dia en la
primera semana de VM, 2 % durante la segunda sed@néM, y 1 % en las semanas
consiguientes La densidad de incidencia de la NAV varia enfrey 16 episodios por
1000 dias de VM Segun datos del Estudio Nacional de Vigilancia ldfeccion
Nosocomial (ENVIN), las tasas de NAV a nivel naebse han mantenido alrededor a 15
episodios por 1000 dias de VM entre los afios 20Q008, pero tras la aplicacion de la
estrategia Neumonia Zero, reportan menos de nymsedsos por 1000 dias de VM, segun
datos del ENVIN 2012 a 2014Es necesario precisar que la real incidenciaad¢AV es
dificil de medir por la extrema limitacion de losterios diagndsticos, en parte debido al
debate vigente y no resuelto respecto al diagrwsticrobioldgico de la NAV entre la “no
invasiva” y la “invasivd”. Esto no permite tener un patrén de referenciaa pal
diagnéstico microbioldgico, creando controversapecto a los algoritmos diagnosticos.
Pero esta ampliamente demostrado que la NAV esidiamla al empeoramiento de los

resultados de los pacientes y costos en cuidadsalai@?.

La aspiracion de los gérmenes que colonizan laladvorofaringea es el mecanismo pato-
génico primario para el desarrollo de NAV. Matedahtaminado acumulado en la region
subglética es aspirado dentro las vias aéreas cwndbo endotraqueal (TET) se desplaza

o el balén no sella correctamente la via aére@as@irecanismos de entrada descritos son la
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inhalacion, la via hematdgena, traslocacion baustaribiofilm del TET "8 Estudios pre-
vios reportan la presencia de sobrecrecimientcebaab en la orofaringe en pacientes con
ventilacion mecanica, estaba asociada a la presdadas mismas especies bacterianas en
mas del 50% de los enfermos con neunforiaimismo, otro estudio reportd la misma
cepa en la secrecién orofaringea y en los pulmene8 de los 31 episodios de NAV estu-
diadod®. Asi, basados en el entendimiento actual detiagpaesis de la NAV, las bacte-
rias inicialmente colonizan la orofaringg luego se desplazan hacia los pulmones a causa

de una continua filtracién de fluidos colonizadde &rgo del bal6n del TET 2

Rol del TET en la patogénesis de NAV

La aspiracion de secreciones orofaringeas coloaszadraves del balén del TET hacia los
pulmones es el principal mecanismo patogénico phdesarrollo de NAV. El TET, co-
munmente utilizado en la UCI durante periodos prgémlos de ventilacion mecanica, in-
cluye un balon de alto volumen y baja presion (HY/LEstos balones de HVLP fueron di-
sefiados originalmente para controlar la presiarmidp contra la pared traqueal y prevenir
la lesion traque#l

Los patdégenos también pueden crecer en la supgeiriteirna del TET y en ultima instancia
trasladarse a los pulmones. El TET se hace comuenagenpolicloruro de vinilo (PVC), y
las bacterias se adhieren facilmente a su superfiterna para formar una estructura com-
pleja llamada biofilnf (Figura 1). Biofilm se compone de bacterias sgsilerustadas den-
tro de una matriz de exopolisacéaridos de produggaiépid’. El biofilm en la superficie in-
terna de un TET puede ser identificado tempranan@espués de la intubacion traqtfeal

19208 pacterias sésiles experimentan diferenciaciontipita de sus homélogos plancténi-
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cos, la mayoria de esa diferenciacion constituyewantaja para la supervivencia. De he-
cho, las bacterias dentro de la biopelicula soicildi$ de erradicar, y la eficacia antibacte-
riana del sistema inmune del huesped y de losiétitibs se reduce en gran medideDu-
rante la ventilacion mecanica, las particulas déliv pueden ser removidas hacia las vias
respiratorias como resultado de flujo de aire iradpric’’; de igual forma también en las
intervenciones médicas invasivas, como la aspinacafueaf y la broncoscopia. Varios
estudio® ** - 2 evaluaron el papel de la biopelicula bacteriandagpatogénesis de la
NAV y confirman que el biofilm del TET es dificilederradicar y constituye una fuente

persistente de la colonizacion.

Fig.1 Micrografia electronica de la superficie mmgedel TET que muestra biofilm
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Deterioro de la clearance mucociliar durante la vetilacion mecénica invasiva y
potencial rol en la patogénesis de la NAV

La clearance mucociliar (MCR) es la primera lideadefensa contra patdégenos aspirados,
pero los pacientes gravemente enfermos son incapdeeremover eficientemente la
mucosidad de las vias respiratoftas’ Previamente se mostré que en la posicion
semirecumbente, las secreciones colonizadas seamadntinuamente de la traquea
proximal hacia los pulmones, guiados por la grasiegaque en ultima instancia causan
NAV?, Estos resultados plantearon interrogantes mayacesca de la seguridad de la
posicion semirecumbente en pacientes con colodizaorofaringea. En un estudio
experimental con ovejas en posicion semirecumbeht@oco acumulado en el balén del
TET se dirigio a la parte dependiente de la traqueaimal y eventualmente cambio de
direccion y se movio hacia los pulmones, seguiddadeolonizacion bacteriana de los
pulmones y consecuentemente neumonia. En cambidaseovejas donde el TET y
traquea estaban ligeramente por debajo de hoailz@itmoco siempre se movio hacia la
glotis y los pulmones se mantuvieron libres dedamizacion bacteriarfa Zanella et al,

en un estudio con cerdos reporta que la posicida tidquea por encima de la horizontal
fue asociado con NAV Yy fallo respiratorio, mientrgge la posicion de la traquea por
debajo del horizontal previno el desarrollo de NAY, en el estudio dBanigada et al en
ovejas, muestra que la posicion horizontal del yEde la traquea, estuvo asociado con
buen intercambio gaseoso y funcion pulmonar, lardrhcion bacteriana de la traquea y
los pulmones fue nula o baja, mientras que lagasveentiladas utilizando métodos
ampliamente practicados en el entorno clinico (zalyecuello elevados en un angulo de 30

grados desde la horizontal), tenia una colonizao#mteriana alta a nivel traqueo bronquial
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y en los pulmones, ademas de una alta incidencieedmonia nosocomial y muefte_os
estudios experimentales previamente descritosersugque la gravedd?” 28y flujos de
aire’® *tienen un impacto en la aspiracion pulmonar, efende mucosidad y desarrollo
de NAV. Durante la ventilacibn mecanica, el fluje dire interactia con la capa de
mucosidad a través de un mecanismo de flujo gagdh de dos fasé&s3! *?y estudios
animale$” * demostraron que el flujo inspiratorio promueverahsporte de mucosidad
hacia los pulmones, mientras que, un margen de #spiratorio-inspiratorio adecuado

facilita la MCR hacia afuera.

Estrategias no farmacoldgicas para la prevenciénedla neumonia asociada a la
ventilacion mecanica

La prevencion de la NAV comprende estrategias nondaeolégicas Yy estrategias
farmacologica¥' 3 3 En particular, en esta tesis nos centraremos scritbéremos

exhaustivamente las medidas de prevencion no faldgicas.

Posicién semisentada

Los primeros estudios demostraron claramente qupdoientes intubados tienen un mayor
riesgo de aspiracion gastropulmonar cuando sorcadts en la posicién supina (0 grados),
en comparacion con la posicion semisentada (45g)#d*” % Un ensayo aleatorizatfo

demostré una reduccion en la incidencia de NAV acigntes colocados en la posicion
semisentada comparada con los pacientes en comptetizion supina. Por otra parte, el
estudio confirmé un mayor riesgo para la NAV enigrates alimentados por via enteral.

Posteriormente, un ensayo aleatoriZadstudié la viabilidad de mantener la cabecerade |
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cama orientada en 45 grados durante la ventilanigranica. Este estudio encontr6é que los
pacientes se colocaron en promedio 28 grados dabnerizontal, y no se encontraron
diferencias en la incidencia de NAV. Por lo tartomo se sugiere fuertemente por las
guias Americanas y Europea8, los pacientes intubados deben mantenerse
preferentemente en la posicion semisentada (30rd&og) y no en posicién supina (0
grados) para evitar la aspiracién, especialmentndm esten recibiendo alimentacién

enteral.

El estudio en laboratorid de Panigada et al desafia el papel de la posicion semisentada
en pacientes con colonizacion orofaringea con TBE7emtilacion mecanica. Tedéricamente,
en estos pacientes una orientacion traqueal endaria horizontal, como en la posicion
semisentada, podria facilitar la aspiracion a sal& baldén del tubo tragueal. Un estudio
de laboratorio en animafsencontré que una orientaciéon de la traguea respeda
posicion del cuerpo, podria evitar la aspiracidmaaés del balén del TET mejorando el
drenaje de moco y disminuyendo el riesgo para |& N&n la actualidad, un ensayo clinico
multicéntrico esta valorando en pacientes criticamenfermos la eficacia, la seguridad y
la viabilidad de la posicion lateral en trendelengb(LTP) para la prevencion de la NAV

(disponible en ClinicalTrials.gov, NLM IdentificaddNCT01138540).

Ruta de intubacién orotraqueal

La asociacion entre la sinusitis y NAV es un tensbadidd®. Varios estudios han
confirmado que la intubacion orotraqueal en compénacon la nasotraqueal se asocia con
una disminucién de la incidencia de la sinu%itis %S asimismo la incidencia de NAV fue
menor en los pacientes que no desarrollaron sisftisit/n estudio realizado pétolzapfel

et al*® evalud la incidencia de la sinusitis maxilar ym@nia nosocomial en pacientes que
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fueron intubados ya sea por via nasotraqueal uaonatal. Los autores encontraron que la

sinusitis incremento el riesgo de neumonia nosaaigooir un factor de 3,8.

Presion positiva al final de la espiracion

El ajuste de los parametros ventilatorios puederdpsfiar un rol en la patogénesis de la
NAV. En particular, la PEEP puede disminuir |la demcia de la NAV al contrarrestar la
presiéon hidrostatica ejercida por las secreciomekdrofaringe por encima del balén del
TET, por lo tanto, reduce la aspiracion pulméhefr Lucangelo et af?, evalué los efectos
de PEEP 5-8 cm @ en pacientes normoxémicos ventilados y mostréredaccion de la
tasa de NAV (grupo PEEP 9,4%, grupo control 25.B®, 0,37; IC del 95% = 0,15 - 0,84;
P =0,017). Por lo tanto, en ausencia de contredethn importante, un bajo nivel de PEEP

debe mantenerse hasta la extubacion para evéapleacion continua.

Neumotaponamiento de los tubos endotraqueales
Varias estrategias se han aplicado para mejodisefio de los tubos traqueales y reducir la

probabilidad de aspiracion de secreciones cargdéapatogenos a través del balon.
Actualmente, en las unidades de cuidados crit@®pacientes son intubados con TET que
tienen balon de HVLP. Luego de la inflacion derdeola traquea, se forman pliegues a lo
largo de la superficie del balon y las secreciamrefaringeas colonizadas pueden filtrarse
a través de estos pliegues. Los nuevos balonesodetdh nuevos materiales como el
poliuretan® silicona®y latex* se han desarrollado, probado en laboratoriossgyers
clinicos. Particularmente, el balon de poliuretéieme un espesor de 5 a 10 micras en
comparacion con 50 micras de balon de PVC; Ptario, tras el inflado, forma pliegues
mas pequeiio, y la aspiracion de las secrecionesrmima del balon puede prevenirse o

reducirse. Algunos investigadores también intemtaaitar la aspiracion modificando la
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forma del bal6r. En comparacion con los balones estandar de fowitiasirica, los
balones coénicos disefiados con una superficie pisaniten la eliminacién de pliegues
haciendo una circunferencia completa de la zondad&aquea /contacto del baldn,
independientemente del tipo de material del balon.

Escasos estudios en pacientes de UCI médicas haosttado que los balones de
poliuretano reduzcan el riesgo de NAV® El balén de poliuretano del TET también ha
mostrado beneficios en la reduccion de la neumpofoperatoria precoz en pacientes
quirdrgicos cardiacé’ *”. Interesantemente, un estudio multicéntrico reei@ncompar6
los balones; PVC cilindrico, poliuretano cilirarj PVC coénico y poliuretano conico y no
encontrd beneficios con el uso de balones coniaesmoliuretano para prevenir la NAV.
Silicona® y latex* son balones de bajo volumen, de baja presién ypstenciales
alternativas a los balones de PVC. Tras la inflacids pliegues no se forman; sin
embargo, la compliance de esos materiales es eati@mente alta. Por lo tanto, permiten
un control fiable de la presion ejercida contr&rdguea. En un ensayo clinico en pacientes
sometidos a anestesia o ingresados en la UCI, Yeualj®, demostré alta eficacia de un
balén de silicona para reducir la aspiracion pulano

Es importante mantener la presion interna del bd@&INTET entre 25 y 30 cm B, en
particular cuando no se aplica PEEP. Esto sirvex gaiitar fugas de secreciones
contaminadas hacia las vias respiratorias infesiorkesion traqueal. Varios estudfo¥: 1%
demostraron que con frecuencia el balén del TEhawsa desinflado o estaba sobre
inflado, aun usando controles estandar de medidiémando en consideracion que el
control continuo de la presién del balon internduee los riesgos de deflacion significativa

y aspiracion pulmonar.
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Tubos endotraqueales con aspiracion de secreciorgshgléticas

La aspiracion de secreciones subgloticas coloaizaa través de TET acondicionados con
un dispositivo para la aspiracion, reduce la presiidrostatica ejercida por encima del
balén y potencialmente evita la macroaspiracitnaeés del balén. Un metaanaliige 13
ensayos clinicos aleatorizados con un total de22pikientes han demostrado que el
drenaje de la secrecion subglética (ASS) redujdesio relativo general (RR) para la
NAV a la mitad (RR 0,55; IC del 95%, 0,46-0,66; 0,60001). En el ensayo multicéntrico
delLacherade et &7 333 pacientes fueron aleatorizados previo atldbacion orotraqueal,
ya sea con una TET que permitia la ASS o un TEdndsr. NAV fue confirmada por
microbiologia en el 14,8% de los pacientes enug@ide tratamiento, en comparacion con
el 25,6% de los pacientes intubados con tubos detdp = 0,02). Es importante destacar
gue este fue el primer ensayo que inform¢ la eficde las ASS en la reduccién de la NAV
de inicio temprano y tardio en comparacion condéssuanteriores (NAV de inicio tardio
en 18,6% de los pacientes en el grupo de tratamamicomparacion con el 33,0% de los
pacientes del grupo de control, P = 0,01). Basaato$a evidencia actual, la aspiracion
intermitente (cada 4-6 horas) es recomendable gar lde aspiracion continua, ya que el
drenaje de secreciones subglética se ha asociadistantemente con el riesgos de lesion

traqueal en la practica clinféy estudios de laboratofib

Tubos endotraqueales impregnados de plata.

Recubrir el TET con agentes antimicrobianos talesia la plata, es una estrategia
prometedora para prevenir la formacioén de biofilemtdo de la superficie interna del TET

y por lo tanto de disminuir la NA¥. Olson et af® evalué TET recubierto de plata en
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comparacion con TET estdndar en perros, a estosabs se les instilo a nivel de
orofaringeP. Aeruginosautilizando el tubo recubierto, los investigadof@sron capaces
de retrasar la colonizacion de la superficie iotediel TET (3,2 £ 0,8 vs 1,8 £ 0,4 dias; p =
0,02) y reducir la carga bacteriana en el paréngwoimonar (4,8 £ 0,8 vs a 5,4 + 9 de
unidades formadoras de colonias [CFU]/g de tgpglononar; P = 0,01). Del mismo modo,
Berra et al®, aleatoriz6 16 ovejas para ser intubados con un&fandar o recubierto con
sulfadiazina de plata/clorhexidina. Después de @éshde ventilacion mecanica, los ocho
TET y circuitos de la ventilacibn mecéanica del grupontrol fueron fuertemente
colonizados y se encontr6 biofilm dentro del TE&slbacterias patdgenas colonizaron la
traquea y los pulmones en cinco de ocho ovejasaH&5CFU/g). En el grupo de estudio,
siete de ocho TET vy los circuitos de ventilaciormastraron crecimiento tampoco biofilm;
Por otra parte, no hubo crecimiento bacterianmsmplimones y los bronquios, excepto en
un bronquio de una oveja. Interesantemente, la®@&cde los revestimientos a base de
plata parece disminuir con el tiempo. De hecho,dsiidios en animales reportan nula
formacion de colonias y de biofilm después de 2dafale ventilacion mecanica. Sin
embargo, se informé de alta colonizaciéon del TE&ndo se prolongaron los estudios
después de 72 horas. Hasta la fecha, s6lo un estlmboratorid® ha reportado la
ausencia de la colonizaciéon y formacion de biofileh TET hasta 168 horas de ventilacion
mecanica. En este estudio, los autores utilizarBi Tevestidos internamente con plata
sulfadiazina que fue limpiado con regularidad comuevo dispositivo de silicona inflable
concéntric®, denominadducus Shaver ideado para mantener el lumen interno del TET
libre de moco.

El estudioNorth American Silver-Coated Endotracheal TUP¢ASCENTY?® evalu6 1.509
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pacientes que se esperase sean tributarios déaegmtimecanica durante mas de 24 horas,
fueron asignados al azar al ser intubados ya searcdET estandar o recubierto de plata.
El TET recubierto de plata se asoci6 con una mémcdencia de NAV confirmada
microbiolégicamente (37/766 (4,8%) vs 56/743 (7,5p6F 0,03), una reduccion del riesgo
relativo del 35,9%. Mas importante aun, el tubaibéerto de plata tuvo su mayor impacto
durante los primeros 10 dias de intubacion traquéralanalisis retrospectivo de cohortes
por Afessa et al', basado en el estudio NASCENT, mostr6 que la T#€lbierta se asoci6
con reduccién de la mortalidad en pacientes con NAET con plata vs control, 5/37
[14%] vs 20/56 [36%]; p = 0,03). Sin embargo, lartalidad fue mayor en aquellos sin
NAV (plata vs control, 228/729 [31%)] vs 178/687 §2p p = 0,03). En conclusion, existe
evidencia prometedora que TET recubierto con ageméimicrobianos podria reducir la
incidencia de NAV, pero la evidencia que apoya sa solo viene de un estudio, con
importantes limitacioné$ Por lo tanto, los médicos deben considerar dasiamente los
beneficios y limitaciones de éstos TET recubieytalrigir adecuadamente el uso de tubos
recubiertos de plata en los pacientes que se espean ventilados por periodos
prolongados y con mayores riesgos asociados panaumonia nosocomial. De hecho,
Shorr et al® analiza el costo-efectividad de TET recubier® plata como una
herramienta preventiva para NAV. Basado en el enBBYSCENT, los autores supusieron
una reduccion en el riesgo relativo de NAV de 358%4%. Asumiendo que los costos
marginales de NAV son $ 16,620 y los costos de Té€libiertos de plata de $90.00 y $
2.00 por TET sin recubrimiento, los autores eneootr que se impidié el ahorro de $

12.840 por cada caso de NAV
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Camas cinéticas

Normalmente las personas saludables cambian deigosiorporal, incluso durante el
suefio, cada pocos minutos. Por el contrario, cusmglpacientes criticamente enfermos
estdn con TET y ventilacibn mecanica, se manti@resupino y posicibn semisentada
durante dias con pocos o sin cambio en la posid@rcuerpo. Algunas camas en UCI
permiten la rotacién de los pacientes en el ejgitodinal desde una posicién lateral a la
contraria y parecen reducir el agua extravasculan@nar, mejorar la relacion ventilacion-
perfusion, y mejorar la movilizacion de las seanes de las vias respiratoffad/arios
estudios han evaluado los efectos de la terapiso@deion en NAV; Sin embargo, la
mayoria de estos estudios presentan limitaciorsejPmplo, la mayoria de los estudios se
hicieron con diagndstico clinico de la neumonia, lsi estandarizacion de las medidas
preventivas NAV y ademas incluyeron valores logféneos de la duracién y tipo de
terapia de rotacién. Los metaanalfsi& ’ mostraron una reduccién significativa en la
incidencia de NAV en pacientes sometidos a terdpieotacion, pero fallaron en mostrar
efectos beneficiosos sobre los resultados secuwsdddales como la duracién de la
ventilacion mecanica, la duracion de la estandamortalidad. Un articulo d8taudinger

et al”® evalud los efectos de la terapia de rotacionmdhtontinua sobre la incidencia de
NAV microbiolégicamente confirmada en tres UCI noédi y se encontré una incidencia
de 11% en el grupo de rotacion y el 23% en el greqatrol (P = 0,048). Los autores
encontraron también que la duracién de la venéita¢8 + 5 vs 14 + 23 dias, p = 0,02) y la
duracion de la estancia (25 + 22 dias vs 39 + 45,¢ = 0,01) fueron significativamente
mas cortas en el grupo de rotacion. En conclusiédnpacientes con mayor riesgo de
inmovilizacién prolongada e infeccion respiratoie,terapia de rotacion lateral continua

debe ser considerada como un método factible paraee efectos sumatorio a otras
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medidas preventivas para NAV.

Broncoscopia de autofluorescencia

La broncoscopia de autofluorescencia es una hesremnusada para detectar lesiones de
las vias centrales respiratorias, mayormente dedirtana de células escamosas pre-
invasivas. Cuando se ilumina una superficie con, legta puede ser reflejada,
retrodispersada o absorbida; la broncoscopia d#laotescencia (BAF) del tejido revela
los cambios bioquimicos subyacentes en las cétolasretamente, la estructura electronica
de los cromoforos de absorcion. Los cromoforoscgrales en la mucosa de las vias
respiratorias son la elastina, el colageno, lasries, la nicotinamida adenina dinucleotido
(NAD), NADH vy las porfirinas. El tejido respiratarnormal fluoresce verde cuando ésta se
expone a una luz de espectro violeta-azul (400#90En nuestro estudio aplicamos una
luz azul de 408 nanometros (nm). Desde 1990 res#€han visto una oleada de nuevas
técnicas como la broncoscopia fluorescente quedmaempleada para el diagnostico de
canceres en fase tempran&. Pero la autofluorescencia esta disminuida sades
patoldgicos tales como inflamaciones y lesioneslpa@ue las zonas dafiadas se observan
oscuras y marron®s Basado en estos conceptos, computamos la tata ideensidad
rojo/verde, como se reporté previaméht& y la suma de las intensidades verde + azul
para cuantificar la severidad de la lesion relemianal balén. Estos conceptos fueron
aplicados al modelo animal vivo el cual fue similar a los que desarrollamos endiss
previo$®, pero en este estudio los animales fueron exasbadlas 72 horas y luego

sacrificados a las 96 horas.
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RACIONALIZACION
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Los pacientes con NAV son portadores de TET, los gu la actualidad constan de un
balon de baja presion y alto volumen (HVLP). ESt&§ de HVLP fueron desarrollados a
comienzos de 1970% 8 con un diametro mayor al de la traguea para prewdano
traqueal y disminuir la microaspiracion de secneegorofaringeas. Estos dispositivos para

la ventilacibn mecéanica implican severos cambiokmewias aéreas de los paciehtes

Esta descrito que la colocacion del TET es el méatior independiente en la génesis de
la NAV al alterar la anatomia normal laringea, aotlb como reservorio para
microorganismos potencialmente infectantes y se&wmno puente entre la orofaringe y el
espacio broncoalveolar estéfilLuego del inflado del baldén dentro de la tragsealteran

los mecanismos de defensa como el aclaramientacitiac y la tos* % Al afectarse
pierden efectividad y son colonizadas a las poaasshde iniciarse la ventilacion
mecanica. El estudio deeldman et al reportdé que a las 12 horas de TET, los pacientes
tenian secreciones con carga bacteriana en elomtss esta, incrementando su pico en

cantidad a las 48 horas

La eficacia del sellado del balon tiene un impdadampacto en la NAV. Existen estudios
en los cuales se trata de establecer que matsriafie 6ptimo. Los balones de los TET en
un principio tenian un grosor de 500 micrometion){ estos balones de latex de caucho
requerian una presion aproximada de 200-400.@pdra inflarlos, con la finalidad de
sellar en forma adecuada la via aérea, pero esdmds de bajo volumen y alta presion
causaban frecuentemente lesion traqueal. En laddéda los 70 se desarrollaron los
balones de policloruro de vinilo de HVLP que mardaruna presion en el balén inferior a
30 cmHO protegiendo asi el flujo sanguineo de la mucosgueal pero presentan un

mayor riesgo de aspiracion de secreciones orofaBdpacia las vias aéreas inferigres
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Ademas, debemos agregar que este balén forma efieglo largo de su superficie para
acomodarse al largo de la luz de la trafuéin estudio experimental donde se compara
un TET con balon de latex compatible con dos dn@tros ¢m) de grosor de HVLP
comparado con balones convencionales de H\R&téx Profile, Mallinckrodt Hi-Lo y
Sheridan preform@dmuestran la superioridad del primero, pero hag mgcordar que el
latex natural es inadecuado para el ims@ivo™. Inclusive se han ensayado balones de
doble capa que tienen muy buen rendimiento evitdmdoga pero su larga exposicién al

estrés, secreciones bioldgicas, friccion y pH bpjmdrian deteriorar este prototipo

Muchas mejoras en el disefio de los balones HVLRasealcanzado recientemente. Los
balones HVLP hechos de poliuretano u de forma edisie idearon para superar las
limitaciones del sellado de fluido. La eficacia dellado de los balones de poliuretano, en
comparacion con los balones estandar de PVC, lacsidstantemente demostrada en
laboratorid® °> *y estudios clinicd§ mientras que la eficacia de balones coOnicos se

confirmd solamente en estudios experimentales

Otras mejoras en el disefio de los TET también dm abtenidas en los Ultimos afios
como el uso de TET que permiten la ASS, los balatesco$® o los de material de
poliuretan&. En comparacion con los TET estandar usados antlelidad, estas nuevas
caracteristicas de los TET reducen la fuga de cietcres orofaringeas acumuladas. Por lo
tanto, la iatrogenia de pacientes criticos podniabién reducirse con estos TET. De hecho,
hay unos cuantos estudios cliniédddonde los pacientes intubados con TET, que tenian
balén de poliuretano, estuvieron expuestos a unomaasgo de sufrir una neumonia
asociada al ventilador. Ademas, hay evidencia cmevite de que ASS disminuye el riesgo

de una neumonia asociada al ventil&dor
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Sin embargo, la seguridad de estos nuevos balowé® o ha sido evaluada de forma
exhaustiva. Recientemente demostramos que los dsld@ HVLPin vitro, inflados en
rangos de presion clinica recomendada, podriamiéinsaltas presiones respecto a la
mucosa traquedl Otros estudios informan que el inflado del badmiveles recomendados
causa lesiones en la mucosa tragéiedkimismo, los pliegues formados a lo largo de la
superficie del balén y de la mucosa traqueal adyaca un pliegue, podrian sufrir

presiones mas altas.

Respecto a la seguridad de ASS, para citar sols gnantos estudios, se ha reportado
lesion traqueal asociada a ASS, particularmentadmbay pocas secreciones dentro de la
region subgloticd o cuando la ASS es continla, en vez de intertafteti Aunque esta

descrito que la ASS disminuye la incidencia de RIA¥ Sin embargo, los efectos de estos
nuevos balones sobre ldearance mucociliar no han sido investigados en estudios

integrales comparativos.

A la fecha, no se dispone de ninguna recomendaspacifica para manufacturar balones
eficientes porque los elementos determinantesidefid de un balén idéneo no estan aun

identificados.
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HIPOTESIS Y OBJETIVOS
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Primer estudio

Endotracheal tubes for critically ill patients: &n vivo analysis of associated tracheal

injury, mucociliary clearance, and sealing efficacy

Chest 2015; 147: 1327-35

Hipotesis

La NAV es una iatrogenia que se desarrolla fre@reahte en pacientes intubados en la
traquea. La implementacion de dispositivos paradatilacion mecanica implica severos

cambios en las vias aéreas de los pacieite¥ EI cambio mas importante acontece
cuando el paciente tiene un TET por lo tanto hay punerta directa hacia las vias aéreas,
gue pierden esterilidad y son colonizadas a laagpdwras de iniciarse la ventilacion

mecanica®. La intubacion también altera ¢eearancemucociliar reduciendo su velocidad

y su efectividad en forma importatfte

Por lo tanto, se plantea la hipotesis de que lesesitubos de HVLP son mas eficaces y
seguros que los de PVC en funcion elé&mrancemucociliar, lesion traqueal, y la eficacia

de sellado en un modelo animal de NAV.
Objetivos
1. Estudiar la lesion traqueal asociada con eldastms TET nuevos y estandar disefiados

para pacientes criticamente enfermos

2. Estudiar la lesién asociada a ASS intermitel@dos TET con HVLP en el modelo

animal porcino de NAV.
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3. Evaluar la velocidad del moco a nivel traqueal ¥iltrado del moco a través del bal6n

de TET con HVLP en el modelo animal porcino de\NA

4. Probar la eficacia de los TET nuevos y estaddaiiados para pacientes criticamente

enfermos en la prevencion de la fuga de las setresiorofaringeas.
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Segundo estudio

Gravity predominates over ventilator pattern in grevention of Ventilator-Associated

Pneumonia

Crit Care Med 2014, 42: 620-7

Hipotesis

Sobre el entendimiento actual de la patogénesisaddAV en donde las bacterias
colonizan la orofaringé ** *} previamente se mostré que en la posicion senmrbente,
las secreciones colonizadas se movian continuantent@ traquea proximal hacia los
pulmones, guiados por la gravedad, y que en Ulitstancia causan NA¥ Debido a que

los patrones de flujo de aire pueden ser facilmerdificados a través de la programacion

del ventilador mecénico es que:

Postulamos que la posicidmendelenburges mejor que una estrategia ventilatoria para
disminuir la migracion de secreciones de los macgpueales hacia los pulmones, con la

consecuente prevencion de la NAV.

Objetivos

1. Evaluar la eficacia de una nueva estrategiailatria que promueve la limpieza de

moco para prevenir la NAV.

2. Estudiar la performance de la posicion Trendmieg en relacion a las estrategias

ventilatorias en la prevencion de la neumoniaiadaal ventilador.
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ABBREVIATION LIST

ETT, Endotracheal Tube

FB, Fluorescence bronchoscopy
G+B, Green-plus-blue

HVLP, High-Volume Low-Pressure
MCC, Mucociliary clearance

MYV, Mechanical Ventilation

PVC, Polyvinylchloride

R/G, Red-to-green intensity ratio

SSA, Subglottic secretion aspiration
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ABSTRACT

Background: Improvements in the design of the endotracheal tube (ETT) have been
achieved in recent years. We evaluated tracheal injury associated with ETTs with novel
high-volume low-pressure (HVLP) cuffs and subglottic secretions aspiration (SSA) and
the effects on mucociliary clearance (MCC).

Methods: Twenty-nine pigs were intubated with ETTs comprising cylindrical or tapered
cuffs and made of polyvinylchloride or polyurethane. In specific ETTs, every 2 h SSA
was performed. Following 76 h of mechanical ventilation, pigs were weaned and
extubated. Images of the tracheal wall were recorded before intubation, extubation and 24
and 96h thereafter, through a fluorescence bronchoscope. We computed the red-to-green
intensity ratio (R/G) —an index of tracheal injury— and the green-plus-blue (G+B)
intensity —an index of normalcy- of the most injured tracheal regions. MCC was assessed
through fluoroscopic tracking of radio-opaque markers. After 96h from extubation, pigs
were sacrificed, and a pathologist scored injury.

Results: Cylindrical cuffs presented smaller increase in R/G vs. tapered cuffs (p=0.011).
Additionally, cuffs made of polyurethane produced a minor increase in R/G (p=0.012)
and less G+B intensity decline (p=0.022), vs. polyvinylchloride cuffs. Particularly, a cuff
made of polyurethane and with smaller outer diameter outperformed all cuffs. SSA-
related histological injury ranged from cilia loss to subepithelial inflammation. MCC was
0.9+1.8 and 0.4+0.9 mm/min for polyurethane and polyvinylchloride cuffs, respectively

(p<0.001).
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Conclusions: HVLP cuffs and SSA produce tracheal injury, and the recovery is
incomplete up to 96h following extubation. Small, cylindrical-shaped cuffs made of

polyurethane cause less injury. MCC decline is reduced with polyurethane cuffs.

KEYWORDS: Endotracheal tube; Mucociliary clearance; Tracheal Injury; Mechanical

Ventilation; Fluorescence Bronchoscopy
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INTRODUCTION

Several improvements in the design of the endotracheal tube (ETT) have been
achieved in recent years.' Critically ill patients are often intubated with ETTs comprising
tapered2 or polyurethane cuffs® These novel cuffs have shown enhanced sealing
effectiveness,”® in comparison with standard high-volume low-pressure (HVLP) cuffs of
cylindrical shape, and made of polyvinylchloride (PVC). Additionally, some ETTs are

designed to aspirate subglottic secretions (SSA). In two clinical studies, "

patients
intubated with ETT comprising polyurethane cuffs were at lower risk of developing
ventilator-associated pneumonia (VAP). Likewise, there is compelling evidence that SSA
decreases the risk of VAP."

Nevertheless, the safety of these novel ETTs has not been extensively evaluated.
We recently demonstrated’ that HVLP cuffs, inflated at the clinically recommended
pressure range, might transmit high pressure against the trachea. In particular, we found
that folds form along the cuff’s surface and the tracheal mucosa adjacent to a fold could
be subject to potentially harmful transmitted pressure. As for the safety of SSA, only a
few studies have shown tracheal injury associated with SSA, particularly when few

secretions are present within the subglottic region'?

or when continuous aspiration is
applied.”*!* Finally, inflation of the cuff impairs the mucociliary escalator.”> Yet, the

effects of these novel cuffs on the mucociliary clearance (MCC) rate is largely unknown.

Thus, we designed this prospective randomized study to evaluate in tracheally

intubated pigs the effects of commercially available HVLP cuffs on tracheal injury, MCC

ScholarOne - http:I/mchelp.manuscriptcentr&ﬁ.comlgethelpnowlindex.html -(434) 964-4100

44



OO ~NOU0PWN-—=

CHEST

and prevention of leakage across the cuff. Additionally, injury associated with

intermittent SSA was assessed.
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MATERIALS AND METHODS
The Institutional Ethics Committee approved the protocol. Animals were
managed according to the National Institutes of Health guidelines for the use and care of

animals.'® Further methodological details are provided as supplemental material.

Randomization and Animal handling

Large White—Landrace pigs (37.3+3.6 Kg) were randomized to be intubated with
one of the ETTs reported in table 1, connected to a mechanical ventilator (SERVO-I,
Magquet, NJ USA) and ventilated as previously reported.’” Anesthesia was maintained
through infusion of propofol and remifentanyl. Gases were conditioned to 37°C with a
heated humidifier (Conchatherm III, Hudson RCI, NC, USA). The internal ETT cuff
pressure was maintained at 28 c¢m H,0, through a mechanical device,'® to optimize
sealing efficacy,” while avoiding tracheal ischemia."”** In ETTs with SSA, every 2h,
patency of the suction lumen was tested, and secretions aspirated with a syringe. In case
of resistance upon aspiration, 10 mL of air were insufflated into the suction lumen, and
aspiration was attempted one additional time only. Importantly, every 6h, the cuff was
deflated and the ETT gently rotated to ensure that the evacuation port was directed
toward the most dependent tracheal regions. Following 76 h of MV, pigs were weaned,

extubated and housed with water and food ad libitum (e-Figure 1).
Tracheal Injury

Fluorescence bronchoscopy (I'B): At baseline, extubation, and 24, 96h thereafter,
images of the tracheal region where the cuff was located were recorded through a

fluorescence bronchoscope (SAFE 3000, Pentax, Germany).  White-light and
46
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fluorescence pictures were concomitantly recorded. Upon laser activation, normal
tracheal regions appeared bluish/greenish; while, injured regions were darker and
brownish.”> We computed, through image analysis software (Imagel, NIH, USA), the

red-to-green intensity ratio (R/G)***’

—an index of injury — and the green-plus-blue (G+B)
intensity — an index of normalcy — of the most injured tracheal region (100x100 pixels).
Thus, tracheal injury was expected to increase R/G and decrease G+B values. To correct
for inter-subject fluorescence variability, all values were adjusted per baseline values as
follows: [(current-baseline value)/baseline value]*100, namely R/G and G+B intensity

differentials, and reported as percentage. Upon imaging analysis, the observers were

blinded to treatment allocation.

White-light Bronchoscopy: The white-light bronchoscopy pictures were scored by 2

bronchoscopists blinded to treatment allocation (figure 1).

Histopathology: After 96h from extubation, pigs were sacrificed and the length of the
trachea, adjacent to the cuff, was measured. The worst histologic injury of the first and
last tracheal rings in contact with the cuff, and every other ring between these two
segments was scored (0,no injury; 1,epithelial layer compression; 2,cilia loss; 3,epithelial
denudation; 4 subepithelial/glandular inflammation; 5,perichondrium inflammation) by a
pathologist (e-Figure 2) blinded to treatment allocation. Injury of the area adjacent to the

SSA opening was also studied by gross examination and microscopy.
Mucociliary clearance

Following 28 hours of MV, MCC was measured through fluoroscopic tracking of

" . . 2)
radiopaque markers, as previously described.'**
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Cuff leakage

Following 52 and 73 hours from intubation, animals were placed prone, the bed
oriented 30 degrees above horizontal and positive end expiratory pressure was reduced to
0. We instilled 2 mL of methylene blue and 3 ml of phosphate buffer solution with 1.5 pL
of 2.0 um fluorescent microspheres (Invitrogen™, Madrid, Spain) into the subglottic
region. One hour from instillation, leakage was estimated by the presence of methylene
blue and quantification of microspheres in tracheal secretions.”” We computed the
percentage of recovered microspheres, per gram of tracheal secretions, per the total

amount of instilled microspheres (aspirated mic:rc;spheres;).29
Statistical analysis

One-way ANOVA or Kruskal-Wallis tests, with post-hoc Student’s t-test or
Wilcoxon-Mann Whitney test and Bonferroni correction, were employed to analyze
continuous variables. Repeated one-way ANOVA, Friedman tests with post-hoc paired t-
test and Wilcoxon signed ranks test and Bonferroni correction were used to detect
differences between paired measurements. Association of tracheal injury scores between
raters was tested using kappa statistic. Linear regression was used to assess association
between parameters. A two-sided p value < 0.05 was considered statistically significant.

All analyses were performed using SAS 9.2 software.
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RESULTS
Study population

Four animals were included into each group; whereas 5 animals were intubated
with the Kimvent* Microcuff* ETT. Twenty-seven animals completed the study, two
animals, intubated with the Kimvent* Microcuff* ETT, were euthanized during weaning

for pneumonia and cardiac arrest.

Cuff-related injury: Fluorescence and White-light Bronchoscopy

Figure 1 shows images of fluorescence and white-light bronchoscopy per ETT
type. As showed in figure 2A, cylindrical cuffs presented smaller increase in R/G
differentials vs. tapered cuffs. Additionally, cuffs made of polyurethane produced a minor
degree of injury (figure 2B) and less deterioration of tracheal normalcy (figure 3B) vs.
PVC cuffs. As for the comparison among ETTs, R/G differential did not vary, but
significantly increased upon extubation (15.2+16.0%) and 24h thereafter (15.2+15.4%),
and then reverted to baseline values (3.4+12.5%) after 96h (p<0.001, Friedman test)
(figure 2C). The G+B intensity differential changed significantly among ETTs (figure
3C); in particular the Sacett'™ presented the greatest degree of injury (-43.2+20.4%) and
the Kimvent* Microcuff™* the least (-10.1+21.8%).

As for the white-light bronchoscopy, the kappa score indicated substantial
agreement (weighted K=0.69, 95% confidence interval 0.61-0.76, p <0.001) between
observers. The white-light bronchoscopy score did not differ between cuffs of cylindrical
or tapered shape (p=0.513, Wilcoxon-Mann-Whitney test) and polyurethane or PVC cuffs

(p=0.198 Wilcoxon-Mann-Whitney test). Likewise, there were not differences among
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ETTs (p=0.453, Kruskal-Wallis test); whereas, the white-light bronchoscopy score was
22+1.1, 14413, and 0.3£0.5 upon extubation, 24h and 96h thereafter (p<0.001,
Friedman test). The R/G differential was linearly correlated with the white-light
bronchoscopy score (r-square 0.14, p<0.001); likewise, the G+B intensity decline was
also associated with the bronchoscopy score (r-square 0.19, p <0.001)
Cuff-related injury: Gross Examination and Histological Assessment

Data are reported in table 2, and e-Figure 3. The length of the excised trachea
differed among groups; yet it did not vary between cuffs of different shapes (p=0.071, t-
test) or made of different materials (p=0.105, t-test). The shortest excised trachea was
2.6+0.4 cm in the Sacett'™ group. The histological injury score of cylindrical and tapered
cuff was 2.6+£0.7, 2.7£0.6, respectively (p=0.802, Wilcoxon-Mann-Whitney test).
Whereas, in polyurethane and PVC cuffs, it was 2.7+0.6, 2.6+0.7, respectively (p=0.987,
Wilcoxon-Mann-Whitney test). No significant differences were found among groups.
Importantly, following 96h from extubation, the injury recovery was incomplete, but only
ranged from compression of the epithelial layer to epithelial loss.
Subglottic secretions aspiration-related injury

The volume of subglottic secretions per aspiration varied among tubes (figure 4).
Additionally, aspirated secretions linearly increased with the study days (slope 0.052, y-
intercept 0.157, r-square 0.37, p<0.001). Injury caused by SSA was found in 12.2% of the
bronchoscopic assessments (figure 5). Whereas, upon autopsy, 25% of the tracheas
presented gross findings of mucosal injury. Histological assessment was carried out in

2.0+0.7 tracheal rings in proximity with the evacuation port. Histological tracheal injury
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ranged from cilia loss to subepithelial/glandular inflammation and it did not differ among
groups (table 2).
Mucociliary clearance

Overall, 138 disks were tracked; 4.9+2.2 disks per ETT type (p=0.495). As shown
in figure 6C, MCC rates differed among groups. Cuff material significantly affected
MCC rate (figure 6B, p<0.001, Wilcoxon-Mann-Whitney test). Conversely, cuff shape
did not impact MCC rate (figure 6A, p=0.129, Wilcoxon-Mann-Whitney test). In
particular, the Kimvent* Microcuff* was associated with the fastest rates (1.1£2.1
mm/min, 0-9.7 mm/min); whereas the Ruschelit® Safety Clear Plus the slowest (0.2+0.3
mm/min, 0-1.1 mm/min).
Leakage across the ETT cuff

Methylene blue dye was never found in aspirated secretions. Aspirated
microspheres did not differ between cuffs of different material (p=0.545, Wilcoxon-
Mann-Whitney test) or shape (p=0.222, Wilcoxon-Mann-Whitney test). Yet, as reported
in figure 7, the percentage of aspirated microspheres varied among ETTs (p=0.006,
Kruskal-Wallis test). The Taperguard ™ showed the best sealing performance (aspirated

microspheres 0.008+0.004%), whereas the Sacett' " the worst (0.356+0.650%).

51
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DISCUSSION

We found that commercially available HVLP cuffs produce tracheal injury and
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the recovery is incomplete up to 96 hours following extubation. Of note, the Kimvent*
11 Microcuff*, which is a cylindrical shaped cuff of small outer diameter™” and made of
13 polyurethane causes less injury. Additionally, MCC rate is less impaired with
15 polyurethane cuffs. Finally, intermittent SSA increases the risk of tracheal injury and

18 subepithelial/glandular inflammation may be present even 96h following extubation.

Cuff-related Tracheal injury

25 HVLP cuffs seal the trachea without being stretched; consequently, their internal
27 pressure estimates the pressure transmitted against the mucosa.’’”' Based on the FB
assessment, we found that cuffs made of polyurethane and with a cylindrical shape
32 caused less injury. In particular, as showed in figure 2 and 3, the Kimvent* Microcuft*
34 and the Sacett'™ were the best and worst outliers, respectively. This suggests that specific
37 features in the design of these superior-performing and under-performing cuffs could
39 play a critical role in the development of tracheal injury. Indeed, we previously
41 demonstrated’ that the pressure transmitted by HVLP cuffs might be higher than expected,
44 particularly using very large cuffs, i.e. the Sacett™™, since the cuff’s surface becomes
46 highly irregular, due to the formation of folds. Conversely, the Kimvent* Microcuff* has
a thickness of approximately 5um and a very small outer diameter;*’ thus, upon inflation
51 fewer thin folds are formed, and its surface is more homogeneous. Yet, tapered cuffs
53 presented smaller contact areas in comparison with cylindrical ones (table 2). This factor

should be taken into account, because it could limit the extension of tracheal injury.

52
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FB has been employed for the diagnosis of early-stage airway cancers.’”> To the
best of our knowledge, this is the first report using this technique to quantify cuff-related
tracheal injury. When the trachea is excited by blue light (408 nm), cromophore elements,
i.e. tryptophan, collagen and elastin, emits fluorescence light in the greenish/bluish
spectra. Autofluorescence is diminished in pathologic states, such as inflammation and
injury. This is due to thickened epithelium; reduced density of cromophore elements;
hyperemic mucosa, consequently the bronchoscope light is attenuated — additionally, the
red surface completely absorbs blue and green lights. Based on these concepts, we
computed the R/G, as previously reported,”®*’ and the G+B intensity to quantify the
severity of injury. As clearly showed by the association of these parameters with the
white-light bronchoscopy scores, FB could be a potential tool to quantify in-vivo tracheal
injury.

Subglottic aspiration-related Tracheal injury

- . S e 121434
In line with previous investigations,

we found important injury associated
with SSA, irrespective of our attempts to avoid mucosal invagination, through
intermittent aspiration and hasty interruption of aspiration if resistance was encountered.
A potential explanation for these results is that few secretions were present upon
aspiration, particularly during the first days of ventilation. This may have been related to
the use of the lateral-Trendelenburg position. Another potential reason is related to the
design of the evacuation port. Ideally, the suction port should be as close as possible to
the cuff to allow a safe distance between the port and the mucosa™ and avoid mucosal

invagination. Unfortunately, in all tested ETTs the suction port was not in full proximity

of the cuff.
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Mucociliary clearance
Previous studies'>***® have shown that MCC rate decreases following intubation.
In healthy pigs, MCC rate ranges between 7-15 mm/min.*” Thus, in line with prior

ﬁndings,15'28’36

in the present study, MCC was highly depressed. Sackner and
collaborators'™ suggested the activation of a neurogenic reflex arc upon cuff inflation, but
the exact mechanism for this impairment is still unknown. In this context, we found that

polyurethane cuffs, in particular the Kimvent* Microcuft®, caused less tracheal injury

and impairment in mucociliary velocity.

Tracheal sealing efficacy

Interestingly, according to our previous in-vifro findings,” we found that the
sealing efficacy of the Sacett' " was highly limited. The Sacett'™ is a tapered cuff with a
very large outer diameter, and we first hypothesized that the sealing circumference of a
large tapered cuff is inefficient. Our current study supports this theory; indeed, the

™
d

conical-shaped Taperguar cuff, which has a very small outer diameter, performed

better in comparison with the Sacett' .

Clinical Implications

In the last decades, post-intubation complications have drastically reduced with
HVLP cuffs.*** Nevertheless, Touat et al.** recently found tracheal ischemic lesions in
83% of critically ill patients intubated with these cuffs. These data highlight that

prevention of cuff-related tracheal injury is often overlooked in clinical practice. Our
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study also calls attention to the severe reduction in MCC rate during tracheal intubation.
The pathophysiologic mechanisms underlying this impairment should be identified to
develop new preventive/therapeutic strategies. As for the SSA, undoubtedly this
technology has an important role in the prevention of VAP."' Nonetheless, the design of

these ETTs should be further improved to ensure safety.

This study has a few limitations. First, the small sample size may have limited the
power of our observations. Second, animals were healthy and ventilated for a limited
number of days; thus, we may speculate that a long-term use of these cuffs in critically ill
patients could cause even greater tracheal damage; yet, further laboratory and clinical
studies should corroborate these assumptions. Third, throughout the study, the ETT depth
of insertion was strictly monitored and the internal cuff pressure kept at 28 cmH,O.
Conversely, in clinical settings position of the ETT* and internal cuff pressure may vary;

42 consequently, we may have underestimated the extension and severity of tracheal

injury.
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CONCLUSIONS

In summary, we found that HVLP cuffs cause tracheal injury and the Kimvent*
Microcuft®, which is a small cylindrical cuff, made of polyurethane, reduces this risk.
Additionally, HVLP cuffs made of PVC impair MCC and the sealing efficacy of very
large tapered PVC cuffs is highly limited. Finally, intermittent SSA frequently causes

tracheal lesions and recovery is incomplete up to 96h from extubation.
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1
2
3
4
5 Table 1 Endotracheal tubes features
6
7
8 Subglottic
° Endotracheal tube Cuff' Cull Secretions
10 material shape P
11 Aspiration
12 Ruschelit® Safety Clear Plus -
13 (Teleflex Inc., Limerick.. PA, USA) e i No
14 Hi-Lo Evac™
B (Covidien-Nellcor™ and Puritan Bennet{™, PVC Cylindrical Yes
16 Boulder, CO. USA)
17 Sacett™ ]
18 (Smiths Medical-Portex™, St Paul, MN, U.S.A) i Tapered b
19 Taperguard "
20 (Covidien-Nellcor™ and Puritan Bennett™, PVC Tapered Yes
g; Boulder, €O, USA)
Sheridan/HVT®
23 (Hudson RCT®, Durham, NC, USA) VG Tepetel Ne
gg Kimvent* Microlsgg 5:“} éllfién[li?rljly's-gark Health Care, Polyurethane Cylindrical No
2 SealGuard Evac™"
g; (Covidien-Nellcor™ and Puritan Bennett™, Polyurethane Tapered Yes
Boulder, CO, USA)
29
30
31
32 Table 1 Caption:
33
gg We studied commercially available endotracheal tubes with high-volume low-pressure cuffs, most commonly used in critically ill
36 patients. These tubes comprise cuffs made of PVC or polyurethane and with a cylindrical or tapered shape. Five out of seven tubes
37 allowed aspiration of subglottic secretions. PVC, Polyvinylchloride
38
39
40
41
42
43
44
45 9
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40
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Table 2 Post-mortem assessment of tracheal injury
Ruschelit®
Kimvent* SealGuard
Safety Clear Hi-Lo™ Sacett™ | Taperguard™ | Sheridan/HVT ; -value
y perg / Microcuff* Evac™ P
Plus

Gross Examination
Length Excised 3.1:0.1 3.5:0.2 2.6£0.4 2.910.4 3.60.2 3.8:0.6 3.440.5 0.026
Trachea (cm)
et [rachenl 1.9+0.7 21405 0.7+0.8 1.240.7 14412 15¢1.1 19+15 | 0552°
Injury (cm)
Histological Assessment
Womber Analyed 4.240.9 5.2£0.9 6114 6.7£1.2 47405 4.5:0.6 65:1.0 | 0.035°
Tracheal rings
SHc'Ztr‘:Og'cal ATy 2.840.7 (0-3) | 2.3¢1.0(0-3) | 2.7+0.6(1-3) | 2.7+0.6 (1-3) 2.740.6 (1-3) | 2.7+05(23) | 2.6:0.7(13) | 0.740°
Histological Injury
Score by Subglottic NA 2.860.8 (2-4) | 2.6¢0.7 (1-3) | 1.8+1.1(0-3) NA NA 2.7+0.9(1-4) | 0.225°
Secretion Aspiration

Table 2 Caption:

Of note, the length of the excised trachea, which was in contact with the cuff during the study, varied among endotracheal tubes,
because the cuffs were of different length. The first and last rings of the excised trachea, and every other ring between these two
segments were analyzed. As a result, the number of analyzed rings also differed among endotracheal tubes. * Kruskal-Wallis Test; b
One-way ANOVA; NA, Not available
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FIGURE LEGENDS:

Figure 1

Fluorescence and white-light bronchoscopy assessments upon intubation, extubation, 24
and 96 hours thereafter, per endotracheal tube type. The white-light bronchoscopy pictures
were scored as follows: 0, no injury; 1, mild 2, moderate and 3, severe hyperemia, edema
or discoloration without ulceration; 4, superficial ulceration, and S deep ulceration of the
mucous membrane; 6, deep ulceration with exposed cartilage. Of note, we only report
bronchoscopic still images of animals with the worst cuff-related tracheal injury. A,
Ruschelit® Safety Clear Plus; B, Hi-Lo'™;, C, Sacett'"; D, Taperguard ; E,
Sheridan/HVT"; F, Kimvent* Microcuff*; G, SealGuard Evac™.

Figure 2

Red to green intensity ratio (R/G) differential, which is an index of tracheal injury, vs.
time of intubation (%). In each box plot, the median value of R/G differential is indicated
by the center horizontal line, the mean by the dashed line, and the 25th and 75th
percentiles are indicated by the lower and upper box horizontal lines. Whiskers above and
below the box indicate the 90th and 10th percentiles. Dots, above and below whiskers,
show the 95™ and 5" percentiles. A, Cylindrical cuffs presented smaller increase in R/G
differentials vs. tapered cuffs (t-test). B, Additionally, cuffs made of polyurethane
produced a minor increase in R/G differentials, in comparison with polyvinylchloride
cufts (Wilkoxon-Mann-Whitney test). C, The R/G differential did not significantly vary
among endotracheal tube types (One-way ANOVA). The R/G differential was higher

upon extubation and 24 hours thereafter, and decreased after 96 hours (p<0.001,
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Friedman test). a, p<0.001 vs. 24 and 96 hours after extubation (Wilcoxon signed rank
test with Bonferroni correction).

Figure 3

Green+Blue intensity (G+B) differential, which is an index of tracheal normalcy, vs. time
of intubation (%).In each box plot, the median value of G+B intensity differential is
indicated by the center horizontal line, the mean by the dashed line, and the 25th and 75th
percentiles are indicated by the lower and upper box horizontal lines. Whiskers above and
below the box indicate the 90th and 10th percentiles. Dots, above and below whiskers,
show the 95th and 5th percentiles. A, Cuff shape did not affect the G+B intensity
differential (t-test). B, Cuffs made of polyurethane produced less G+B intensity differential
decline vs. polyvinylchloride cuffs (Wilcoxon-Mann-Whitney test). C, The G+B intensity
differential was different among endotracheal tube types (p=0.047, Kruskal-Wallis test).
Also, The G+B intensity differential differed throughout the time of the study (p<0.001,
One-way repeated measures ANOVA). a, p<0.001 vs. 24 and 96 hours after extubation
(Repeated measures t-test with Bonferroni correction).

Figure 4

Aspirated subglottic secretions per endotracheal tube type. In each box plot, the median
value of aspirated subglottic secretions is indicated by the center horizontal line, the mean
by the dashed line, and the 25th and 75th percentiles are indicated by the lower and upper
box horizontal lines. Whiskers above and below the box indicate the 90th and 10th
percentiles. Dots, above and below whiskers, show the 95th and 5th percentiles. The

volume of subglottic secretions per aspiration varied among tubes, Hi-Lo"™ 0.12+0.19 ml,
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Sacett” 0.21+0.33 ml, Sealguard”™ 0.34+0.53 ml and Taperguard™ 0.260.30 ml (p=0.013,
Kruskal-Wallis test)

Figure §

Upon autopsy, tracheal mucosal erythema/edema in proximity of the evacuation lumen was
observed in 1 animal (A) and mucosal erosion in 3 animals (B-D). The same mucosal
injury was often observed during bronchoscopy (B-C, upper pictures). A, Sacett™; B,
Sacett'™: C, Taperguard™ and D, Hi-Lo™. The arrows highlight the injured tracheal
regions.

Figure 6

Mucociliary clearance by endotracheal tube type. In each box plot, the median value of
disks movements is indicated by the center horizontal line, the mean by the dashed line,
and the 25th and 75th percentiles are indicated by the lower and upper box horizontal lines.
Whiskers above and below the box indicate the 90th and 10th percentiles. Dots, above and
below whiskers, show the 95 and s percentiles. A, Cuff shape did not affect the
mucociliary clearance rate (Wilcoxon-Mann-Whitney test). B, Cuffs made of polyurethane
were associated with faster mucociliary clearance wvelocity, in comparison with
polyvinylchloride cuffs (Wilcoxon-Mann-Whitney test) C, mucociliary movements
differed among endotracheal tube types (p<0.001, Kruskal-Wallis test). a, p<0.008 vs
Rushelit” and Hi-Lo™ ; b, p=0.002 vs Rushelit”, Hi-Lo™ and Sacett"™ (Wilcoxon-Mann-
Whitney test with Bonferroni correction)

Figure 7

Aspirated microspheres (percentage of recovered microspheres, per gram of tracheal

secretions, of the total amount of instilled microspheres) per endotracheal tube type.
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Percentage of aspirated microspheres differed among groups (p=0.006, Kruskal-Wallis

test).
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Intubation Extubation

Fluorescence and white-light bronchoscopy assessments upon intubation, extubation, 24 and $6 hours
thereafter, per endotracheal tube type. The white-light bronchoscopy pictures were scored as follows: 0, no
injury; 1, mild 2, moderate and 3, severe hyperemia, edema or discoloration without ulceration; 4,
superficial and 5 deep ulceration of the mucous membrane; 6, deep ulceration with exposed cartilage. Of
note, we only report bronchoscopic still images of animals with the worst cuff-related tracheal injury. A,
Ruschelit® Safety Clear Plus; B, Hi-LoTM; C, SacettTM; D, TaperguardTM; E, Sheridan/HVT®; F, Kimvent*
Mlcrocuff* G, SeaIGuard EvacTM.
97x74mm (300 x 300 DPI)
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Red to green intensity ratio (R/G) differential, which is an index of tracheal injury, vs. time of intubation
(%). In each box plot, the median value of R/G differential is indicated by the center horizontal line, the
mean by the dashed line, and the 25th and 75th percentiles are indicated by the lower and upper box
horizontal lines. Whiskers above and below the box indicate the 90th and 10th percentiles. Dots, above and
below whiskers, show the 95th and 5th percentiles. A, Cylindrical cuffs presented smaller increase in R/G
differentials vs. tapered cuffs (t-test). B, Additionally, cuffs made of polyurethane produced a minor increase
in R/G differentials, in comparison with polyvinylchloride cuffs (Wilkoxon-Mann-Whitney test). C, The R/G
differential did not significantly vary among endotracheal tube types (One-way ANOVA). The R/G differential
was higher upon extubation and 24 hours thereafter, and decreased after 96 hours (p<0.001, Friedman
test). a, p<0.001 vs. 24 and 96 hours after extubation (Wilcoxon signed rank test with Bonferroni
correction).
566x198mm (300 x 300 DPI)

71

ScholarOne - http://mchelp.manuscriptcentral.com/gethelpnow/index.html - (434) 964-4100

Page 36 of 86



Page 37 of 86 CHEST

A p=0.107 B p=0.022 C p=0.047 =

& Sacet™

o . 2 |
a . msdiapeiad
20

10

OO~ WN-—=

-
o

s
&2

—_
N

-
—_
G+B Intensity Differential
(%)
33
—
-
G+B Intensity Differential
—
o
G+B Intensity Differential
(%)
s
Sas

—
w

I ]
-

—_
-
&
2
—

SeEbigie
i

—
(&)}

® & &
'o’ba ‘!& s "‘5‘-&.
Cylindrical Tapered Polyurethane Palyvinlichloride & 1,;‘@" t’ o

—_
()]

Cuff Shape Cuff Material Time of Assessment

— - e
© 00~

Green+Blue intensity (G+B) differential, which is an index of tracheal normalcy, vs. time of intubation
(%).In each box plot, the median value of G+B intensity differential is indicated by the center horizontal
line, the mean by the dashed line, and the 25th and 75th percentiles are indicated by the lower and upper
box horizontal lines. Whiskers above and below the box indicate the 90th and 10th percentiles. Dots, above
and below whiskers, show the 95th and 5th percentiles. A, Cuff shape did not affect the G+B intensity
differential (t-test). B, Cuffs made of polyurethane produced less G+B intensity differential decline vs.
polyvinylchloride cuffs (Wilcoxon-Mann-Whitney test). C, The G+B intensity differential was different among
endotracheal tube types (p=0.047, Kruskal-Wallis test). Also, The G+B intensity differential differed
throughout the time of the study (p<0.001, One-way repeated measures ANOVA). a, p<0.001 vs. 24 and 96
hours after extubation (Repeated measures t-test with Bonferroni correction).
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Aspirated subglottic secretions per endotracheal tube type. In each box plot, the median value of aspirated
subglottic secretions is indicated by the center horizontal line, the mean by the dashed line, and the 25th
and 75th percentiles are indicated by the lower and upper box horizontal lines. Whiskers above and below

the box indicate the 90th and 10th percentiles. Dots, above and below whiskers, show the 95th and 5th

percentiles. The volume of subglottic secretions per aspiration varied among tubes, Hi-LoTM 0.124+0.19 ml,
Sacett® 0.21£0.33 ml, Sealguard® 0.34+0.53 ml and TaperguardTM 0.26+0.30 ml (p=0.013, Kruskal-

Wallis test)
176x162mm (300 x 300 DPI)
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Upon autopsy, tracheal mucosal erythema/edema in proximity of the evacuation lumen was observed in 1
animal (A) and mucosal erosion in 3 animals (B-D). The same mucosal injury was often observed during
bronchoscopy (B-C, upper pictures). A, SacettTM; B, SacettTM; C, TaperguardTM and D, Hi-LoTM. The
arrows highlight the injured tracheal regions.
48x18mm (300 x 300 DPI)
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Mucociliary clearance by endotracheal tube type. In each box plot, the median value of disks movements is
indicated by the center horizontal line, the mean by the dashed line, and the 25th and 75th percentiles are
indicated by the lower and upper box horizontal lines. Whiskers above and below the box indicate the 90th
and 10th percentiles. Dots, above and below whiskers, show the 95th and 5th percentiles. A, Cuff shape did
not affect the mucociliary clearance rate (Wilcoxon-Mann-Whitney test). B, Cuffs made of polyurethane were
associated with faster mucociliary clearance velocity, in comparison with polyvinylchloride cuffs (Wilcoxon-
Mann-Whitney test) C, mucociliary movements differed among endotracheal tube types (p<0.001, Kruskal-
Wallis test). a, p<0.008 vs Rushelit® and Hi-LoTM ; b, p=0.002 vs Rushelit®, Hi-LoTM and SacettTM
(Wilcoxon-Mann-Whitney test with Bonferroni correction)
560x173mm (300 x 300 DPI)
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Objective: In the semirecumbent position, gravity-dependent dissemi-
nation of pathogens has been implicated in the pathogenesis of ven-
tilator-asscciated pneumonia. We compared the preventive effects
of a ventilatory strategy, aimed at decreasing pulmonary aspiration
and enhancing mucus clearance versus the Trendelenburg position.
Design: Prospective randomized animal study.

Setting: Animal research facility, University of Barcelona, Spain.
Subjects: Twenty-four Large White—Landrace pigs.

Interventions: Pigs were intubated and on mechanical ventila-
tion for 72 hours. Following surgical preparation, pigs were ran-
domized to be positioned: 1) in semirecumbent/prone position,
ventilated with a duty cycle (TT,.;) of 0.33 and without positive
end-expiratory pressure (control); 2) as in the control group, posi-
tive end-expiratory pressure of 5cm H,O and TT__; to achieve a
mean expiratory-inspiratory flow bias of 10L/min {treatment); 3)
in Trendelenburg/prone position and ventilated as in the control
group (Trendelenburg). Following randomization, Pseudomonas
aeruginosa was instilled into the oropharynx.

Measurements and Main Results: Mucus clearance rate was
measured through fluoroscopic tracking of tracheal markers.
Microspheres were instilled into the subglottic trachea to assess
pulmonary aspiration. Ventilator-associated pneumonia was con-
firmed by histological/microbiclogical studies. The mean expira-
tory-inspiratory flow in the treatment, control, and Trendelenburg
groups were 10.7%1.7 1.8%£3.7 and 4.3+x2.8L/min, respec-
tively (p < 0.001). Mucus clearance rate was 11.3£9.9mm/min
in the Trendelenburg group versus 0.1%1.0 in the control and
0.2 £1.0 in the treatment groups (p=0.002). In the control group,
we recovered 1.35% =+ 1.24% of the instilled microspheres per
gram of tracheal secretions, whereas 0.22% % 0.25% and 0.97%
+ 1.44% were recovered in the treatment and Trendelenburg
groups, respectively (p = 0.031). Ventilator-associated pneumo-
nia developed in 66.67%, 85.71%, and 0% of the animals in the
control, treatment, and Trendelenburg groups (p < 0.001).
Conclusions: The Trendelenburg position predominates over
expiratory flow bias and positive end-expiratory pressure in the
prevention of gravity-dependent translocation of oropquyngeal
pathogens and development of ventilator-associated pneumonia.
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These findings further substantiate the primary role of gravity in
the pathogenesis of ventilator-associated pneumonia. (Crit Care
Med 2014; 42:6620-e627)

Key Words: ventilation; clearance;
semirecumbent position; ventilator-associated pneumonia

mechanical mucus

entilator-associated pneumonia (VAP) frequently

% f develops in tracheally intubated patients. Based on

the current understanding of the pathogenesis of VAP,

bacteria colonize the oropharynx (1) and then translocate

into the lungs due to a continuous seepage of colonized fluids
across the endotracheal tube (ETT) cuff (2, 3).

The rationale for this study arose by previous laboratory
observations that implied gravity (4-6) and airflows (7, 8)
have an impact on pulmoenary aspiration, mucus retention,
and development of VAP.

Clearance of mucus is the first line of defense against aspi-
rated pathogens, but critically ill patients are unable to effi-
ciently remove airway mucus (9, 10). We previously showed
that in the semirecumbent position, colonized secretions
continuously move from the proximal trachea into the lungs,
driven by gravity, and ultimately cause VAP (4). These results
raised major questions about the safety of the semirecumbent
position in patients with eropharyngeal colonization.

Importantly, during mechanical ventilation, airflows inter-
act with the mucus layer via a two-phase gas-liquid flow
mechanism (11). In vitro (12, 13) and animal studies (7, 8)
demonstrated that the inspiratory flow promotes transport
of mucus toward the lungs, whereas an adequate expiratory-
inspiratory flow bias facilitates outward mucus clearance.
Given that airflow patterns can be easily modified through
the settings of the mechanical ventilator, the potential clinical
implications of these results are varied. However, to date, it is
unknown whether the adjustment of the mechanical ventilator
settings could counterbalance the deleterious effects of gravity
and prevent pulmonary infections.

Thus, the present work was aimed at exploring whether
gravity-driven pulmonary aspiration and development of VAP
could be prevented through either a ventilatory strategy or the
Trendelenburg position.

MATERIALS AND METHODS

The protocol was approved by the institutional ethics commit-
tee. Animals were managed according to the National Institutes
Health guidelines for the use and care of animals (14). Detailed
methods are provided in the supplemental data (Supplemen-
tal Digital Content 1, http://links.lww.com/CCM/A979) and a
previous publication (15).

Animal Preparation and Handling

Pigs (30.6 +2.6 kg; range, 25-38) were anesthetized, orotrache-
ally intubated with a Hi-Lo Evac 7.5 (Covidien, Boulder, CO),
and connected to a mechanical ventilator (SERVO-I; Maquet,
Wayne, NJ). Pigs were initially ventilated in volume-control,
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square-wave inspiratory flow, duty cycle (TT ) 0.33, tidal vol-
ume (V.} 10mL/kg, positive end-expiratory pressure (PEEF)
2cm H,O, and respiratory rate (RR) adjusted to maintain
Paco, in range. In all animals, inspiratory gases were condi-
tioned through a heated humidifier (Conchatherm III; Hudson
RCI, Temecula, CA), set to maintain the airway temperature at
37°C. The internal ETT cuff pressure was maintained at 28 cm
H,0, through a mechanical device (16, 17). Endogenous pneu-
monia was prevented with ceftriaxone. Pigs were paralyzed
with vecuronium. We surgically cannulated the femoral artery
and jugular vein for hemodynamic monitoring. Urinary out-
put was continucusly monitored. Endotracheal suctioning was
performed every 6 hours or when clinically indicated. Every
24 hours, quantity of aspirated secretions was estimated with
a semiobjective scale of 0-5 (none, few, mild, moderate, and
abundant}; additionally, quality of mucus (normal or puru-
lent) was recorded (18). Body temperature, WBC count, and
fluid balance were assessed every 12 hours.

Randomization
Following surgical preparation, pigs were randomized as
follows:

1. Control: Pigs were placed in prone position and ventilated
as reported above but without PEEP. The surgical bed was
oriented 30° above horizontal (15).

2. Treatment: Pigs were positioned as in the control group.
The T T, was adjusted daily to achieve a mean expiratory-
inspiratory flow bias of 10 L/min and PEEP of 5cm H,O.

3. Trendelenburg: Pigs were in prone position and ventilated
as in the control group. The surgical bed was oriented
approximately 5° below horizontal.

Bacterial Challenge

Shortly after randomization, and 4 hours thereafter, the ETT
cuff was inflated to 40cm H,O and PEEP was set to 5¢cm H,0.
The surgical bed was oriented 15° above horizontal. Then,
5mL of 10°—10% ceftriaxone-resistant Pseudomonas aeruginosa
suspension was instilled into the oropharynx. After 15 min-
utes, the animals were placed in the randomized position, the
internal cuff pressure deflated to 28 cm H,O, and PEEP read-
justed based on randomization. "

Respiratory and Hemodynamic Measurements

Respiratory mechanics were assessed daily as previously
reported (8). We calculated the difference between peak expi-
ratory flow (PEF) and mean inspiratory flows (MIF) and
between mean expiratory flow (MEF) and MIF. The static elas-
tance of the respiratory system and inspiratory resistances were
calculated using standard formulae (19). Every 12 hours, gas
exchange and hemodynamic variables were measured.

Tracheal Mucus Velocity

Following 52 hours of mechanical ventilation, tracheal mucus
movement was measured as previously reported (8). Timed serial
lateral fluoroscopic images of the trachea were taken to &mpute
mucus velocity through movement of radio-opaque markers.
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Semiquantitative Assessment of Leakage Across the
ETT Cuff

Following 27 and 73 hours from intubation, we instilled 3 mL
of phosphate buffer solution with 1.5 uL of 2.0 pm fluorescent
microspheres (Invitrogen, Madrid, Spain) into the ETT sub-
glottic evacuation lumen. After 10 minutes and 1 hour from
instillation, we aspirated tracheal secretions. We quantified
instilled microspheres and microspheres in tracheal secretions
through flow cytometry. We computed the percentage of recov-
ered microspheres, per gram of tracheal secretions, per the total
amount of instilled microspheres (aspirated microspheres).

Autopsy, Microbiological, and Histological Studies
and VAP Definition

Seventy-six hours after tracheal intubation, the ETT cuff pres-
sure was increased to 40cm H,O; then, the animal was eutha-
nized, turned to supine position, and autopsied. We took two
samples from the most affected region of each of the five lobes
tor histological (20) and microbiological assessments (5). VAP
was confirmed according to a histological injury score more
than or equal to 3, associated with a quantitative P. aeruginosa
culture more than or equal to 3 log cfu/g (21).

Statistical Analysis

One-way analysis of variance or Kruskal-Wallis tests, with post
hoc Student 7 test or Wilcoxon-Mann-Whitney test and Bon-
ferroni correction, were used to analyze continuous variable
differences among groups. Categorical variables were analyzed
using Fisher exact test. Friedman test, Wilcoxon signed ranks
test, and repeated measures logistic regression were used to
detect differences among continuous and categorical sequen-
tial assessments. A two-sided p value of less than 0.050 was
considered statistically significant. All analyses were performed
using SAS (SAS institute Inc., Cary, NC) and SPSS (IBM,
Armonk, NY) software.

RESULTS

Nine, eight, and seven pigs were randomized in the control,
treatment, and Trendelenburg groups, respectively. One control
pig and one in the treatment group were euthanized earlier for
severe respiratory instability and accidental extubation, respec-
tively. In the extubated pig, colonization/histology of the lungs
was not examined. In the control and treatment groups, bed
and tracheal orientations were 27.0+1.3 and 16.2 + 2.4 degrees
above horizontal, respectively. Conversely, in the Trendelen-
burg group, they were -7.0£ 1.2 (p < 0.050 vs all groups) and
—17.8+2.9 degrees below horizontal (p < 0.050 vs all groups).

Airflows and Pulmonary Mechanics

The lowest rate of breathing, 15.4 + 1.5 breaths/min, was found
in the Trendelenburg group, in comparison with 17.2+ 1.3 in
the control (p < 0.001) and 16.7=1.4 in the treatment group
(p=0.005}.The T T, in the control and Trendelenburg group
was 0.33, whereas in the treatment group, it was 0.70£0.02
(p < 0.001 vs all groups). As a result, the inspiratory flow sig-
nificantly decreased in the treatment group, 7.6+0.7 L/min
622
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(p < 0.050 vs all groups), whereas in the control group, it was
153= 1.7 L/min and in the treatment group, 13.4£ 1.4 L/min
(p < 0.050 vs control group). Figure 1 depicts the PEF-MIF
and MEF-MIF differences among groups. As intended by the
protocol, the MEF-MIF difference in the treatment group was
10.7+ 1.7 L/min. Likewise, the PEF-MIF difference drastically
increased in the treatment group to 47.4 £4.5 L/min.

Pulmonary mechanics are shown in Table 1. The best static
elastance of the respiratory system was found in the treatment
group (35.8+4.5cm H,0/L). Conversely, in the Trendelenburg
group, it was 44.7+5.1cm H,O/L, due to an increase of chest
wall elastance. The viscoelastic resistance was higher in the
treatment group, whereas the highest airflow resistance was
found in the Trendelenburg group.

Hemodynamics

As reported in Table 2, heart rate increased up to 71.5+£19.6
beats/min in the treatment group. The highest mean systemic
pressure was found in the Trendelenburg group. Systemic
vascular resistances were lower in the control and treatment
groups. Fluid balance was more positive in the control and
treatment groups.

Mucus Clearance

Following insufflations, disks were placed 74.3 £24.3 mm from
the ETT tip (range, 19.8-117.7mm). Overall, 1,103 movements
of 112 tantalum disks were obtained. Finally, 662 movements
of disks, on the most dependent tracheal regions, were aver-
aged and included in the final analysis. As shown in Figure 2,
in the Trendelenburg position, 89.41% of the disk movements
were directed toward the glottis at a velocity of 11.3+9.9mm/
min. In the control and treatment groups, velocity of disks
directed toward the lungs was —2.6+5.9 and —0.8 £ 0.7, respec-
tively (p = 0.798).

Leakage Across the ETT Cuff

As shown in Figure 3, aspirated microspheres were 2.91% *+
4.09% (median, 1.48; interquartile range [IQR],2.42),1.12% +
2.11% (median, 0.23; IQR, 0.80), and 1.24% + 2.13% (median,
0.46; IQR, 0.89) in the control, treatment, and Trendelenburg
groups, respectively (p = 0.031). At 10 minutes from instil-
lation, the aspirated microspheres were 2.67% + 3.87% and
0.81% + 1.11Y% at 1 hour (p = 0.038).

Clinical Signs of Infection

Body temperature in the control, treatment, and Trendelen-
burg groups was 37.3°C = 1.7°C, 38.5°C = 1.9°C (p < 0.001
vs control and Trendelenburg groups), and 37.2°C £ 1.1°C,
respectively; whereas WBC count in the control, treat-
ment, and Trendelenburg groups was 14.5+6.3, 14.3£5.3,
and 18.9%5.6 10° cells/mL (p < 0.001 vs control and treat-
ment groups). Estimated amounts of tracheal secretions were
2.0+1.2 in the control group (p = 0.024 vs treatment group)
and 0.94+0.7 and 1.3+ 0.8 in the treatment and Trendelenburg
groups, respectively (p = 0.017). Prevalences of purulefd secre-
tions were 43.7%, 40.0%, and 63.6% in control, treatment,

September 2014 « Volume 42 +« Number 9



Online Laboratory Investigations

A 60 B =20
*
55
15 - *

50
£ g % T
5 45 5 10 T
w T w T
= 40 = 5 |
[T —l— w
w w
o 35 s = " i | J_

30 AL

25 - I 1 ol

20 : - . -10 r . T

Control Treatment Trendelenburg Control Treatment Trendelenburg
Study Group Study Group

Figure 1. In each box plot, the median value is indicated by the center horizontal line, the mean is indicated by the dashed line, and the 25th and 75th
percentiles are indicated by the lower and upper box horizontal lines. Whiskers above and below the box indicate the 90th and 10th percentiles. A, Peak
expiratory flow-mean inspiratory flow (PEF-MIF) differed among the study groups (n= 87, p < 0.001). "Post hoc analysis, p value of less than 0.001
versus all groups. B, Mean expiratory flow-mean inspiratory flow (MEF-MIF) differed among the study groups (n= 87, p < 0.001). tPost hoc analysis,
p=0.039 versus control group.

and Trendelenburg groups (p = 0.366), and it increased
throughout the experiment from 12.5% to 50.0%, 62.5%, and

never in the Trendelenburg group (p = 0.002 vs control and
p = 0.003 vs treatment group); 84.4%, 51.4%, and 14.3% of

66.7%, per day 0, 1, 2, and 3 (p < 0.050). P. aeruginosa con-
centration in tracheal secretions did not differ among groups
and increased throughout the study: 1.5+2.3, 4.3+2.3, and
5.4+ 1.8 log cfu/mL at day 1, 2, and 3 (p < 0.001).

Lung P. aeruginosa Colonization and Pneumonia
The carina was colonized in all animals in the control group
(3.2+ 1.4 log cfu/g), treatment group (4.0 £ 1.1 log cfu/g), and

the lobes in the control, treatment, and Trendelenburg groups
were colonized, respectively (p < 0.001). Pulmonary P. aerugi-
nosa burden in the control and treatment groups was 2.4+ 1.5
and 1.9+2.1 log cfu/g, respectively (Fig. 4A), whereas in the
Trendelenburg group, it was 0.3£0.6 log ctu/g (p < 0.001 vs
control and treatment groups). The lowest histology score
(0.6 £0.9) was found in the Trendelenburg group (p < 0.001
vs control and 0.006 vs treatment group), whereas in the

TABLE 1. Pulmonary Mechanics and Gas Exchange Among Groups
Group

Variables Control (9 Pigs)

Treatment (8 Pigs)

Trendelenburg (7 Pigs)

Peak airway pressure (cm HQO) 1592+ 1.92 188+186 16.7+1.9° < 0.001
Plateau airway pressure (cm H,0) 11.8+15° 166+1.2 13.4+16" < 0.001
Respiratory system elastance (cm H,0/L) 38.71£68 358145 447+5.1° < 0.001
Lung elastance (cm H,0/L) 26.1 171 937+48 977+5.7 0.062
Chest wall elastance (cm HQO/L) B854 129430 16.8+29= 0.006
Total inspiratory resistance (cm H,0/L/s) 18813:5° 177438 14.8+20° < 0.001
Inspiratary airflow resistance (cm HQO/L/S) 73+12 T4 B 892+1.00 0.002
Inspiratary tissue resistance (cm H,0/L/s) 59134 104 +4.7¢ 8.5+£20 < 0.001
Auto-positive end-expiratory pressure (cm H, Q) 0.06x03 0.48+05b¢ 0.0zx0 <0.001
Pao./Fio, (mm Hg) 4964 +95.7 421.8+61.1 441.4+437 0.168
Paco, (mm Hg) 43.11£58 446+6.1 39.8+50° <0.001

#p < 0.050 vs treatment group.

bp < 0.050 vs control and treatment groups. 80

5p< 0.050 vs control and Trendelenburg groups.

*Above positive end-expiratory pressure set at the ventilator.
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TABLE 2. Hemodynamic Variables Among Groups

Group

Variables Control (9 Pigs) Treatment (8 Pigs) Trendelenburg (7 Pigs)

Heart rate (beats/min) b89£139 715106 587L£164 < 0.001
Mean arterial pressure (mm Hg) 733+104 727+11.3 896+1000 < 0.001
Mean pulmonary arterial pressure (mm Hg) 16.3+£48 173+£3.8 16:9+0.7% 0.115
Cardiac output (L/min) 23x086 25106 23+05 0296
Systemic vascular resistance (dynes - s - cm 9) 23898+5635 2236916299 31074+649.9° < 0.001
Pulmonary vascular resistance (dynes - s - cm™) 3329+1325 3306+123.1 2973+869 0.186
Fluid balance (mL) 2368+£271.8° 83.3+3264 —145.7+242.3° < 0.001

#p < 0,050 vs contrel and Trendelenburg groups.
bp < 0.050 vs control and treatment groups,
°p < 0.050 vs treatment group.

control and treatment group, it was 2.5+1.6 and 2.0+ 1.9,
respectively (Fig. 4B). Thus, VAP developed in 66.7% of the
control animals, 85.7% of the treatment animals, and never
in Trendelenburg animals (p = 0.002). VAP was multilobar in
33.3% and 57.1% of the animals in the control and treatment
groups, respectively (p = 0.614). Finally, as shown in Figure 5,
the improvement in mucus velocity rate was associated with an
exponential decay of lung P aeruginosa burden.

DISCUSSION

We demonstrated that during invasive mechanical ventila-
tion in the semirecumbent position: 1) a ventilatory strat-
egy, aimed at improving mucus clearance and preventing
cuff-related seepage of oropharyngeal pathogens, plays an
irrelevant role in the prevention of VAP; 2) gravity-driven
translocation of oropharyngeal pathogens into the lungs is
the main culprit in the development of VAP; 3) the Tren-
delenburg position preserves physiologic mucus clearance

rate (MCR); consequently, colonization is compartmental-
ized within the proximal airways.

Previous studies (7, 8, 12, 13) have shown that ventilatory
patterns influence movement of retained mucus. In particular,
we found, in an animal model of the semirecumbent position,
that duty cycle prolongation beyond 0.50 increased expiratory-
inspiratory flow bias and slightly promoted the outward clear-
ance of mucus (8). Thus, in our current study, we adjusted the
ventilatory settings to achieve a MEF-MIF bias of 10 L/min. We
targeted such flow bias, because in aforementioned studies we
demonstrated maximal improvement in mucus clearance with
minimal risks of pulmonary/hemodynamic complications (8).
Importantly, previous in vitro studies (11-13) implied a pivotal
role of the PEF in the transport of mucus; accordingly, in our
experiments, an important increase in the PEF-MIF difference
was also achieved. An additional element of our ventilatory
strategy was the use of 5cm H, O of PEEP to increase the PEF
(8) and to avoid aspiration across the ETT cuff. The effects of
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Percentage of aspirated microspheres differed among groups (n = 47,
p=0.031). Additionally, in post hoc comparisons, aspirated microspheres
between the control and treatment group were different (p = 0.037).

PEEP in the prevention of VAP have been extensively demon-
strated in several studies (22-26). Accordingly, we found that
PEEP reduced leakage across the cuff. Nevertheless, our ventila-
tory strategy did not fully counterbalance the effects of gravity
on translocation of oropharyngeal pathogens, and VAP ulti-
mately developed in 86% of the animals in the treatment group.

Aforementioned findings substantiate the primary role of
gravity in the pathogenesis of VAP (4-6). In animals posi-
tioned in a model of the semirecumbent position, we found
that VAP developed mostly in the right middle and lower lobes,
as shown in Figure 4. These findings emphasize that oropha-
ryngeal pathogens mainly translocate into the gravity-depen-
dent lung regions, nearly reproducing bacterial dissemination

® ({-0.86T * Mucus velocity)

Lung P. aeruginosa burden =
R=0.775
P < 0.001

Lung P. aeruginosa burden (cfuigr)

T Y ¥ T p—— T T T T T T T T T T T

4 2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Mucus velocity (mm/min)

Figure 5. Lung Pseudomonas aeruginosa burden as a function of mucus
clearance rate (MCR). The exponential decay equation was fitted to

predict lung P. aeruginosa burden by MCR. The red and green sections

of the graph emphasize mucus velocity rates toward the lungs or glottis,
respectively. As predicted by the regression, mucus moving toward the lungs
at a velocity of —1.27 mm/min was associated with a lung F. aeruginosa
burden of 3 log cfu/g.

in aspiration pneumonia. These results are in agreement with
histopathologic characterizations of human VAP (21, 27).

Our study also highlighted the role of mucus clearance in
the prevention of VAP. In the control and Trendelenburg ani-
mals, we found similar leakage across the cuff and P. aerugi-
nosa highly colonized tracheal secretions. These results could
seem unexpected in animals positioned in the Trendelenburg
position. Nevertheless, tracheal suctions could have pro-
moted the aspiration of oropharyngeal pathogens (28) and
disseminated P. aeruginosa biofilm debris (29) from within
the ETT. In animals in the Trendelenburg position, the infec-
tion was compartmentalized at the proximal trachea, likely
because all aspirated pathogens were efficiently cleared
through mucus clearance. The strong association between
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Figure 4. A, Lung Pseudomonas aeruginosa burden per biopsied location and study group. B, Histology score per biopsied location and study g

up. Of

note, in the control and treatment groups, the right middle lobe (RML) and the right lower lobe (RLL) presented the highest P. aeruginosa burden and
histolegical injury, suggesting a gravity-dependent dissemination of the infection. LLL = left lower lobe, LUL = |eft upper lobe, RUL = right upper lobe.
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mucus clearance velocity and pulmonary colonization
(Fig. 5) supports this argument.

Our study had additional features that merit consideration.
Interestingly, airflow resistance was higher in the Trendelenburg
group. This could have been caused by the increased clearance
of mucus toward the ETT. The Trendelenburg position was also
associated with an augmented chest wall elastance because the
abdominal contents were forced against the diaphragm. As for
the impact of the study interventions on the animal’s hemody-
namic status, we found optimal stability in the Trendelenburg
group due to blood volume centralization and higher systemic
vascular resistance. Conversely, in the control and treatment
groups, hemodynamic stability was maintained through more
positive fluid balances and increased heart rate.

A few limitations should also be discussed. First, we origi-
nally planned to achieve similar MEF-MIF in the control and
Trendelenburg groups, but we found a higher flow bias in the
latter group. This was caused by a higher RR in the control
group to maintain normocapnia and could have favored out-
ward mucus clearance in the Trendelenburg group. Second,
humans in the semirecumbent position are supine, whereas
our animals were prone, as prolonged mechanical ventilation
in the supine position is unfeasible; this could have further
promoted clearance of mucus in the Trendelenburg group,
because the trachea, as in humans, assumes an oblique course
(Fig. E1, Supplemental Digital Content 2, http://links.lww.
com/CCM/A980). Third, in humans, cropharyngeal colo-
nization is more gradual (1). Thus, our results should be
interpreted with caution, particularly in patients undergo-
ing antibiotic therapy or mechanically ventilated for short
periods. Fourth, in our model, VAP was associated with mar-
ginal systemic signs of infection and hemodynamic compro-
mise; therefore, the effects of the applied interventions may
not be applicable in unstable patients. Fifth, the animals
were mechanically ventilated with a V. of 10 mL/kg, which
is hardly applied in critically ill patients, due to the poten-
tial risks of ventilator-induced lung injury. Nevertheless, as
recently demonstrated (30) in pigs, such V. is not associated
with lung injury. Additionally, as reported in Table 1, the pla-
teau airway pressure was always less than the currently known
threshold limits of injurious ventilation. Finally, it is impor-
tant to emphasize that different bed inclination angles, bacte-
rial inoculums, suctioning frequency, and ETT cuff pressures
could have led to different conclusions.

Potential Clinical Implications

To the best of our knowledge, our study is the first comprehen-
sive report that differentiates the roles of ventilatory settings and
gravity in VAP pathogenesis. Albeit we previously found (8) that
duty cycle prolongation improves mucus clearance in the semi-
recumbent position, the specific expiratory-inspiratory flow
bias achieved in our model had marginal preventive effects, Yet,
different pulmonary mechanics and different modes of ventila-
tion, V,, RRs, and inspiratory rise times/pauses could have led
to different outcomes. It should also be emphasized that duty
cycle prolongation could be harmful in specific clinical settings.
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Indeed, given that the time to fully exhale depends on the elastic
recoil and resistances of the respiratory system, a good propor-
tion of intubated patients, that is, with chronic obstructive pul-
monary disease, could develop harmful levels of intrinsic PEEP.
As for the body position, our results do not dispute the use
of the semirecumbent position in intubated patients. This posi-
tion undoubtedly reduces gastroesophageal reflux (31) and pul-
monary aspiration of gastric pathogens. Nevertheless, our results
suggest that the use of the semirecumbent might be deleterious
in patients who develop oropharyngeal colonization. Based on
these arguments, oropharyngeal colonization surveillance could
be of primary importance. Finally, novel preventive strategies
such as the lateral Trendelenburg position, along with the use of
oropharyngeal antiseptics or a short course of systemic antibiot-
ics, deserve further investigations. Importantly, several complica-
tions could be associated with the lateral Trendelenburg position,
and the additional workload for the nursing staff could be a
matter of concern. Hence, a clinical trial is currently evaluating
the efficacy, safety, and feasibility of this position (available from
ClinicalTrials.gov, NLM identifier: NCT01138540).

CONCLUSIONS

Our findings demonstrated that following oropharyngeal colo-
nization by pathogens, the adjustment of ventilator settings to
achieve a MEF-MIF bias of 10 L/min and low PEEP have mar-
ginal effects in the prevention of VAP. The Trendelenburg posi-
tion preserves MCR and fully prevents VAP. Although these
experimental findings have not yet been shown to have clinical
relevance, they call attention to the risks of lung infections in
patients who develop oropharyngeal colonization while posi-
tioned in the semirecumbent position.
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DISCUSION

85



En el primer estudio demostramos que los balonetPH¥lisponibles comercialmente,
inflados a la presion clinica recomendada, produesion traqueal y la recuperacion es
incompleta hasta 96 h después de la extubaciommjstante destacar que Kimvent*
Microcuffs, que tiene un balon de forma cilindrica deiyetano y con balon de
diametro externo pequefid? causa menos dafio a nivel de mucosa. Adicionalménte
disminucién en la MCR es menos prominente con &enes de poliuretano. La eficacia
del sellado varia entre los TET disponibles conaére@nte. Una aspiracion intermitente de
las ASS incrementa el riesgo de una lesion traqueate encontrd inflamacion
subepitelial/glandular aun 96 h después de la extdh. Ademds, demostramos que
durante la ventilacibn mecanica invasiva en lagidsisemirecumbente: 1) una estrategia
ventilatoria, orientada a mejorar la MCR y prevéaifiltracion relacionada al balén HVLP
de patégenos orofaringeos, juega un rol irrelevamtela prevencion de NAV; 2) El
desplazamiento guiado por la gravedad de patogamofaringeos hacia los pulmones es el
principal determinate del desarrollo de NAV; 3) hasicion Trendelenburg conserva la
MCR fisiolégica; en consecuencia, la colonizaci@ncempartimentada dentro de las vias

respiratorias proximales.

Balones relacionados a lesiones tragueales.

Estos dispositivos de HVLP sellan la traquea sine gésta sea comprimida;
consecuentemente, su presion interna se aproxienprasion transmitida a la mucsa
Basados en los resultados de BAF, balones he@hpsldiretano y con un balon de forma
cilindrica causan menos lesiones, tal es asi Kimvent* microcuff fueron los mejores,
Sacettes el mas deletereo. Esto sugiere que hay balomesacacteristicas especificas en

los disefios de alto rendimiento y bajo rendimieqnie podrian jugar un rol critico en el
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desarrollo del dafio de la mucosa traqueal. Eriefaosotros demostrant§gprimero que

la presion transmitida por los balones de HVLP f@udrser mas altas que las esperadas,
particulamente usando balones muy largos por eenSacett", ya que la superficie del
balon se vuelve altamente irregular, debido a flméaion de pliegues. Por el contrario, el
microcuff* Kimvent tiene un grosor de aproxud y un diametro externo mas pequéfio
%2 asi, en la inflacion se forman menos plieguesdsiela superficie mas homogénea
debido a los pliegues delgados y ejercen menosopresntra la traquea. Sin embargo,
también debe hacerse hincapié en que los balodeisos presentan areas de contacto mas
pequefios en comparacion con los cilindricos. Estorf debe tenerse en cuenta, ya que

podria limitar la extension de la lesion traqueal.

La BAF ha sido empleada para el diagnostico dearés en fase temprahd& Lo
excepcional de esto es que este trabajo de tesisrdbes el primer estudio que usa la
técnica para cuantificar la lesion traqueal relaata a los balones. La BAF esta
disminuida en estados patoldgicos tales como irgtaomes y lesiones. Esto se debe a que
el epitelio engrosado reduce la densidad de loserieos cromaoferos; consecuentemente,
la luz broncoscopica es atenuada, adicionalmergagdarficie roja absorbe completamente
las luces azul y verde, por lo que las zonas dafiadaobservan oscuras y marréhes
Basado en estos conceptos, computamos la tasa iefsidad rojo/verde, como se
reportd previamente ®# y la suma de las intensidades verde + azul paaatificar la
severidad de la lesion relacionada al balon. Coenmastro claramente por la asociacion
de estos parametros con la evaluacion de las detdsz blanca por los broncoscopistas, la

BAF es un arma potencial para cuantificar la lesiaqueain vivo.
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Aspiracién subglotica relacionada a lesion traquda

Similarmente investigaciones previa¥ * ° encontraron lesiones importantes asociadas
con las ASS, independientemente de nuestrosresfupara evitar una invaginacion de la
mucosa, a través de una aspiracion intermitentengy iaterrupcion inmediata de la
aspiracion si la resistencia fuese encontrada. Exglicacion potencial para estos
resultados es que pocas secreciones fueron endastes la aspiracion, particularmente
durante los primeros dias de ventilacion. Esto ipokdaber sido relacionado al uso de la
posicion lateralFrendelenburgOtra razén potencial esta relacionada al disefiguerto

de evacuacion. Idealmente, el puerto de succioartebstar o mas cerca posible al balon
para permitir que al insuflar el balon, haya ursaticia segura entre el puerto a mucosa y
asi aspirar completamente las secreciones acunsusattee el balon. Desafortunadamente,
en todos los TETs probados, el puerto de succestuvo en una proximidad completa al
baldn. Esto podria haber facilitado la invaginaadéna mucosa tras el desigual inflado del

balon.

Clearance mucociliar.

Estudios previgs °> % han corroborado consistentemente que la MCR decrec
drasticamente después de la intubacién. En cerdhglables, la tasa delearance
mucociliar tuvo rangos entre 7-15mm/fiinLos resultados de nuestro estudio estan en
linea con los resultados encontrados previamentesque la velocidad de la limpieza
mucociliar fue altamente reduciddackner et aF4, sugirieron la activacion de un arco de
reflejos neurogénicos debido a la presion ejerpateel balon contra la tragquea, aunque se
desconoce el mecanismo exacto para el impedimenta duncion ciliar después de la

inflacion del balén. En este contexto, nosotrooatramos que los balones de poliuretano,
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en particularKimvent* Microcuff, causaron menos lesion traqueal y fueron también

asociados con una menor alteracion en la velocidazbciliar.

La eficacia en el sellado traqueal.

Si nos remitimos a los resultados previos deldést in vitro®?, encontramos que la
eficacia en el sellado d8lacett™ fue altamente limitada. Bacett™ es un balén cénico
con un diametro externo muy grande y nosotros nessanicialmente la hipétesis de que
la circunferencia del sellado de un balén congagd es ineficiente. Nuestro actual estudio
sostiene esta teoria; asimismo, la forma cénicabdkiln Tapeguard™, la cual tiene un

didmetro externo muy pequeio, actué muy bien erpaoacion con el balé8acett

Estrategias ventilatorias experimentales.

Estudios previgs ** 3% %han mostrado que los patrones de ventilacion enflian el
movimiento de la mucosidad retenida. En particidacontramos en un modelo animal con
posicion semirecumbente, que la prolongacion detpio inspiratorio del ciclo respiratorio
mas alla de 0.50, incrementaba el margen de fpiraorio-inspiratorio y condicionaba
ligeramente la MCR hacia afuétaDe este modo, en nuestro estudio actual, ajustdaso
posiciones ventilatorias para alcanzar un margeirMHE- de 10L/min. Apuntamos a tal
margen de flujo porque en estudios antes menciehaionostramos una mejora maxima
en la limpieza de moco con riesgo minimo de compianes pulmonares /
hemodinamica& De manera importante, estudios previos in #itfo®* insinuaban un rol
fundamental del PEF en el transporte de la mucdsifa consecuencia, en nuestros
experimentos también se alcanzé un incremento i@k en la diferencia Flujo
espiratorio pico— flujo inspiratorio promedio (REHRF). Un elemento adicional de nuestra

estrategia ventilatoria fue el uso de 5 ce®Hle PEEP para aumentar el Flujo espiratorio
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pico (PEFYy para evitar la aspiracion a lo largo del baléT TEos efectos de PEEP en la
prevencion de NAV han sido demostrados extensanmantdiversos estudiggs™ % 9. 102
Consecuentemente, encontramos que el PEEP redujogda a través del balon. Sin
embargo, nuestra estrategia ventilatoria no coes@mompletamente los efectos de la
gravedad en el desplazamiento de patdgenos orgéamsny la NAV en Ultima instancia se

desarroll6 en el 86% de los animales en el grupoatemiento.

Los hallazgos antes mencionados corroboran el riohapio de la gravedad en la
patogénesis de la NAY?" % En animales en posicion semirecumbente, enconsajue

la NAV se desarrolld6 en su mayoria en los I6bulesecho medio e inferior. Estos
resultados enfatizan que los patégenos orofaringensipalmente se desplazan hacia las
regiones pulmonares dependientes de la gravedal, reproduciendo diseminacion
bacterial en neumonia por aspiracion. Estos remdtaestan de acuerdo con las

caracterizaciones histopatolégicas de NAV hurtfaffa

Nuestro estudio también resalta el rol de la MCRIamprevencion del NAV. En los
animales de control ¥rendelenburgencontramos una fuga similar a través del balén y
secreciones traqueales altamente colonizad®sele@domonas aeruginadastos resultados
podrian parecer inesperados en animales posicisnamida posiciérTrendelenburgNo
obstante, las succiones traqueales podrian habmemtado la aspiraciéon de los patégenos
orofaringeo¥"* y diseminado residuos de la biocapa &seudomonas aerugingdaesde

el interior del TET. En animales en la posicidmendelenburg la infeccion fue
compartimentada en la trdquea proximal, probabléangrque todos los patdgenos
aspirados se desalojaron eficientemente mediankCR. La fuerte asociacion entre la

velocidad de la MCR vy la colonizacion pulmonarpaddan este argumento.
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El estudio de las estrategias ventilatorias tuviaataristicas adicionales que precisan
consideracion. La resistencia al flujo de aire mu@yor en el grupdrendelenburgEsto
podria haber sido causados por la MCR incrementagajnducia que las secreciones de
moco se dirijan hacia el TET. La posicidmendelenburgtambién se asocié con una
elastansa aumentada de las paredes del térax epdwqucontenidos abdominales se
presionaron contra el diafragma. En cuanto al ingpde las intervenciones del estudio en
el estado hemodinamico animal, encontramos unamaptéstabilidad en el grupo
Trendelenburg a causa de la centralizacion delmvetu de sangre y una resistencia
vascular sistémica superior. Al contrario, en lospgs de control y tratamiento, la
estabilidad hemodinamica fue mantenida mediantenbak de fluido mas positivos y un

ritmo cardiaco aumentado.

Implicaciones Clinicas.

En las ultimas décadas, las complicaciones ptagbacion se han reducido drasticamente
con los balones de HVLH.ouat et af?, encontrd lesiones traqueales isquémicas en 83 %
de los pacientes criticos intubados con balones FHMla duracion de los farmacos de
bloqueo neuromuscular, la sobreinflacion del balarduracién de la ventilacion asistida-
controlada, y la presigolateay fueron asociados con la lesion traqueal. Esit@sdoonen

de relieve que el dafo traqueal relacionado alrbaka menudo obviado en la practica

clinica.

Este estudio llama la atencion por el severo dafiwe la limpieza mucociliar durante la
intubacién traqueal. Es importante destacar que ruscanismos fisiopatoldgicos
subyacentes a este deterioro deben ser evaluablasstivamente para desarrollar nuevas

estrategias preventivas y terapéuticas. En cuafdoASS, sin duda, esta tecnologia tiene
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un papel importante en la prevencion de la neumasdaiada al ventilad®r No obstante,

el disefio de estos TET debe mejorarse alin mag@eaatizar un uso seguro.

En cuanto al segundo estudio presentado en esta deauestro entender, es el primer
reporte exhaustivo que diferencia los roles deésciones experimentales ventilatorias y
la gravedad en la patogénesis de la NAV. Aunqueordramos previamertteque la
prolongacion del tiempo inspiratorio del ciclo reaporio mejora la limpieza del moco en
la posicion semirecumbente, el margen del flujoiraggio-inspiratorio especifico
alcanzado en nuestro modelo tuvo efectos preventharginales. Sin embargo, mecanicas
pulmonares diferentes y modos diferentes de ventdila (Volumen tidal frecuencia
respiratoria y pausas / tiempo inspiratorio incretago) podrian haber guiado a diferentes
resultados. También se deberia enfatizar que largacion del uty ciclé podria ser

perjudicial en escenarios clinicos especificos.

Efectivamente, dado que el tiempo para exhalar tampente depende del retroceso
elastico y resistencias del sistema respiratanioa buena proporcién de pacientes
intubados, que podrian tener enfermedad pulmorstrumbiva crénica, pueden desarrollar

niveles dafinos de PEEP intrinseco.

En cuanto a la posicién del cuerpo, nuestros dodt no cuestionan el uso de la posiciéon
semirecumbente en pacientes intubados. Esta posicifudablemente reduce el reflujo
gastroesofagiéd y aspiracién pulmonar de patdgenos gastricos.eBibargo, nuestros

resultados sugieren que el uso de la posicion seuomtbente podria ser nocivo en
pacientes que desarrollan colonizacion orofaringg@sado en estos argumentos, la

vigilancia de la colonizacién orofaringea podria de suma importancia. Finalmente,
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nuevas estrategias preventivas tales como la pasicendelemburdateral, junto con el

uso de antisépticos orofaringeos o un corto traataide antibiéticos sistémicos, merece
investigaciones posteriores. De manera importatitersas complicaciones podrian estar
asociadas a la posiciéfirendelenburglateral, y la adicional carga de trabajo para el

personal de enfermeria pueden ser motivos de graon.

Las limitaciones del primer estudio del andlisidaléesion traqueal, limpieza mucociliar y
eficacia de sellado fueron: en primer lugar, elysgp tamafio de la muestra que podria
haber limitado el poder de nuestras observaci@egundo, los animales fueron ventilados
por un numero limitado de dias. Asi, no obstanspeeulamos de los efectos dafinos
asociados con un uso a largo plazo de estos balelssestudios clinicos y de laboratorio
se necesitan para corroborar estas suposicioneserde a través del estudio, la
profundidad de insercion del TET fue estrictamentmitorizada y la presion interna del
balén fue constantemente mantenida a 28 £miontrariamente, en posiciones clinicas
del TET? y la presion interna del balén, podria vafiat Asi, nosotros podriamos haber
subestimado la extension y la severidad de lardesafueal que podria ocurrir en otros

escenarios clinicos.

En el segundo estudio de las estrategias ventdatauvimos las siguientes limitaciones.
Primero, originalmente planeamos alcanzar un MEF-Minilar en los grupos de control y
Trendelenburg, pero encontramos un margen de sluygerior en el dltimo grupo. Esto fue
causado por una frecuencia respiratoria mayor egruiglo de control para mantener la

normocapnia y podria haber favorecido la MCR hafigera en el grup@rendelenburg
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Segundo, los humanos en semirecumbente estan Eipade decubito dorsal, mientras
gue nuestros animales estuvieron boca abajo, ysaquentilacibn mecanica prolongada en
la posicion boca arriba es inviable en los animalesque pudo haber favorecido
posteriormente la MCR en el grupo Trendelenburg,gya su trAdquea, como en los
humanos, asume una direccién oblicua. Tercero,uemhos, la colonizacion orofaringea
es mas gradudl De este modo, nuestros resultados deberiantseprigtados con cuidado,
particularmente en pacientes sometidos a terapétil@oticos o ventilacion mecanica por
periodos cortos. Cuarto, en nuestro modelo, la NFA¥ asociada a signos sistémicos
marginales de infecciébn y compromiso hemodinamétogonsecuencia, los efectos de las
intervenciones aplicadas podrian no ser aplicablegacientes inestables. Quinto, los
animales con ventilacibn mecéanica con un volumdal t{\Vt) de 10mL/kg, lo cual es
dificilmente aplicado en pacientes en estado orititebido a los riesgos potenciales de
lesion pulmonar causada por el ventilador. No altetacomo se demostro recientemé&hte
en cerdos, este volumen tidal no esta asociaddesidn pulmonar. Adicionalmente, la
presiénplateau en las vias respiratorias fue siempre menor geelifoites umbral de
ventilacion perjudicial actualmente conocidos. Frente, es importante resaltar que
diferencias en los angulos de inclinacion de laaaem los inoculantes bacterianos, en la
frecuencia de succién y en las presiones del balem, podrian haber conducido a

conclusiones diferentes.
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Primero. Los balones HLVP causan lesion traguealmigrocuff* Kimvent, que tiene un

pequefio balon cilindrico, hecho de poliuretanajcedese riesgo.

Segundo Los balones HVLP hechos de PVC perjudican dra@stente laclearance

mucociliar y la eficacia del sellado.

Tercero. La ASS intermitentes causa frecuentemente lesidregjueales, con lesiones

histolégicas severas que se detectan en las @gr®érhoras después de la extubacion.

Cuarto. Nuestros hallazgos demostraron que después cadaizacion orofaringea por
patdgenos bacterianos, el ajuste de los paramaégtogentilador para alcanzar un margen

MEF-MIF de 10mL/min y PEEP baja tiene efectos maalgs en la prevencion de la NAV.

Quinto. La posicion Trendelenburg mantienel@arancemucociliar y previene la NAV.
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