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RESUM __

La lesi6 diafragmatica associada a la ventilacié mecanica (VIDD) és prevalent,
infraestimada 1 amb implicacions pronostiques. El seu estudi és complex 1 el
seu diagnostic, dificil. Aquesta Tesi inclou dos articles amb troballes inno-
vadores en aquest camp incloent un nou model huma, els donants d’organs
en asistolia controlada (Maastricht III o MSIII), que permeten la ventilacid
mecanica invasiva (VMI) en modalitats assistides o espontanies 1 dos models
ja descrits préviament (donant mort encefalica (ME)) 1 controls ((CTL) que
requereixen cirurgia toracica). El primer article, mostra com ambdos grups de
pacients (ME 1 MSIII) presentaren una disminucio significativa de la mida de
les fibres diafragmatiques (CSA) respecte a un grup de subjectes CTL. El nou
model d’estudi, per contra, mostra com el subgrup de pacients MSIII que havien
mantingut més hores I’estimul diafragmatic presentaven menys atrofia que els
MSIII que havien tingut més hores d’inactivitat diafragmatica. El segon article
va demostrar la utilitat de ’ecografia diafragmatica en el diagnostic d’atrofia,
establint un limit de 1.7mm de Tdi, que presentava un 73% de sensibilitat,
un 67% d’especificitat, 1 un 96% 1 17% de valor predictiu positiu 1 negatiu

respectivament per al diagnostic d’atrofia.






ABSTRACT

Ventilation induced diaphragm damage (VIDD) is prevalent, underestimated,
and with prognostic implications. Study of VIDD is complex and his diagnosis,
difficult. This thesis includes two articles with innovative findings in this field
and a new human model to study VIDD, a group of donors after controlled
cardiac death (Maastricht III or MSIII). Both articles include MSIII, which
allow invasive mechanical ventilation (VMI) in assisted or spontaneous mo-
dalities and two models already described in previous articles (brain death
donors (BD) and controls ((CTLS) that require thoracic surgery). The first
article showed how both donor groups (BD and MSIII) showed a significant
decrease in the size of the diaphragmatic fibers (CSA) compared to a group
of control subjects. The new study model, on the other hand, showed how the
subgroup of MSIII patients who had maintained the diaphragmatic stimulus
for more hours had less atrophy than those MSIII who had had more hours of
diaphragmatic inactivity. The second article demonstrated the usefulness of
diaphragmatic ultrasound in the diagnosis of atrophy, establishing a limit of 1.7
mm in diaphragmatic thickness in expiration (Tdi), which had 73% sensitivity,
67% specificity, and 96% and 17% of positive and negative predictive value

respectively for the diagnosis of atrophy.






PREFACI __

La VMI ¢és una estratégia de suport ventilatori molt freqiient als Serveis de
Medicina Intensiva (SMI). Aquesta s’associa a multiples complicacions com
la lesi6 diafragmatica associada a la ventilacid mecanica o VIDD. La preséncia
de dany diafragmatic en pacients ventilats va ser descrita fa anys, pero no va
ser fins al 2004 que va aparcixer el terme VIDD. Estudis posteriors realitzats en
animals 1 en humans donants en ME, van demostrar la preséncia d’alteracions
anatomiques (atrofia) i funcionals (debilitat 1 perdua de forga) en el muscul
diafragma en relaci6 a I’aplicacié de modalitat controlades de VMI (amb
abolici6 de I’estimul inspiratori 1 inactivitat diafragmatica), fins 1 tot poques
hores després del seu inici. Els mecanismes desencadenants 1 les mesures per
prevenir-la i tractar-la, pero, son encara practicament desconeguts. Aquesta Tesi
valida un nou model de donant d’organs en asistolia controlada (Maastricht
IIT o MSIII) per a I’estudi d’aquesta patologia, ja que permet 1’avaluacié del
diafragma després de periodes de ventilacid en modalitats espontanies 1 assis-

tides (amb activitat diafragmatica).

Aixi doncs, I’any 2019 es va publicar el primer article d’aquesta Tesi a la
revista de primer decil Intensive Care Medicine (Factor d’impacte 17.44) que
descrivia aquest nou model de pacient critic ventilat per a I’estudi de la patolo-
gia diafragmatica. Aquest treball va demostrar per primera vegada en humans
el benefici de la utilitzacié de modalitats que permeten 1’estimul diafragmatic
durant la VMI per a la prevencio 1 tractament de la VIDD. Els grups de MSIII
1 ME van presentar major atrofia del diafragma 1 del quadriceps que el grup
control. A la vegada, els individus del grup MSIII que van passar menys hores
d’inactivitat diafragmatica, van desenvolupar menys atrofia que els individus
MSIII que no, ratificant que el destis €s un mecanisme desencadenant important
de VIDD 1 que podria prevenir-se a través de 1’s de modalitats que permetin

I’estimul diafragmatic (assistides 1 espontanies).



Posteriorment es va utilitzar el mateix model de donants ventilats per a avaluar
I’associaci6 entre 1’atrofia histologica del diafragma i la disminuci6 del seu
gruix ecografic (Tdi), de nou incognita encara no resolta amb el coneixement
actual. En aquest cas, els nostres resultats demostren que I’ecografia diafragma-
tica €s una eina no-invasiva i accessible 1 que €s util per al diagnostic d’atrofia
diafragmatica tot 1 que ambdos conceptes no s haurien d’utilitzar com a sino-
nims. A més, en el treball es descriu un punt de tall de Tdi que presenta una
bona sensibilitat i valor predictiu positiu per al diagnostic d’atrofia. Actualment
aquest article ha estat enviat de nou a la revista Intensive Care Medicine (D1,

IF 17.44) 1 esta en fase de peer review.

El coneixement generat per la present Tesi haura contribuit a facilitar el di-
agnostic preco¢ de la VIDD mitjancant I’ecografia i a obrir vies de prevencid
basades en prevenir el desus diafragmatic en pacients ventilats, per a intentar

disminuir els efectes deleteris associats a la VIDD.

Publicacions addicionals

Durant els anys de realitzacié d’aquesta Tesi doctoral, he tingut la oportunitat
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1. INTRODUCCIO

1.1. Pacient critic

Els pacients critics son aquells que requereixen ingressar a Serveis de Medicina
Intensiva (SMI) per alteracions fisiologiques reversibles d’elevada gravetat 1
complexitat, sovint arribant a situacions de fracas multiorganic en el moment
de I’ingrés a la Unitat de Cures Intensives (UCI). A Espanya, aproximadament
el 2.5% dels llits d’un hospital es destinen a pacients critics a les UCI, el que
correspon a un 5% dels pacients ingressats a 1’hospital (aproximadament uns
240.000 pacients /any)!2. Recentment, la situacié de pandémia ha modificat
de manera significativa aquestes xifres de manera que no tant sols han aug-
mentat els llits de critics, sin6 que també ho ha fet la severitat dels pacients
atesos 1 en conseqiiencia el nimero de metges tractants. A I’inici d’apareixer les
UCI, la supervivencia dels pacients ingressats era baixa, i els criteris d’ingrés
eren restringits. En les Gltimes decades, I’augment del coneixement cientific
1 tecnologic en I’ambit de la MI ha permes ’aparici6é de noves técniques te-
rapeutiques 1 diagnostiques que han millorat les xifres de supervivencia, la
qual cosa ha flexibilitzat ’accés a ’UCI de pacients de major edat, amb més
comorbiditats i/0 patologies més complexes. Actualment la mortalitat intra-UCI
es situa al voltant del 10%? tot i que durant la pandémia per SARS-CoV2
s’ha vist significativament augmentada fins al 30% segons el registre nacional
ENVIN-HELICS 2020*.

La disfuncié d’un o més organs pot amenagar la vida del pacient 1 juntament
amb la patologia previa, condicionar 1’evoluci6 clinica durant I’ingrés a I’'UCI
ial’hospital’. A més nombre i severitat d’organs afectats, augmenta 1’estada a
UCI 1la hospitalaria, aixi com la mortalitat i el nombre de seqiieles que pateixen
els supervivents®. Aixi doncs, la MI té€ com a objectiu tractar la patologia aguda
que origina I’ingrés a la UCI sent necessari en tot moment donar tractament de
suport als organs afectats fins la seva recuperacio. Per a fer-ho, €s freqiient la

utilitzaci6 de dispositius artificials 1 invasius que substitueixen la funcié dels



organs de manera temporal fins a la seva recuperacio. Tot i que indispensables
per als pacients, cal tenir present que tots aquests dispositius poden acom-
panyar-se d’efectes deleteris d’importants repercussions. De fet, la majoria
d’aquests pacients, acaben desenvolupant seqiieles que poden persistir després
de I’alta hospitalaria 1 que poden derivar en ’aparicio de limitacions tant a
nivell fisic 1 social, com inclus a nivell psicologic 1 psiquiatric integrades en el
que es coneix com a sindrome postUCI (PICS de ’angles post-intensive care
syndrome) amb una disminucid significativa de la qualitat de vida d’aquells

pacients que sobreviuen’”.

Per aquest motiu, I’atenci6 al pacient critic ha evolucionat d’una atencid diri-
gida a la cura de la malaltia en I’etapa aguda, fins a una assistencia més global
1 integrada, dirigida no només al tractament de les patologies, sind també a la
prevencio 1 tractament de les conseqiiéncies 1 complicacions tant fisiques com
psiquiques derivades del propi entorn d’UCI 1 dels tractaments instaurats. Els
avencos tecnologics dels ultims anys han portat a la creacidé de dispositius
que permeten una monitoritzacid més estreta 1 una atencié més personalitzada
amb un impacte positiu sobre la supervivencia i la qualitat de vida d’aquests

pacients!®13,

El fracas ventilatori és una de les fallides organiques més habituals en els
pacients critics, ja sigui conseqiiencia directa d’una afectacié pulmonar o com
a efecte colateral de I’afectacid greu a d’altres organs. Malgrat que en els
ultims anys les estrateégies de suport ventilatori no invasiu s’han estés amb bons
resultats en el tractament de la insuficiéncia respiratoria aguda, la ventilacio
mecanica invasiva (VMI) encara €s una de les tecniques de suport ventilatori
més utilitzades a les UCI'>!*. En aquest sentit, els efectes deleteris de la VMI
han estat ben descrits a la literatura 1 avui en dia es coneix que afecten a I’evo-

lucio dels pacients critics (estades a I’'UCI i a I’hospital)’”.



INTRODUCCIO

El motiu d’aquesta Tesi €s investigar i generar nou coneixement sobre una de
les complicacions que s’han descrit en el Gltims anys en relacid a I’Us de la
VM], la lesio diafragmatica associada a la ventilacio mecanica o VIDD (de
I’angles ventilator-induced diaphragm damage) que afecta al 60-80% dels

pacients critics ventilats'®,

1.2. Musculatura respiratoria

Perque el sistema respiratori pugui desenvolupar la seva funci6 correctament,
¢s essencial un adequat funcionament de la musculatura respiratoria que €s la
responsable principal de la ventilacié pulmonar. El sistema muscular respiratori
esta format per la caixa toracica, la cavitat abdominal, els musculs respiratoris
1 el sistema nervios que els innerva. La musculatura respiratoria esta formada
per musculatura esquelética voluntaria 1 involuntaria que actua mobilitzant la
caixa toracica 1 la cavitat abdominal i dona estabilitat al torax. Quatre grups
musculars principals formen el sistema respiratori: el diafragma (el principal
muscul del sistema respiratori), els musculs accessoris 1 intercostals (muscu-
latura de la caixa toracica) i1 els musculs abdominals, cada un d’ells amb una
funci6 diferenciada inspiratoria o expiratoria. La contraccio activa d’aquests
quatre sistemes musculars desplacara la cavitat toracica 1 abdominal 1 fara
que es generi un gradient de pressio transdiafragmatic (Pdi) que provocara
I’entrada d’un volum d’aire determinat al pulmé (volum corrent o VC) que
implicara un augment significatiu del volum pulmonar. Posteriorment, amb la
relaxacio d’aquesta musculatura i la recuperacio elastica del pulmo, I’aire sera
expulsat de manera passiva a I’exterior. En condicions normals, el diafragma
1 la musculatura de la caixa toracica (intercostal i accessoria) son els musculs

que participen en la ventilacio.

A continuacio es revisa I’anatomia, histologia, fisiologia i funci6 dels musculs
respiratoris, principalment del diafragma que €s el mtiscul més important im-

plicat en la ventilaci6 1 objectiu d’estudi d’aquesta Tesi.




a. Muscul diafragma

Anatomia

El diafragma esta localitzat entre la caixa toracica i la cavitat abdominal. Esta
format per dues ctpules unides per un tendd central, envoltades per la pleura
en la seva part toracica i pel peritoneu en la seva part abdominal. Ambdues
ctpules estan situades a diferent altura tant en relaxacié com en contraccio's.
Aquestes dues cupules es divideixen anatomica i funcionalment en 2 parts, una
costal 1 una crural. El diafragma costal s’origina anteriorment al tendo central 1
les seves fibres es dirigeixen cap a les costelles inferiors, on s’hi uneixen en una
zona coneguda com a zona d’aposicid. Aquesta zona s’estén aproximadament
dos centimetres a nivell caudal 1 és la zona on el diafragma es pot avaluar a
través de I’ecografia toracica. El diafragma crural en canvi, té el seu inici en
les fibres del tendo central pero aquestes es dirigeixen dorsalment per inserir-se
a la part antero-lateral de la columna lumbar i al muscul psoes'’. El diafragma
rep la seva innervacid motora a través del nervi frénic, amb origen a nivell de
C4-C5 de manera bilateral. Ambdues zones diafragmatiques, costal 1 crural, 1
ambdos hemidiafragmes, reben innervacio a través de dues branques diferents'.
Aquesta innervacid diferenciada implica que en diferents situacions, I’afectacio

diafragmatica d’origen nervios pot afectar només a un dels hemidiafragmes.

Histologia

El diafragma és un muscul esquelétic format per fibres musculars, que son
cel-lules multinucleades amb els nuclis col-locats de manera periferica. Cada
fibra muscular esta formada per miofibril-les que a la vegada estan formades
per molecules de proteines, actina i miosina, conformant filaments prims 1
gruixuts respectivament. El sarcomer ¢€s la unitat funcional de la miofibril-la
on interactuen filaments prims 1 gruixuts a les bandes Z, que sén les encar-

regades d’unir les miofibril-les entres si i formar les fibres'”. Aixi doncs, la
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interaccio de I’actina i la miosina és la responsable de generar la forga i la

contraccié muscular.

Igual que tots els musculs esquelétics, el diafragma esta conformat per diferents
tipus de fibres musculars segons I’isoforma de la cadena pesada de la miosina
que expressen (MHC de I’anglés Myosin Heavy Chain). En aquest sentit exis-
teixen les fibres tipus I, les tipus II o les fibres hibrides segons expressin MHC-I,
MHC-II, o les dues. Les fibres tipus I (o fibres lentes) presenten menys capacitat
contractil perdo més resisténcia a la fatiga, per lo que estan dissenyades per a
generar la pressid necessaria per mantenir la respiracié de manera constant.
Les fibres tipus II (o fibres rapides) tenen una elevada forca contractil pero son

fatigables per la qual cosa son utils en la realitzacié d’esfor¢os de curta durada®.

En condicions normals el muscul diafragma presenta una relacio similar de
fibres tipus I i II (53-55% fibres tipus 1 i 45-48% tipus I1)*!2? i la mida de
I’area d’aquestes fibres (CSA, de I’angles Cross-sectional area) en la poblacid
general és de 2.200-3600 um? de mediana (2320-4495 um? per les fibres tipus
I i entre 1960-4060um? per les fibres tipus I1)*%. La mida de les fibres i la
seva proporcio no varia entre un hemidiafragma i I’altre®®. En condicions de
patologia, el diafragma pateix adaptacions per fer més eficient la seva funcio.
D’aquesta manera, en la malaltia pulmonar obstructiva cronica (MPOC) on
hi ha hiperinsuflaci6 pulmonar i un augment de la resisténcia al flux aeri que
augmenta la demanda de treball respiratori, el diafragma presenta un augment
de la proporcid de fibres lentes, delecid de sarcomers, augment de ’estres
oxidatiu i atrofia de les fibres?’. Alguns procediments com la VMI també po-
den tenir efectes sobre el diafragma tal i com es tracta en un apartat especific

d’aquesta Tesi.




Fisiologia

En condicions normals durant la contraccid, el diafragma s’escurca longi-
tudinalment 1 s’engruixeix, provocant un aplanament de la cupula. La seva
contraccid activa juntament amb la contraccid de la musculatura intercostal 1
accessoria provoca un desplagament caudal de I’abdomen 1 del propi diafragma
1 una elevacio de la caixa toracica juntament a un augment del diametre ante-
ro-posterior del torax!®. Com ja s’ha comentat, aquest moviment fa disminuir la
pressio intratoracica i provoca una entrada d’aire significativa als pulmons. La
seva relaxacid juntament amb les propietats elastiques del pulmo, fan que 1’aire
inspirat sigui expulsat durant I’expiracio. La disposicio de les fibres en cada
hemidiafragma permet que la tensié aplicada en cadascun d’ells no tingui efecte
sobre la mobilitat de ’altre ciipula, de manera que en situacions de paralisi/

disfunci6 d’un d’ells, I’altre pot seguir realitzant la seva funcio6 correctament's.
Funcio

Mentre que el diafragma costal t€ un paper actiu en la ventilacio, el diafragma
crural funciona com un esfinter extern a I’esfinter esofagic inferior. El diafrag-
ma costal €s el principal muascul inspiratori 1 €s el responsable del 70% de
I’accio ventilatoria amb capacitat per generar el 40% del VC?8. La seva funcio
es quantifica normalment en termes de capacitat contractil o for¢a diafrag-
matica (mesurades habitualment mitjangant pressions inspiratories) i pel seu
escurcament (mesurat per la seva capacitat de generar un canvi de volum o
desplacament de la paret toracica). Es un muscul esquelétic i la seva capacitat
de contraccio es pot dur a terme de manera voluntaria tot 1 que es contrau de
manera involuntaria la major part del temps. La seva contraccié voluntaria
permet inhibir la contracci6 involuntaria i aixi participar en la realitzaci6 de
maniobres complexes com la tos, el vomit, la defecaci6 1 la parla, o inclus
en el manteniment d’una apnea perllongada mitjancant I’aturada de la seva

contraccio.
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b. Musculatura de la caixa toracica

Tant la musculatura intercostal com I’accessoria formen part de la musculatura
de la caixa toracica que junt amb el diafragma participen en la mobilitzacio de

’aire als pulmons.

La musculatura intercostal esta dividida en externa i interna. En situacions
normals, I’externa té un paper important en la fase inspiratoria tot 1 que en molt
menor mesura que el diafragma. En condicions de patologia com la insufici-
encia respiratoria o la disfunci6 diafragmatica, o bé en inspiracions forgades,
el paper de la musculatura intercostal externa és més rellevant 1 contribueix en
major part en la generacié de VC?. En canvi, la musculatura intercostal interna

participa principalment en la fase expiratoria.

La musculatura accessoria inclou els musculs escalens, el muscul pectoral
major 1 menor, el muscul esternocleidomastoideu 1 el trapezi. El muscul es-
calé té una funcio inspiratoria i ajuda en el moviment d’elevacié de la caixa
toracica. A diferéncia dels intercostals, 1’activacio dels musculs accessoris,
principalment I’esternocleidomastoideu, es realitza Uinicament en situacions

d’inspiracido moderada 1 profunda.

1.3. Ventilacié mecanica invasiva (VMI)

a. Definicio i indicacions

La VMI és una estratégia de suport respiratori artificial i temporal, ampliament
utilitzada en els SMI per suplir la funcid dels musculs respiratoris en situaci-
ons d’insuficiéncia respiratoria i/o fracas multiorganic**3?. Existeixen diferents
patologies d’origen intra i extrapulmonar que poden requerir VMI, entre elles

es contempla: la insuficiencia respiratoria aguda, I’exacerbacié per MPOC, la




crisi asmatica, el coma, el fracas multiorganic, desordres neuromusculars 1 la

intervencid quirurgica entre d’altres®*3,

El 40% dels pacients ingressats a I’UCI requereixen VMI, xifra que s’ha vist
augmentada fins a un 50%-89% 1’any 2020 en context de la pandémia per
SARS-CoV2 viscuda a nivell mundial**>. S’estima que el seu Uis pot ascendir

fins als 310 pacients per cada 100.000 pacients no quirurgics®.

Qualsevol situacio de fracas ventilatori d’origen pulmonar suposa un augment
de I’esforg inspiratori que la musculatura respiratoria no és capag¢ de compensar.
L’augment de la demanda d’oxigen, pero, no es correspon amb un augment
de la seva aportacio als teixits 1 I’intercanvi de gasos es veu severament com-
promes. Alguns fenomens com la presencia d’hipoxémia previa, la disfuncio
neuromuscular, un augment de les resisténcies pulmonars o la hiperinsuflacio,
sOn alguns dels mecanismes que fan augmentar aquest esforg respiratori*’. En
aquest context, és necessari disminuir I’esfor¢ inspiratori mitjancant sedacio,
intubacio, 1 la posterior connexid del pacient a la VMI per tal de millorar
I’oxigenacio. Per tant, en aquests casos, a 1’ iniciar la VMI es passa d’una
ventilaci6 activa pero no suficientment efectiva realitzada pel propi pacient, a
una ventilacié completament passiva realitzada per un ventilador. Amb aixo, la
correcta aportacid d’oxigen als organs 1 teixits queda assegurada en la majoria

dels casos.

b. Modalitats de VMI

Un cop iniciada la VMI, els esfor¢os han d’anar dirigits a individualitzar el
suport ventilatori que s’administra al pacient per ajustar-lo a les necessitats de
cada moment mitjanc¢ant diferents modalitats ventilatories i/0 ajust de diferents
parametres. Quan el motiu que porta a I’inici de la VMI és d’origen intrapul-
monar o bé quan el tractament de base requereix sedacid profunda i/o relaxacio

neuromuscular (p.e. pacients neurocritics), €s indispensable comengar amb
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modalitats controlades, €s a dir, modalitats on el ventilador és el responsable
de la freqiiencia respiratoria i del VC introduit en cada respiracio (en modalitats
controlades per volum) o bé de la pressid necessaria per a introduir un VC
determinat (en modalitats controlades per pressio). En aquests casos, tracta-
ments adjuvants com els relaxants musculars permeten aconseguir una total
adaptacio del pacient al ventilador evitant asincronies i esforgos ineficagos*.
Actualment totes les modalitats controlades dels ventiladors permeten també
administrar el VC pautat rere estimuls inspiratoris que pot realitzar el pacient
si no esta relaxat (respiracions assistides). Quan no hi ha patologia pulmonar
aguda o bé aquesta ja esta resolta o en fase de resolucid, ¢és necessari portar
al pacient cap a modalitats espontanies que li permetin manar la freqliencia
respiratoria donant-1i un suport necessari per a que realitzi VC adequats. En
aquesta modalitat, la generaci6 d’un volum inspiratori dependra doncs, de la
contraccid activa dels musculs respiratoris del pacient 1 del suport administrat
pel respirador.

c¢. Complicacions de la VMI

Al llarg dels anys s’han anat descrivint multiples complicacions associades
a la VMI, algunes d’elles pel seu efecte directe sobre pulmo6 o diafragma 1
algunes d’elles secundaries a efectes colaterals. En aquest apartat es descriuen
les complicacions no vinculades al muscul diafragma ja que aquesta entitat
sera tractada en un apartat especific. L’aparicié d’una sola d’aquestes compli-
cacions pot comportar un empitjorament en el pronostic augmentant I’estada

hospitalaria i la mortalitat®.

* Lesio pulmonar associada a la VMI (VILI de I’anglés ventilator-induced

lung injury)

VILI és com s’anomena a la lesié pulmonar induida per la propia VMI 1 ha

estat ampliament estudiada en la sindrome del destret respiratori agut (SDRA),




una de les entitats que cursa amb insuficiéncia respiratoria aguda 1 que més
freqiientment requereix VMI'*#!, La VILI és generada per I’aplicacio d’estimuls
nocius a nivell pulmonar de manera repetida 1 que és capag de generar un dany
pulmonar difus similar al de la SDRA*. La causa principal que provoca que un
pulmo ja lesionat desenvolupi més lesio afegida, és I’increment excessiu de la
pressio transpulmonar degut a 1’as de pressions 1 volums elevats durant la VMI
(barotrauma 1 volutrauma) pero s’han descrit altres mecanismes de VILI com
el biotrauma (alliberacid de productes inflamatoris del teixit pulmonar lesionat
a la circulacid sistémica, que pot desenvolupar fracas multiorganic) i I’atelec-
trauma (provocat per 1’aplicacio de forces d’obertura 1 tancament alveolar de
manera repetitiva, principalment en pulmons amb lesions heterogénies)***.
A més a més, la persisténcia d’un estimul respiratori augmentat d’un pacient
ventilat també, pot desencadenar una lesidé pulmonar similar, i que en aquest

cas s’anomena P-SILI (de 1’anglés Patient self-induced lung injury) .

L’aparici6 de VILI en pacients amb SDRA implica un augment de la mortalitat
de manera que en les ultimes décades s’han desenvolupat estratégies com la
ventilacid mecanica protectora que han ajudat a disminuir significativament la
seva incideéncia i les seves conseqiiéncies’. La utilitzacio de parametres ventila-
toris segurs com la utilitzacié de VC de 4-8ml/kg de pes predit, la optimitzacio
de la pressi6 positiva al final de ’expiracido (PEEP de I’angles, positive end
expiratory pressure), la limitacio de la pressio de distensio (DP, de I’angles
driving pressure), la limitacié de la pressio meseta o plateau a <30cmH.0,
aixi com el decubit pron, evitar la hiperoxia 1 1’as de relaxants musculars en
les primeres fases de la malaltia, son estrateégies que han demostrat assolir
els objectius de la VMI disminuint significativament la mortalitat en aquesta
entitat®®#54, L’Gs de la sonda nasogastrica de doble balo per a la mesura de la
pressio esofagica (Pes), subrogat de la pressio transpulmonar, ha demostrat ser
també util per a millorar la oxigenacid 1 la compliancia del pulmons amb SDRA
a través de la titulaci6 de la PEEP, aixi com de la resta de parametres ventilatoris

per tal d’evitar els efectes no desitjats de la VMI'!. Tot i I’evidéncia d’aquestes
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mesures pero, I’adheréncia a aquestes recomanacions no €s completa i I’as de
VC nocius (>8ml/kg de pes predit) encara €s present en la practica clinica i per

tant tamb¢ les seves conseqiiéncies!*.

* Pneumonia associada a la VMI i altres complicacions infeccioses

La pneumonia associada a la ventilacié mecanica (VAP de I’anglés ventilator
associated pneumonia) €s una infecci6 intrahospitalaria que apareix després de
48h de I’inici de la VMI, 1 pot condicionar el prondstic 1 augmentar la mortalitat
d’aquells pacients que la desenvolupen®. Les taxes de VAP en el nostre medi
han disminuit des de I’aparici6 del programa “Neumonia Zero (NZ)” promogut
per la Societat Espanyola de Medicina Intensiva i Critica (SEMICYUC) a
I’any 2011%. La VAP és una causa intrapulmonar de SDRA pero la sépsia per
se de qualsevol origen també pot condicionar 1’aparicié de SDRA 1 ’inici del
desenvolupament de disfunci6 1 debilitat muscular periferica o de disfuncio
diafragmatica’’®. Per aquest motiu, altres estratégies dirigides al control de
la infeccid dels pacients critics també han ajudat a disminuir la incidéncia

d’infeccions i disminuir-ne la mortalitat associada®®-°!.

¢ Sobresedacio

Els pacients sotmesos a VMI, tenen requeriments elevats de sedacio. Tot 1 les
recomanacions de les guies de practica clinica per utilitzar sistemes de monito-
ritzacio estricta de la sedacid mitjancant escales validades que permetin titular
correctament les dosis a administrar, encara avui dia evitar la sobresedacio en
aquests pacients ¢s un repte®”. La inestabilitat hemodinamica, la farmacocing-
tica del propi pacient, el fracas multiorganic o la interaccié amb altres medica-
cions, faciliten ’acumulaci6 i I’acci6 excessiva de la sedacid. Aquesta situacid
té efectes negatius en I’evolucid del pacient ja que implica un augment de la
morbimortalitat, un augment dels dies d’estada, retard en el procés de retirada

de la VMI (weaning) 1 més incideéncia de debilitat muscular del pacient critic




i disfunci6 diafragmatica®-’. A més, sovint els pacients ventilats requereixen
de I’Gs de relaxants musculars des d’una fase molt inicial que pot agreujar el

desus de la musculatura respiratoria i contribuir a la seva atrofia®®,

* Debilitat adquirida a la UCI i Sindrome post-UCI

Els supervivents d’una estada a la UCI, la majoria de vegades sotmesos a VMI,
pateixen conseqiiencies a curt i llarg termini que queden englobades dins de la
debilitat adquirida a la UCI (ICU-AW de I’angles ICU-acquired weakness) 1 el
sindrome PICS. Aproximadament el 50% dels pacients ventilats tenen dificultat
per tornar a les seves activitats quotidianes després de 1’ingrés, degut a les
conseqiiéncies tant fisiques com cognitives 1 psicologiques que deterioren la
seva qualitat de vida®’*"!, L’enllitament i el desus de la musculatura periférica
intrinseca al fet d’estar intubat i ventilat, juntament a I’us de tractaments medics
com la corticoterapia i la sedacid durant llargs periodes, poden contribuir al
desenvolupament de I’ICU-AW 1 PICS durant i després de 1’estada a la UCI®
Programes de mobilitzacid precoc¢ 1 d’humanitzacié de les cures intensives han

demostrat millorar alguns factors pronostics en aquest camp’>7.

1.4. Efectes de la VMI sobre el diafragma

Com s’ha comentat préviament la contracci6 diafragmatica durant la respiraciéd
espontania fa que el diafragma s’escurci 1 s’engruixeixi mantenint la seva cur-
vatura de manera constant. La curvatura del diafragma modula la relacio6 forga/
volum del diafragmatica 1 el seu desplacament. Amb una correcta contraccio,
la pressio transdiafragmatica (Pdi) generada disminueix proporcionalment a

la forga realitzada per les fibres musculars i es genera un volum inspiratori’.

En primer lloc, durant el periode de VMI en modalitats controlades (sense es-
forg inspiratori espontani) el treball mecanic dels musculs respiratoris, sobretot

del diafragma, es troba abolit per I’efecte de la pressio positiva administrada pel
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ventilador i 1’ts de la medicacio sedant i/o relaxant que sovint es requereix®®3%4,
Aixi doncs hi ha un cessament complet de la contraccid diafragmatica amb una
inactivacio del diafragma durant la ventilacié que pot conduir a atrofia”””’. En
aquest context, la configuracid del diafragma durant la VMI es veu alterada 1
la disposici6 1 el desplacament del mateix en el torax es veuen modificats. L's
de modalitats controlades provoca que el volum inspiratori es distribueixi de
manera predominant a les zones no dependents del pulmo per la preséncia de
consolidacions i ateléctasis en zones dependents®®’®. Com s’ha comentat prévi-
ament, en situacions de SDRA, la ventilaci6 protectora és necessaria per evitar
que el pulm¢ ja lesionat evolucioni a VILI. A més de la limitaci6o del VC1ide les
pressions inspiratories, la utilitzacid6 de PEEP elevada, prevé el col-lapse pul-
monar 1 aconsegueix la obertura de zones amb atelectasi/condensacio del pulmo
i a la vegada augmenta el volum pulmonar expiratori’*, La monitoritzacio i
optimitzaci6 de la PEEP de manera individualitzada és necessaria per evitar
situacions de sobredistensid/hiperinsuflacié del pulmo, ja que la sobredistensiod
pulmonar pot tenir també un efecte directe 1 deleteri sobre el diafragma. Quan
el volum pulmonar en situaci6 de repos augmenta, la longitud del diafragma
en la seva zona d’aposicio €s menor a I’esperat, la curvatura diafragmatica
disminueix, 1 provoca una disminucié de la capacitat contractil que afecta a la

seva forga i capacitat per generar un volum inspiratori!-#,

En segon lloc, quan dins les modalitats controlades existeixen respiracions
assistides, el diafragma és capag de disparar el trigger 1 iniciar una ventila-
ci6 que s’administra per part del ventilador amb uns parametres préviament
determinats® (Taula 1). En alguns casos s’ha observat i descrit la preséncia
d’una contraccid sostinguda posterior a ’inici de la inspiracié que pot tenir
conseqiiéncies negatives promovent 1’aparicié d’asincronies, un augment de
VC 1 sobredistensid pulmonar amb la consegiient disminucié de la longitud 1

for¢a diafragmatiques®.




Finalment, les modalitats espontanies han demostrat una millora de la oxigena-
cio, disminucid de les ateléctasis i reclutament de zones dependents del pulmo
en pacients amb esforg inspiratori i pressio transpulmonar en rangs normals®’5%,
Estudis en animals han demostrat que la utilitzaci6 de modalitats espontanies
de VMI on I’estimul diafragmatic esta present, atenua la pérdua de funcio
diafragmatica i disminueix la progressio de 1’atrofia®. Tot i aixi, valors elevats
de pressio6 suport poden tenir el mateix efecte d’inactivacié diafragmatica que
les modalitats controlades i poden desencadenar d’igual manera atrofia i disfun-
¢i6?*?!, Tanmateix, un suport insuficient en aquestes modalitats també pot portar
a efectes indesitjables a nivell de diafragma degut a un augment de la carrega
de treball. L’efecte de ’aplicacié de PEEP sobre la geometria diafragmatica en

modalitats espontanies €és encara desconegut®.

Modalitats AC/P AC/V APRV PAV PS
ventilatéries
- . : % caiguda de
Criteri de ciclat Temps Temps Temps) i Trigger Flux 270 8
pacient expiratori L X
inspiratori
Criteri de pauta Pressio Volum Pressid/ % assisténcia Pressio
p
Temps
Criteri dependent Volum Pressio Volum Volum Volum
Fregiiéncia Predeterminada Predeterminada Predeterminada . .
q /Espontania /Espontania /Espontania Espf)ntanla Esp.ontanla
Respiratoria pacient pacient pacient pacient pacient
Trigger Si/No Si/No No Si Si
Sincronia durant No No Variable Si Si
inspiracio

Activacid Activitat diafragmatica

Inactivitat diafragmatica

diafragmatica

Taula 1. Comparativa entre les modalitats de ventilacié mecanica invasiva més habituals.
AC/P: Assistida/controlada per pressio, AC/V: Assistida/controlada per volum, APRV: Ven-
tilacié amb reduccié de pressié (De I’Anglés, Airway Pressure Release Ventilation), PAV:

Ventilacié proporcional assistida, PS: Pressio de suport.
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a. Miotrauma per VMI

La lesi6 iatrogeénica que pateix el diafragma sotmes a VMI s’anomena mio-
trauma diafragmatic i en ell conflueixen varis insults que porten a atrofia, lesio
i disfuncié diafragmatica®. Fins al moment s’han descrit 4 mecanismes que
poden afavorir la seva aparicié”: 1) Miotrauma per sobre-assisténcia respira-
toria (atrofia per desus); 2) Miotrauma per infra-assisténcia respiratoria (dany
induit per carrega concéntrica); 3) Miotrauma induit per carregues excentriques
(asincronies amb contraccions inefectives) 1 4) Miotrauma expiratori (per afec-
tacio de la longitud diafragmatica) (Figura 1).

Overassistance myotrauma Underassistance myotrauma
(disuse atrophy) (concentric load-induced injury)

3

v 4

Eccentric myotrauma Expiratory myotrauma
leccentric load-induced injury) {longitudinal atrophy)

Figura 1. Mecanismes que afavoreixen I’aparicié de Miotrauma Diafragmatic secundari

ala VMI.



* Miotrauma per sobre-assisténcia respiratoria (atrofia per desus)

Es tracta d’un miotrauma mediat per un suport respiratori excessiu com passa en
les modalitats de VMI controlada, on I’activitat contractil del diafragma queda
abolida, la qual cosa genera 1’aparicio d’atrofia precog en aquests pacients®¢,
L’s de modalitats assistides o espontanies amb suport elevat (sobre-assistén-
cia), també generen un descens de la massa muscular valorada per ecografia®.
Tot aix0 pot implicar la necessitat de més dies de VMI, més probabilitat de

complicacions i un ingrés més llarg a I’'UCI”"*8,

* Miotrauma per infra-assisténcia respiratoria (dany induit per carrega

concéntrica)

Es tracta d’un miotrauma mediat per un suport respiratori insuficient”. Estudis
en animals evidencien la presencia de lesio diafragmatica després de 1’apli-
cacio de forces resistives que augmenten la carrega de treball del diafragma
(anormalitats fibril-lars com poden ser la ruptura dels sarcolemmes, infiltraciéd
inflamatoria de les fibres diafragmatiques o disrupcidé d’elements contractils).
En aquests casos, juntament a I’alteraci6 del teixit muscular, existeix també un
descens de la forga contractil i de la capacitat de recuperacio®. Aquesta lesio
que es dona sobretot a nivell del diafragma costal, pot afectar també¢ a la mus-
culatura intercostal. En aquest cas, la lesio esta caracteritzada principalment per
I’aparici6 de fibres necrotiques i cel-lules inflamatories en el teixit intersticial,
que augmenten la seva mida 1 que s’han atribuit a una alteracio en el complex de
les calpaines®!®, En aquest context, en pacients sotmesos a VMI s’ha observat
un augment de la massa muscular diafragmatica en expiracid observada per
ecografia que s’ha associat a un augment en els dies de VMI, més dies d’ingrés a
I’UCI i més complicacions”. Si aquest augment de gruix representa hipertrofia
muscular o edema secundari a un excés de treball respiratori del diafragma esta

encara per aclarir.
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* Miotrauma induit per carregues excentriques (asincronies amb con-

traccions inefectives)

S’han reportat diversos tipus de disincronies en els pacients ventilats. Els es-
forgos ineficacos, el doble triggering, el trigger invers 1 la asincronia de flux
son les més freqiients. Les contraccions excentriques del diafragma durant
I’expiracio (relaxacid) s’han descrit en pacients amb una coordinacid paci-
ent-ventilador alterada. Aix0 pot ocorrer quan el suport respiratori del ven-
tilador no és I’adequat al drive o demanda respiratoria del pacient!'. El seu
diagnostic €s infreqlient 1 fa perpetuar els efectes secundaris que se’n poden
derivar. Diferents treballs han descrit un augment de la produccid de citocines
1 una reduccio de la mida dels sarcomers 1 de les fibres musculars amb una
alteracio contractil secundaria en pacients ventilats amb una falta d’interaccid

coordinada diafragma-ventilador!>!%,

* Miotrauma expiratori (per afectacio de la longitud diafragmatica)

La hiperinsuflacié pulmonar s’ha descrit en els pacients amb MPOC com a
causant de la deleci6 de sarcomers 1 remodelaci6 de les fibres a nivell diafrag-
matic?’. Recentment Lindqvist i col-laboradors han descrit 1’afectacié de la
longitud de les fibres diafragmatiques en el pacient ventilat degut a un augment
de la pressio expiratoria secundaria a 1’aplicacio de PEEP elevada. Aixi doncs,
aquest fenomen pot afavorir també la perdua de sarcomers a nivell de la fibra
muscular 1 reduir-ne la longitud, provocant el que es coneix com a “atrofia lon-
gitudinal” que pot alterar la relaci6 forga-longitud i provocar que la contraccio

no sigui optima'®,

b. Lesio diafragmatica associada a la VMI

En els ultims anys les alteracions que pateix el muscul diafragma sotmes a VMI,

s’han englobat dins d’una entitat diferent a la miopatia del pacient critic, que




pot existir en paral-lel o no amb ’afectacié de la resta de la musculatura. Aixi
doncs, la lesi6 diafragmatica associada a la VMI (VIDD de I’angles ventila-
tor-induced diaphragm damage) és una complicacio molt freqiient dels pacients
ventilats i ja des de les poques hores de I’inici de la VMI'*%1%5, Donat que el
dany que pateix el diafragma amb la VMI (miotrauma) es pot acabar traduint en
una afectacio de la funcio diafragmatica, sovint el terme VIDD s’utilitza també
com a abreviatura de disfunci6 diafragmatica associada a la VMI (de I’angles
ventilator-induced diaphragm dysfunction). En aquesta Tesi es fa émfasi en
les alteracions estructurals que pateix el diafragma com a conseqiiencia del
miotrauma diafragmatic generat per la VMI sense valorar I’impacte que aquest
genera en la funcié diafragmatica. Aquesta és una linia de treball futura que

s’obre arrel de les troballes dels estudis inclosos en la Tesi.

* Epidemiologia i diagnostic de la VIDD

La VIDD ¢s una entitat encara poc sospitada en 1’ambit de la patologia critica
1 en conseqiiencia poc diagnosticada i estudiada a nivell clinic. Tot 1 aixi, les
dades que provenen dels diferents estudis clinics, indiquen que €s una enti-
tat prevalent, amb una incidéncia superior al 60-84% en pacients sotmesos a
VMI'%, Fins i tot algunes publicacions suggereixen que és més freqiient que la
debilitat adquirida a ’'UCI". Apareix precogment després de 1’inici de la VMI
1 augmenta a mesura que s’allarga la durada de la mateixa'®’. Aixi doncs, els
canvis generats per la VIDD son temps-dependents 1 la durada de la VMI es
correlaciona amb la gravetat i la velocitat de I’afectaci6 diafragmatica®96-108.109,
Actualment ja hi ha estudis que relacionen la VIDD amb un pitjor pronostic a la
UCI, a I’hospital i fins 1 tot un cop superada la fase aguda. L’aparicio de VIDD
pot allargar la dependencia de la VMI d’aquests pacients amb majors possibili-
tats d’aparicio de complicacions derivades com les descrites préviament!>198:10,
En conseqiiéncia, també pot augmentar ’estada a I’'UCI 1 a I’hospital, aixi com
la mortalitat 1 les importants limitacions funcionals a llarg termini rere 1’alta

hospitalaria?”-1°¢11%11 "E] diagnostic de VIDD ¢s per exclusio, havent-se descar-
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tat altres causes de disfunci6 del diafragma''?. Tanmateix, aquesta situacio ¢s
complicada en el pacient critic, ja que, com s’ha descrit, el diafragma d’aquests
pacients es pot veure afectat per molts factors deleteris intrinsecs a la situacio
de gravetat i a I’entorn d’UCI.

* Fisiopatologia de l1a VIDD

Malgrat que les conseqiiencies derivades de la VIDD s’han pogut descriure en
multiples publicacions durant els ultims anys, les vies que promouen la seva
aparicio son encara desconegudes. El diafragma és un muscul actiu, carac-
teritzat per un alt cicle de treball, una forta capacitat oxidativa 1 un contingut
elevat en mitocondries. A continuacio es detallen els mecanismes moleculars
que s’han descrit fins al moment i1 que estan presents en les diferents formes de
presentacio de la VIDD. Aquestes troballes s’han descrit en models animals de
VMI i en estudis en humans malgrat la dificultat d’obtenir mostres biologiques

per al seu estudi.

Atrofia fibril-lar

S’entén per atrofia diafragmatica a la disminucid del CSA de les fibres diafrag-
matiques. Aquesta s’ha descrit en models de VMI ja des de fases inicials de la
ventilacié®®. Aixi, un descens significatiu del CSA es pot observar després de
12-18 hores de VMI en modalitats controlades en animals 1 després de 18-69
hores en pacients critics®®7*%. Aquest descens pot ser de fins a un 53% respecta
a voluntaris sans’®. La immobilitzacio i el desus son els factors que més s’han
associat a atrofia, sent per tant 1’is de modalitats controlades el principal factor
de risc per desenvolupar-la®®. La utilitzaci6 de PEEP pot precipitar també la

seva aparicio'®,




Els mecanismes moleculars més importants que poden portar a 1’atrofia en la
VIDD so6n la disminuci6 de la sintesi proteica, ’augment de la proteolisi, 1
I’augment de 1’estres oxidatiu.

Alteracions en el recanvi proteic i apoptosi

L’atrofia que es produeix en relacié a 1’as de la VMI ocorre de forma primaria
degut a un descens de la sintesi proteica i a un augment de la proteolisi'!*!15,
La sintesi proteica del diafragma pot disminuir fins a un 30% després de només
6h de VMI". Per altra banda, I’augment de la proteolisi es troba en relacio
a ’activacio de les vies de les proteases (calpaina, caspasa-3), del sistema
ubiquitina-proteasoma, vies d’apoptosi i d’activacio d’autofagia®!'>. Estudis
en humans conclouen que pacients ventilats en els que existeix una augment
de I’activitat del sistema ubiquitina-proteasoma, presenten un descens del 25%
del CSA, tant de les fibres lentes com de les rapides 1 un descens de la seva
forga contractil®. La disfuncié mitocondrial, I’oxidacié de fosfolipids, d’acids
nucleics 1 de proteines pot activar també la proteolisi 1 I’apoptosi en models
animals!'®!'"”, Malgrat 1’evidéncia dels estudis animals, en biopsies diafrag-
matiques de pacients s’ha observat una menor relacio entre la presencia de
proteolisis 1 I’aparici6 d’estres oxidatiu 1 disfuncié mitocondrial, suggerint la
presencia d’altres mecanismes desencadenants d’atrofia 1 disfuncid contractil

en humans?®.

Augment de [’estres oxidatiu

Durant la VMI en modalitats controlades es produeixen alteracions en la morfo-
logia mitocondrial que provoquen alteracions de la seva funcio 1 excés de crea-
ci6 d’especies reactives d’oxigen (ROS). Aquest augment de I’estres oxidatiu a
nivell diafragmatic, actua com a desencadenant de 1’activacio de les vies de la
calpaina i caspasa-3 a aquest nivell’***!®, En aquest sentit, en pacients donants

en mort encefalica (ME) s’ha confirmat I’aparicié molt precog¢ (18h) d’una



INTRODUCCIO

reducci6 del diametre de les fibres musculars diafragmatiques junt a fenomens
d’estrés oxidatiu i d’activacio de proteases a nivell diafragmatic®®. D’altra ban-
da, la VMI perllongada ddona lloc a una disminuci6 de la capacitat antioxidant
en el diafragma, que s’objectiva en el descens dels nivells de glutation, CuZn

superoxid dismutasa (SOD) i de I’activitat de la glutation peroxidasa'®.

Disfuncio contractil

Models animals han permes demostrar I’aparicié de disfuncid contractil
diafragmatica després de 48h de I’inici de la VMI mitjangant I’avaluacié de la
disminucid6 de la forga diafragmatica, que en el cas de la VIDD és progressiva
1 temps-depenent. De manera paral-lela a I’atrofia, 12h de VMI en modalitats
controlades son suficients per evidenciar una reducci6 de la for¢a'?’. L’origen
de la disfunci6 contractil en la VIDD ve mediada per la propia atrofia 1 per
canvis a nivell de la ultraestructura fibril-lar que conté 1’aparell contractil en
el diafragma.

Canvis ultraestructurals

La VMI, sobretot en modalitats controlades, dona lloc a alteracions temps-de-
penent de la ultraestructura fibril-lar. Estudis en animals descriuen 1’aparicio
inicial d’arees amb miofibril-les anormals per desorganitzacié miofibril-lar 1
alteracions en les linies Z'?°. Posteriorment es descriuen arees de regeneracio
sense signes d’inflamaci6'?!. I finalment, si la VMI es perllonga més de 3 dies
es produeix un augment de les vacuoles lipidiques probablement en relacié a
un procés d’autofagia'?.

* Fenomens colaterals de lesio diafragmatica en la VIDD

Tot1que la VMI és responsable directe de 1’aparicié de VIDD, existeixen altres

insults presents molt freqiientment en els pacients critics que poden afavorir




també 1’aparicid de debilitat i/o empitjorar 1’atrofia i la disfuncié diafragmatica
secundaria. La severitat a I’ingrés, el fracas multiorganic 1 la sépsia son els tres
factors que s’han associat de manera més robusta a la debilitat diafragmatica
des dels primers moments d’ingrés a I’UCI'%. La situaci6 proinflamatoria inhe-
rent a la sepsia pot donar lloc a un reduccio de la sintesi proteica i un augment
de la proteolisi, que pot desencadenar també en un perdua de massa muscular
aguda que es pot observar en la VIDD'?*-1%5, A més a més, aquests factors poden
existir ja previament a I’inici de la VMI, pel que un cop s’instaura la mateixa,
poden precipitar i augmentar la gravetat de la VIDD?-106108.126.127 " Altres fac-
tors com la hiperglucemia que s’ha relacionat amb un augment dels processos
oxidatius al diafragma, o I’us de farmacs com els relaxants musculars, podrien
condicionar 1’aparici6 d’atrofia 1 disfuncié diafragmatica o intensificar-ne la
gravetat®®!1?, " impacte de la corticoterapia sobre el diafragma esta més discutit
actualment ja que existeixen estudis amb resultats contradictoris sobre el seu
efecte sobre la musculatura respiratoria, protector en alguns 1 perjudicial en
d’altres'*13° (Fig.2).
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Immobilitzacié
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Fig.2 Mecanismes associats al desenvolupament de VIDD. NAV: Pneumonia associada

a la Ventilacié mecanica, PICS: Sindrome Post-UCI (De I’Anglés, Post-Intensive Care
Syndrome), VIDD: Dany Diafragmatic secundaria a Ventilacié i mecanica (De I’anglés,

Ventilatory Induced Diaphragm Damage).

¢ Prevencio i tractament de la VIDD

La VMI és una interaccié dinamica entre pacient i maquina, per tant la mo-
nitoritzacio d’aquests dos elements €s essencial per poder obtenir beneficis i
evitar complicacions’!. En les ultimes décades els esforgos dels intensivistes
en relacié al maneig de la VMI s’han centrat en minimitzar la VILI. En els
ultims anys pero, I’atencio sobre el diafragma i com evitar la VIDD ha despertat
cada vegada més interes a la llum de la repercussioé que aquesta entitat t€¢ en
el pronostic dels pacients!'*. En aquest sentit, les guies de maneig clinic dels
pacients sota VMI inclouen ja recomanacions per a prevenir, monitoritzar i
tractar la VIDD, mostrant com a pilar fonamental 1’us d’estratégies de VMI

protectora del diafragma!®*. Per prevenir i tractar la VIDD, la majoria d’autors




recomanen un abordatge multidisciplinari i tot 1 que no existeix encara un
tractament dirigit, algunes de les segiients estratégies podrien tenir resultats
esperangadors. La monitoritzaci6 de la VIDD es tractara en un apartat especific
d’aquesta Tesi.

Ventilacié mecanica protectora del diafragma

La VMI protectora del diafragma pretén prevenir la VIDD, 1 en aquells casos
on ja s’ha establert, intenta minimitzar-la sense deixar de banda en cap mo-
ment la proteccio al pulmé'**. Aixi doncs, després dels fenomens descrits en
els apartats previs, sembla logic que aquestes estratégies han de buscar: 1) la
sincronitzacid-pacient-ventilador, 2) assegurar un esforg inspiratori adequat al
drive respiratori del pacient, 3) evitar esfor¢os innecessaris 14) evitar carregues
de treball respiratori inapropiades. Malgrat tot, donada la falta d’evideéncia
actual sobre 1’aplicacié d’aquestes estratégies en la prevencio de la VIDD,
totes aquestes recomanacions es basen en opinions d’experts basades moltes
vegades en estudis animals'**. Es conegut a la literatura que el pas a modalitats
espontanies 1 la minimitzaci6 de la pressié de suport tant precogment com la
condicio del pacient ho permeti, permet millorar I’oxigenaci6 dels pacients 1
pot disminuir I’efecte deleteri i d’inactivacio sobre el diafragma’®#%!135, L’us
de modalitat espontanies en models animals 1 humans, disminueix 1’atrofia 1
la disfuncid contractil del diafragma®!*, Per tant, 1’us preferent de modalitats
espontanies també podria prevenir 1 minimitzar 1’aparicié de VIDD enfront
d’altres modalitats®, pero sempre ajustant 1’esforg inspiratori del pacient per a
que no sigui ni excessiu ni insuficient”. Monitoritzar parametres que ajudin a
ajustar el nivell de pressio suport que s’ofereix al pacient en cada moment per
a mantenir I’activitat contractil del diafragma dins uns valors fisiologics ha de

ser un dels primers objectius a I’hora de protegir el diafragma'’.

Aixi doncs, I’aplicacid de la VMI s’ha tornat cada cop més individualitza-

da buscant un equilibri entre dues ventilacions protectores, la pulmonar i la
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diafragmatica, amb 1’objectiu de minimitzar el temps necessari de ventilacio,
la mortalitat i les complicacions que se’n poden derivar!-13%140 En el segiient
apartat es detallen els metodes de que disposem a la actualitat per avaluar 1
monitoritzar I’estat 1 la funci6 diafragmatica en la practica habitual i que poden

ser utils per a guiar la ventilacio protectora del diafragma.

Altres estratégies de prevencio de la VIDD

La profilaxis de la VIDD en la fase aguda passa per 1’optimitzacio de la VMI
pero també per controlar aquells factors que poden contribuir a la seva apari-
ci6. Aixi doncs, el maneig medic Optim de les situacions intercurrents és una
estrategia inicial indispensable. Aquest maneig hauria d’estar dirigit a controlar
la sepsia, assegurar un adequat suport nutricional i restringir els farmacs amb
efectes deleteris sobre el miscul administrats durant I’ingrés'®!#!. La utilitza-
ci6 d’una sedacio protocol-litzada, regular 1’s de corticoides i de relaxants
musculars 1 evitar la hiperglucémia serien estratégies modificables que podrien

contribuir en la profilaxis de la VIDD6>68128,

Altres estratégies de tractament de la VIDD

Molts dels estudis actuals estan dirigits al diagnostic i a la descripcid de les
vies fisiopatologiques que desencadenen la VIDD per tal d’identificar farmacs
o intervencions terapeutiques que puguin ajudar en el seu maneig. D’una
banda, I’us de farmacs com la N-acetilcisteina que té capacitat antioxidant,
el bortezomib, la teofil-lina, el levosimendan i la rapamicina entre d’altres
han demostrat en estudis aillats, la capacitat de millorar la sintesi proteica, la
contractilitat, o evitar els mecanismes de la VIDD!#*!%6, Tot i aixi, manquen
estudis randomitzats controlats en humans que avaluin el seu efecte real so-
bre la musculatura respiratoria. D’altra banda, estratégies no farmacologiques
dirigides a incrementar 1’activitat diafragmatica podrien tenir un paper en

I’atrofia per desus. La rehabilitacio respiratoria amb la utilitzaci6 de teécniques




d’entrenament del diafragma ha demostrat millorar la for¢a de la musculatura
diafragmatica, pero en el moment actual, encara no hi ha estudis que avaluin
millores en factors pronostics'#’. L s de programes de mobilitzacid precog
han demostrat ser segurs en els pacients d’UCI pero el seu efecte directe sobre
el diafragma no s’ha avaluat encara'*®. Estratégies de rescat com I’estimulacio
electrica diafragmatica o la utilitzaci6 d’un marcapas diafragmatic presenten
resultats prometedors en models animals, on aconsegueix evitar ’atrofia i la
pérdua de forga pero no hi ha estudis en humans'”’. Actualment s’esta duent a
terme un assaig clinic que avalua els beneficis d’un marcapas diafragmatic que
estimula el nervi frénic via transvenosa i que podria tenir resultats prometedors

en els propers mesos'.

1.5. Métodes per a I’avaluacio de la funcié diafragmatica

a. Pressio transdiafragmatica

La mesura de la pressio transdiafragmatica (Pdi) és la tecnica gold standard per
al’avaluaci6 de la funci6 diafragmatica®'>!-!33, La Pdi és la diferéncia neta entre
la pressio gastrica (Pgas) que estima la pressido abdominal i la pressio Pes que
estima la pressio pleural, mesurades de manera simultania en una contraccio
maxima del diafragma!>!3155 Aquesta diferéncia de pressions o Pdi doncs,
¢s la pressio negativa generada pel diafragma en la seva contraccié maxima
i representa la forca realitzada pel mateix'**!**, La manera més facil per a la
mesura d’ambdues pressions (Pgas 1 Pes) és mitjancant la utilitzaci6 d’una
sonda de doble balo, un a nivell gastric 1 un a nivell esofagic, connectats a un
sensor de pressid. Donat que per a fer la mesura es necessita una contraccid
maxima del muscul, el procediment per a realitzar la maniobra de mesura €s

diferent en funci6 de la possibilitat del pacient de col-laborar'.

En pacients sedats sense capacitat de col-laborar, la determinaci6 s ha de rea-

litzar rere un estimul maxim cervical del nervi frénic en situacid de relaxacid
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completa del diafragma. La seva principal limitacio resideix en que és una tec-
nica invasiva i no disponible a la majoria de SMI. Valors de Pdi rere estimulacio
del nervi frenic (Pdi Twich o PdiTw) inferiors a 11em H,O s’han relacionat
amb una dificultat en I’extubacid, generant un impacte negatiu en I’evolucid

del pacients ingressats a UCI'%6!1%,

En pacients amb capacitat de col-laborar, la mesura de la Pdi es realitza du-
rant una inspiracié maxima voluntaria des d’una situaci6 de repos. En aquest
cas, la mesura pot estar influenciada per la musculatura de la caixa toracica, 1
sovint el pacient no és capag¢ d’activar completament la musculatura diafrag-
matica, pel que els resultats poden no ser del tot estrictes en quant a avaluacio

diafragmatica'®’.
b. Electromiografia

L’electromiografia (EMG) de la musculatura diafragmatica permet enregistrar
I’activitat electrica muscular en temps real per valorar la funci6 contractil del
diafragma i el drive respiratori'*®!*°. Lis de ’EMG s’ha estés a la clinica i a
la investigacio, sobretot en pacients amb desordres del son i patologia neuro-

muscular. El seu Gs als SMI continua essent poc freqiient!¢%!6!,

Actualment es disposa de 3 metodes per realitzar un EMG del diafragma: 1)
transcutani; 2) intramuscular 1 3) transesofagic. En el primer cas es necessiten
eléctrodes de superficie sobre la pell (metode transcutani) esdevenint una prova
no invasiva i indolora'®* tot i que més dificil de realitzar en els pacients critics
per problemes de posicionament dels electrodes 1 deteccio de senyal. LEMG
intramuscular es realitza a través de la col-locacid d’agulles o sensors en el
teixit muscular. En aquest cas és una prova invasiva i pot causar dolor i no
esta exempta de complicacions com el pneumotorax. Recentment s’ha utilitzat
I’ecografia per a guiar la puncio i aixi disminuir el risc, tot 1 que continua sent

no menyspreable'®. Finalment en I’EMG transesofagic, el sensor esta integrat




en un cateter que es posiciona a I’esofag. També és un metode invasiu, pot
generar molesties al pacient derivades de la col-locaci6 del catéter a I’esofag
i la peristalsi esofagica pot artefactar els resultats'®®. L’us de ’EMG diafrag-
matica transesofagica (EAdi) s’ha estes en els ultims anys amb 1’aparicié d’un
dispositiu que permet determinar I’activitat diafragmatica a través d’un catéter
acoblat a un ventilador, estratégia que s’ha anomenat NAVA (de I’angl¢s neu-
rally adjusted ventilatory assist). Aquesta modalitat permet analitzar el drive
respiratori 1 la funcié diafragmatica en pacients amb diferents patologies 1 en
el SMI podria ser util per a valorar 1’esforg respiratori'®. La seva aplicabilitat
en la deteccid precog del fracas de 1’extubaci6 €s discutida ja que no ha aportat

més beneficis que altres técniques habituals de caracter menys invasiu'®.

1.6. Metodes per a I’avaluacio anatomica i funcional del diafragmatica

(ecografia diafragmatica)

L’ecografia diafragmatica és una técnica relativament recent, 1’inica que per-
met valorar I’anatomia diafragmatica de manera dinamica i en temps real i de la
que se’n deriven parametres que s’han relacionat amb la funci6 diafragmatica.
Es una técnica no invasiva, innocua, indolora i lliure de radiacions i que permet
la repeticié de les exploracions sense implicar moléstia pels pacients 16167,
La limitacid principal resideix en la variabilitat inter 1 intraobservador, tot i
que varis estudis han demostrat una bona precisi6 1 reproductibilitat tant en
voluntaris sans com en pacients critics (ventilats i no ventilats)!'®®. L’ecografia
diafragmatica pot aportar informacio rellevant en la prevencio i1 deteccio de la
VIDD. La seva accessibilitat permet monitoritzar la resposta diafragmatica als
canvis realitzats en el ventilador de manera dinamica i observar en temps real la

preséncia d’asincronies que permeti fer els canvis necessaris per a evitar-les'®’.

A continuaci6 es detallen els parametres especifics que es poden mesurar mitjan-

cant ecografia i que poden aportar informacid rellevant en el camp de la VIDD.
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a. Excursio diafragmatica

L’excursi6 del diafragma valorada a través de la finestra subcostal permet vi-
sualitzar en temps real el desplacament crani caudal de la cipula diafragmatica
durant la respiracio'”’. Aquest desplagament (mobilitat) i la velocitat en la que
es realitza es pot mesurar 1 informa de 1’activitat de la musculatura diafrag-
matica, permetent distingir entre un diafragma normal, debil o amb paralisi
complerta'é”!7!, La valoracio de I’excursié diafragmatica presenta algunes li-
mitacions que son facilment identificables. L’augment de la pressié abdominal
(p.e. ascites) o ’augment de la pressio intratoracica (p.e. vessament pleural,
emfisema, fibrosi, condensacions, empiema, etc) poden restringir la mobilitat

diafragmatica i ser un fals positiu per a disfuncié diafragmatica'’>!7,

Per a la valoraci6 de la excursio diafragmatica es posiciona la sonda de 3.5-5
MHz per sota la vora costal a la nivell de la linia mitja-clavicular dirigint el feix
d’ultrasons perpendicularment al ter¢ posterior de I’hemidiafragma a estudi'’.
En el pla bidimensional (2D), durant la inspiraci6 el diafragma normal apareix
com una linia hiperecogénica corba que es desplaga en direcci6 caudal, en
direcci6 a la sonda. El mode-M s’utilitza per mesurar I’excursi6 diafragmatica,

que correspon a la distancia recorreguda entre I’expiracio i la inspiracio (Fig.3).
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Fig.3.Mesura en mode-M de I’excursio diafragmatica durant una inspiracio no for¢ada. El
diafragma es pot observar com una linia hiperecogénica (marcada amb una fletxa). L’excursio

es mesura com la diferencia de distancia entre el final de la inspiracid i el final de I’expiracid.

Els valors de normalitat en pacients no ventilats, en repos 1 en posicid supina,
son en homes i dones de 18 + 3 y 16 £ 3 mm respectivament'”'. Es defineix
com a debilitat diafragmatica una excursido menor a 10mm. La nul-la mobilitat
del diafragma durant la inspiracid o la preséncia d’una excursié negativa (o
moviment paradoxal) indica una paralisi completa del diafragma'®”!'”®, Tot i
que existeix una lleu asimetria de I’excursié entre ambdos hemidiafragmes
(més marcada a I’esquerra), la relaci6 entre els dos mai ha de ser superior al
50%. En pacients ventilats en modalitats controlades 1’excursi6 diafragmatica
es veu artefactada per I’entrada d’aire a pressio positiva, per la qual cosa no és

un parametre adequat per a pacients critics amb respiracid passiva.
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b. Gruix diafragmatic en expiracié (Tdi) i fraccio d’engruiximent
(Tfdi)

El Tdi valorat per ecografia diafragmatica s ha correlacionat amb el gruix del
diafragma mesurat amb una regla en cadavers'’® i en conseqiiéncia amb la mas-
sa muscular del diafragma'”’. El Tdi a I’hemidiafragma dret és més accessible
que I’esquerra degut a una millor finestra ecografica i presenta una bona repro-
ductibilitat inter 1 intra-observadors. A diferéncia de I’excursi6 diafragmatica,
la forca derivada de I’aplicacio de la ventilacié mecanica no modificara el gruix
expiratori, pel que aquesta mesura sera Util en pacients ventilats'’®. Tampoc la
mesura es veura afectada per génere o index de massa corporal (BMI de I’angles

body mass index) 77179180,

Per a mesurar el Tdi s’utilitza una sonda de 10-12 MHz que es col-loca en
el 9-10¢ espai intercostal de manera transversal, a I’altura de la linia axil-lar
anterior que correspon a la zona d’inserci6 del diafragma a les costelles, la
zona d’aposici6é!'’*. En aquesta posicio i en el pla 2D, el diafragma es visualitza
com una estructura formada per tres capes, dues hiperecogeniques (pleura i
peritoneu) 1 una hipoecogenica (diafragma), que engruixeix en la inspiracio i
s’aprima en I’expiracid. Per mesurar el Tdi s’utilitza el Mode-M mesurant des
de la part interior de la capa pleural a la part interior de la capa peritoneal en
la zona corresponent al final de I’expiraci6 (Fig. 4).
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Figura 4. Mesura del gruix diafragmatic en expiracioé no forcada. El diafragma es visualitza
com tres linies paral-leles (part superior de la imatge): dues hiperecogéniques amb una linia
central hipoecogénica i de més gruix. La marca vermella (part inferior de la imatge) representa

el gruix expiratori diafragmatic (Tdi).

No s’han establert valors de normalitat per al Tdi 1 aquests varien en els dife-
rents grups control utilitzats en els diferents estudis (pacients sans o ventilats).
Els limits inferiors descrits varien entre 1.6 1 2.3mm. Valors per sota de 1.5mm
s’han considerat fins al moment compatibles amb un gruix expiratori dismi-
nuit 7716181118 "FE] Tdi s’ha utilitzat en molts estudis com a sinonim d’atrofia
diafragmatica tot i que no hi ha estudis que demostrin que siguin equivalents.
Per aixo, el valor de Tdi s’ha usat com a mesura per valorar 1 monitoritzar
la VIDD'*4. Grosu et al. van ser els primers en detectar un descens diari de
Tdi del 6% després de les primeres 48h de ventilacié mecanica en modalitats

assistides!® amb un augment d’aquest percentatge fins al 10% en pacients
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ventilats en modalitats controlades'®. La preséncia d’un Tdi disminuit, tot i
que no s’ha associat a for¢a contractil ni a fracas a 1’extubacio!”” si que s’ha
associat a la presencia de disfuncié diafragmatica, amb un augment dels dies

de VMI, augment de 1’estada hospitalaria i de complicacions®”!*3,

De la mateixa manera que s’obté el Tdi (que per definicid €s expiratori) també
es pot obtenir el Tdi en inspiracio (Tdimsp). Amb aquests dos valors es pot
calcular la Tfdi seguint la segiient férmula: Tfdi = (Tdimsp)- (Td1)/ (Tdi) x 100.
El Ttdi si que s’ha correlacionat amb els volums inspiratoris, la forca diafrag-
matica 1 la Pdji, 1 tradueix, per tant, la intensitat de la contraccio voluntaria del
diafragma’”18187 Els valors de normalitat s’estimen superiors al 30% pero una

Tfdi inferior al 20% es considera com a VIDD?7-10%186.187,







HIPOTESI






2. HIPOTESI ____

2.1. Hipotesi general

La lesi6 diafragmatica associada a la ventilacié mecanica (VIDD) és una entitat
descrita en els Ultims anys en els pacients critics amb importants repercussions
en el seu pronostic. El seu estudi presenta limitacions per la complexitat 1 riscos
en la obtenci6 de mostres biologiques i per la dificultat d’utilitzar métodes per a
avaluar-la en aquests pacients. Un nou model huma no utilitzat fins al moment,
els donants MSIII, podria ser util per estudiar els canvis que pateix el diafragma
sotmes a ventilacid mecanica en diferents modalitats ventilatories aixi com per
validar la utilitat de proves d’imatge no invasives com I’ecografia a I’hora de

diagnosticar atrofia.

a. Hipotesi concreta del treball 1

Els donants d’organs MSIII, els quals son capacos d’estimular el seu diafragma
sota ventilaci6 mecanica tolerant modalitats assistides o espontanies, podrien
presentar menys VIDD (atrofia) que els donants en ME els quals tenen abolida

la contraccid diafragmatica tolerant només modalitats controlades.

b. Hipotesi concreta del treball 2

L’avaluaci6 ecografica del diafragma a través de la mesura del gruix diafragma-
tic en expiracio (Tdi) és una bona eina per diagnosticar I’atrofia diafragmatica
(definida per una disminuci6 del de la mida de les fibres musculars) en pacients

sotmesos a ventilacid mecanica.
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3. OBJECTIUS _

3.1. Objectius generals

L’objectiu comu que va portar a dissenyar aquesta Tesi va ser el d’investigar 1
congixer la utilitat d’un nou model huma per a I’estudi de la VIDD que permetés
avaluar la importancia de la utilitzacio de diferents estratégies de ventilacio
mecanica en el seu desenvolupament aixi com validar la utilitat d’una técnica
d’imatge no invasiva com I’ecografia com a metode per a diagnosticar I’atrofia

diafragmatica.

a. Objectius del treball 1

* Objectiu principal del treball 1

Comparar les caracteristiques histologiques de la musculatura respiratoria 1
periferica d’un grup de donants MSIII 1 un grup de donants en ME ventilats
amb diferents modalitats de ventilacié mecanica.

* Objectius secundaris del treball 1

Descriure un nou model fisiopatologic en humans (donants MSIII) util per a
I’estudi de la VIDD.

Comparar les caracteristiques histologiques de la musculatura respiratoria 1
periférica entre ambdods grups de donants 1 entre dos subgrups de donants
MSIII (segons si presenten major o menor activitat diafragmatica) 1 un grup

de subjectes control sotmesos a cirurgia toracica programada.



b. Objectius del treball 2

* Objectiu principal del treball 2

Avaluar la capacitat de la mesura de descens del gruix diafragmatic mesurat
per ecografia (Tdi) per a detectar atrofia diafragmatica (definida pel descens
de I’area de les fibres musculars) en pacients sotmesos a ventilacido mecanica.

* Objectius secundaris del treball 2

Analitzar 'impacte de la ventilaci6 mecanica sobre la mida fibril-lar (cros-

s-sectional area 0 CSA) i el Tdi.

Aportar una base cientifica 1 experimental per I’us del descens del Tdi mesurat

per ecografia com a signe d’atrofia.
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4. METODES

4.1. Poblacio d’estudi

En els dos estudis es van incloure pacients donants d’organs de dos tipus dife-
rents: en asistolia controlada(MSIII) 1 en ME, tots ells ingressats a la UCI de
I’Hospital del Mar durant el periode 2017-2020. El disseny dels estudis va fer
que en el primer treball ambdds grups de donants conformessin grups diferents
per ser comparats entre ells, mentre que en el segon treball, els dos grups de
donants es van incloure en el mateix grup. Els pacients inclosos en els grups
control eren pacients sotmesos a reseccid de noduls pulmonars localitzats. Els
criteris d’exclusio van ser els segiients: edat menor de 18 anys, insuficiéncia
respiratoria cronica, tractament amb esteroides orals, sospita de sindromes pa-
raneoplastiques o miopaties i/o tractament amb farmacs coneguts que poguessin

alterar 1’estructura i/o la funcidé muscular.
a. Pacients (Donants)

Donants en asistolia controlada (MSIII). Els donants en asistolia controlada,
son donants amb el diagnostic de mort per cessament irreversible de les fun-
cions cardiorespiratories (després d’una aturada cardiaca). Son pacients que
presenten lesions irreversibles que condicionen un pronostic vital infaust, on
es consensua limitar el tractament de suport vital (LTSV) 1 no iniciar la reani-
maci6 després de 1’aturada cardiaca al quirofan. Els donants potencials sovint
son capagos de generar activitat respiratoria espontania durant la ventilacio
mecanica 1 com a resultat, €s habitual que es trobin en modalitats espontanies
abans de la donacid.

Donants d’organs en mort encefalica (ME). Els donants en ME presenten una
lesi6 cerebral irreversible amb la perdua de tots els reflexes de tronc 1 abolicid

del centre respiratori, que implica el cessament complet de 1’activitat respirato-




ria espontania. El diafragma d’aquests donants es manté completament inactiu
durant el periode de ventilacid mecanica posterior al diagnostic, 1 en la majoria

dels casos, també¢ en el periode anterior a aquest.

b. Grup Control

Subjectes CTL. Pacients sense comorbiditats significatives que van ser sotme-
sos a una toracotomia per a la reseccié d’una neoplasica pulmonar localitzada

1 que van necessitar poques hores de MV.

4.2. Dades cliniques

En el moment de la inclusio es van recollir dades demografiques, edat, génere,
BMI, habits toxics, comorbiditats, medicacid cronica i el tipus d’ingrés. En el
grup de donants es va recollir la gravetat en les primeres 24h d’ingrés (Acute
Physiology and Chronic Health Evaluation II o APACHE 11 1 Sequential Organ
Failure Assessment or SOFA). Es va recollir també el tipus de donacio, els
tractaments rebuts durant I’estada a I’UCI (corticoides sistemics, tipus 1 dies de
sedacid, us 1 dies d’us de relaxants neuromusculars, insulina, nutricié enteral
1 drogues vasoactives) 1 resultats analitics del dia de I’ingrés. Es van recollir
les complicacions i I’evolucid durant I’ingrés a UCI 1 també el tipus 1 dies de
ventilacido mecanica i els dies d’estada a UCI. En el grup MSIII es va recollir
el tipus de preservacid (oxigenacidé per membrana extracorporia o ECMO,

perfusi6 freda o extracci6 rapida).
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4.3. Biopsies

a. Diafragma

Les biopsies diafragmatiques es van obtenir a quirofan en tots els casos del
diafragma costal lateral a la inserci6d del nervi frénic. En primer lloc, en els
MSIII, després de la retirada del tractament de suport vital (VMI) 1 un cop cer-
tificada la mort. En els ME, en el mateix moment de 1’extraccio d’organs, abans
de I’aturada circulatoria i tan aviat com va ser possible durant I’extirpacio dels
organs; per tal d’assegurar un temps minim d’isquémia a causa d’hipoperfusio.
Finalment en els CTL, al principi de la cirurgia. En aquest cas, el DF dels paci-

ents CTL va estar inactiu durant un curt periode de temps abans de la biopsia.

b. Quadriceps

En el primer estudi es van obtenir també biopsies del vast lateral del quadri-
ceps. En el cas dels donants, aquestes es van extreure a la UCI, en condicions
aseptiques, sota anestesia local 1 en les 4 hores previes a la cirurgia de donacid
d’organs. En el cas dels CTL, es van recollir al final de la cirurgia i abans de

la reversi6 del bloqueig neuromuscular.

4.4. Analisis experimentals

Totes les mostres (diafragma 1 quadriceps) es van processar de la mateixa
manera. Immediatament després a I’extraccio es van submergir en formol 1 es
van posar immerses en parafina per al posterior analisi.

a. Mida fibril-lar (cross-sectional area o CSA)

L’analisi histologic es va realitzar mitjangant técniques d’immunohistoquimica

(tincions per a miosina tipus I 1 II) com esta especificat en ambdos estudis.




L’analisi morfometric es va realitzar a traves de la presa d’imatges mitjancant
una camera adaptada a un microscopi optic 1 posteriorment amb 1’ajuda d’un

programa especific com s’indica en les dues publicacions.

b. Anormalitats musculars

Les anormalitats musculars van ser avaluades a través de tincions histologiques
amb hematoxilina-eosina segons metodes descrits previament a la literatura
(188). L’estructura histologica de les fibres musculars es va classificar en: es-
tructura normal, presencia de nuclis interns, cel-lules inflamatories, diposits de

lipofucsina, fibres anormals, inflamades 1 necrotiques.

4.5. Gruix diafragmatic ecografic (Tdi)

En el segon estudi, la mesura del Tdi es va realitzar en les 6 hores previes a
la donaci6 d’organs (en el grup de donants) o abans de la cirurgia (en el grup
control), mentre els subjectes estaven sotmesos a VMI 1 en posicio a 45°. La
mesura ecografica de Tdi es va realitzar amb la metodologia detallada en el
segon article, segons procediment validat a la literatura. Les mesures obtingu-
des es van analitzar independentment per dos intensivistes amb experiéncia en

ecografia diafragmatica, 1 es va analitzar la variabilitat intra/interobservador.

4.6. Analisis estadistic

Donades les caracteristiques especifiques del disseny de cada estudi, aquests

metodes es detallen en cadascun d’ells.
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5. RESULTATS ____

Els resultats dels treballs d’investigacid d’aquesta Tesi es presenten en forma
de dues publicacions cientifiques. La primera va ser publicada a la revista
Intensive Care Medicine al 2019, revista de primer decil amb impact factor de
17.44. La segona esta actualment en procés de peer review a la mateixa revista
des del 29 d’octubre de 2021.

+ Marin-Corral J, Dot I, Bogufia M, Cecchini L, Zapatero A, Gracia MP, Pas-
cual-Guardia S, Vila C, Castellvi A, Pérez-Teran P, Gea J, Masclans JR.
Structural differences in the diaphragm of patients following controlled vs

assisted and spontaneous mechanical ventilation. Intensive Care Med 2019;
45:488-500.

* Dot I, Pérez-Teran P, Francés A, Diaz Y, Vila-Vilardell C, Salazar-Degracia A,
Chalela R, Barreiro E, Rodriguez-Fuster A, Masclans JR, Marin-Corral J. As-
sociation between histological diaphragm atrophy and ultrasound thickness

in ventilated patients. Intensive Care Med en peer review.
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5.1. Article 1
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of patients following controlled vs assisted
and spontaneous mechanical ventilation
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Abstract

Purpose: Ventilator-induced diaphragm dysfunction or damage (VIDD) is highly prevalent in patients under mechanical
ventilation (MV), but its analysis is limited by the difficulty of obtaining histological samples. In this study we compared
diaphragm histological characteristics in Maastricht Il (MSIIl) and brain-dead (BD) organ donors and in control subjects
undergoing thoracic surgery (CTL) after a period of either controlled or spontaneous MV (CMV or SMV).

Methods: In this prospective study, biopsies were obtained from diaphragm and quadriceps. Demographic variables,
comorbidities, severity on admission, treatment, and ventilatory variables were evaluated. Immunohistochemical analysis
(fiber size and type percentages) and quantification of abnormal fibers (a surrogate of muscle damage) were performed.

Results: Muscle samples were obtained from 35 patients. MSIII (0 =16) had more hours on MV (either CMV or SMV)
than BD (n=14) and also spent more hours and a greater percentage of time with diaphragm stimuli (time in assisted
and spontaneous modalities). Cross-sectional area (CSA) was significantly reduced in the diaphragm and quadriceps
in both groups in comparison with CTL (n=5). Quadriceps CSA was significantly decreased in MSIIl compared to

BD but there were no differences in the diaphragm CSA between the two groups. Those MSIIl who spent 100 h or
more without diaphragm stimuli presented reduced diaphragm CSA without changes in their quadriceps CSA. The
proportion of internal nuclei in MSIII diaphragms tended to be higher than in BD diaphragms, and their proportion of
lipofuscin deposits tended to be lower, though there were no differences in the quadriceps fiber evaluation.
Conclusions: This study provides the first evidence in humans regarding the effects of different modes of MV
(controlled, assisted, and spontaneous) on diaphragm myofiber damage, and shows that diaphragm inactivity during
mechanical ventilation is associated with the development of VIDD.

Keywords: Ventilator-induced diaphragm dysfunction or damage (VIDD), Atrophy, Mechanical ventilation, Brain
death, Maastricht Ill, Muscle dysfunction
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the electromyographic activity of the respiratory muscle
fibers is diminished or may even stop [2], resulting in
the rapid development of respiratory muscle dysfunc-
tion, especially diaphragm weakness. Ventilator-induced
diaphragm dysfunction (VIDD) is defined as the loss of
the diaphragm’s capacity to generate force, together with
muscle injury and fiber atrophy, and the same acronym
has been used previously to describe ventilator-induced
diaphragm damage [3]. Both types of VIDD are associ-
ated particularly with the use of MV, typically after peri-
ods of CMV [4-6].

VIDD may play a key role in the pathophysiological
mechanisms that make it difficult to wean critically ill
patients off MV. It causes direct systemic and pulmonary
complications and may exacerbate the patient’s comor-
bidities, thus extending hospital stay. It is also associ-
ated with important functional limitations after hospital
discharge, reduced quality of life, significantly increased
mortality [7], and an increase in costs for the national
health systems [8].

Multiple studies with animal [9-15] and human
[16—-20] models have examined the pathophysiology of
VIDD and the molecular pathways involved. The inac-
tivity of the diaphragm caused by MV triggers a state of
mitochondrial vulnerability that produces an enzymatic
deficiency [10, 19], generating excessive reactive oxygen
species production and reducing antioxidant activity
[14]. It activates apoptotic [12, 16] and proteolytic path-
ways [9-11, 14, 17, 20] and promotes the accumulation of
lipids in diaphragm due to an excess of energy substrate
[18]. It also leads to atrophy of the respiratory muscles
and reduces their force-generation capacity.

The loss of muscle strength occurs quickly in some
animal models under CMV (6 h), with muscle atrophy
appearing later (12-18 h) [13]. However, other animal
studies show fast and complete diaphragmatic recovery
from VIDD within 24 h after returning to spontaneous
breathing when CMYV is removed before 12 h [21, 22]. As
in animal models, the establishment of VIDD in humans
occurs very quickly (<24 h), and it increases in severity
over time [5].

VIDD severity may be related to several factors that
are important for the development of new therapeutic
strategies to decrease diaphragm damage. Animal stud-
ies [23-28] have shown that spontaneous mechanical
ventilation (SMV) may provide more protection than
CMV. To date, however, these data have not been con-
firmed in humans because of the difficulty of obtaining
diaphragm biopsies in ventilated critically ill patients; the
human data available come from mechanically ventilated
brain-dead (BD) organ donors undergoing CMV but they
are not representative of ICU patients as a result of mul-
tiple limitations. Recently, in some European countries,

Take-home message

Maastricht Il donors present less ventilator-induced diaphragm
damage (VIDD) than brain-dead donors, probably owing to their
ability to stimulate their diaphragm. In this regard, we recommend
that the period of controlled mechanical ventilation in critically ill
ventilated patients should be kept short and that ventilation modes
with sustained patient effort should be introduced promptly.

donors after circulatory death (DCD) have been accepted
for donation and transplantation activity. Maastricht cat-
egory III donors (MSIII) are DCD in whom cardiac arrest
follows planned, controlled withdrawal of life-sustaining
treatments. These donors can undergo SMV, but the his-
tological characteristics of their diaphragm have not been
evaluated to date.

This is the first study to assess the histological charac-
teristics of the diaphragm in a new human physiopatho-
logical model in critical care—MSIII donors—and to
compare them with the same data from BD donors. Our
hypothesis was that MSIII donors who are able to stimu-
late their diaphragm may present less VIDD than BD who
cannot. The main objective was to compare the histo-
logical characteristics of MSIII and BD donors ventilated
with different forms of MV in respiratory and peripheral
muscles.

Methods
See also the additional
supplement.

information in the online

Subjects

MSIII donors, BD donors, and control subjects (CTL)
undergoing resection of located pulmonary nodules were
included. All patients included were clinically stable at
the time of the study; CTL subjects had no episodes of
exacerbation or oral steroid treatment in the previous
4 months. Exclusion criteria included age younger than
18 years, chronic respiratory failure, treatment with oral
steroids, chronic metabolic diseases, suspected para-neo-
plastic or myopathic syndromes and/or treatment with
drugs known to alter muscle structure and/or function.
Protocols were approved by the Ethics Committees of
Hospital del Mar. All biopsies were performed after writ-
ten informed consent was obtained.

Biopsies

All diaphragm biopsy specimens were obtained from the
anterior costal diaphragm, lateral to the insertion of the
phrenic nerve. All quadriceps biopsies were obtained
from the vastus lateralis. All muscle samples were imme-
diately immersed in an alcohol-formol bath and then
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embedded in paraffin. These tissues were used for the
histological analysis.

Clinical data
Age, sex, and body mass index were recorded for all sub-
jects. In both donor groups, reason for donation, sever-
ity scores on admission (Acute Physiology and Chronic
Health Evaluation II or APACHE II and Sequential Organ
Failure Assessment or SOFA), comorbidities, previous
treatments, treatments received in the ICU, complica-
tions during ICU stay, and vital signs prior to surgery
were registered. In MSIII donors, the type of preserva-
tion [extracorporeal membrane oxygenation (ECMO),
cold perfusion, or rapid extraction] was also recorded.
The following data on the MV received were recorded:
period of time on MV, time on CMYV, time on SMV, time
with diaphragm stimuli [hours on CMV with real respira-
tory rate (RRR) above the predetermined respiratory rate
(PRR) 4 hours in SMV] and without diaphragm stimuli
(hours on CMV with same RRR and PRR) in hours, and
percentage of time with diaphragm stimuli [(period of
time with diaphragm stimuli/hours on MV) x 100]. Defi-
nitions for these variables are shown in online supple-
ment Table 1.

Experimental analyses

The analysis was carried out in the two muscles of
both donor groups and CTL. Fiber cross-sectional area
(CSA), mean least diameter, and proportions of myofib-
ers expressing myosin heavy chain (MHC) I (type I) or
MHCII (type II) were assessed by immunohistochemi-
cal analysis under light microscopy (Olympus, Series
BX50F3, Olympus Optical Co., Hamburg, Germany).
Muscle structure abnormalities (a surrogate of muscle
damage) were evaluated by previously published meth-
odologies [29, 30]. The proportion of abnormal muscle
(online supplement Table 2) in paraffined samples stained
with hematoxylin—eosin was determined by means of the
same optic microscopy.

Statistics

Following the Kolmogorov—Smirnoff test results, con-
tinuous variables were expressed as means and standard
deviation (SD) when the data were normally distributed
or as medians and interquartile range (IQR 25-75%) oth-
erwise, and categorical variables as frequencies and per-
centages. Chi-square, Fisher’s test, Student’s ¢ test, and
Mann—Whitney U test were used. Comparisons between
groups were performed through one-way ANOVA with
post hoc Bonferroni test for intragroup comparisons.
Relationships between MV duration and CSA were
assessed with the Spearman’s Rho correlation coefficient.
Statistical significance was established at p<0.05. The

data were analyzed using the statistical package for social
sciences 15.0 BM® SPSS Statistics®, Chicago, IL, USA)
for Windows.

Results
See also the additional information in the online
supplement.

Characteristics of patients

Thirty-five mechanically ventilated patients (16 MSIII,
14 BD, and 5 CTL) were prospectively included in the
study. MSIII were older than BD but not older than
CTL (though this may have been due to the small sam-
ple size), and there were no significant differences in sex
and body mass index among the three groups (Table 1).
Clinical characteristics of both donor groups are shown
in Table 2. Briefly, the groups did not present differences
regarding the severity scores at admission (APACHE II
and SOFA), the percentage of comorbidities, or treat-
ment prior to admission. During the ICU stay, BD donors
received more neuromuscular blockers (NMB, cisatra-
curium in all cases) and fewer benzodiazepines, opioids,
and enteral feeding (and for a shorter time) than MSIII
donors.

Ventilatory characteristics of donor groups are shown
in Table 1. MSIII donors had longer ICU stay with more
hours on MV, CMYV, and SMV than BD. MSIII donors
also spent more hours (and a higher percentage of time)
with diaphragm stimuli than BD donors.

Immunohistochemical data

The size of type I and type II fibers was significantly
reduced in the diaphragm and quadriceps of both donor
groups in comparison with CTL. There were no dif-
ferences in the MHCI and MHCII CSA of diaphragm
between MSIII and BD donors but quadriceps MHCI
and MHCII were significantly smaller in MSIII than in
BD. These results are shown in Fig. 1. The proportions of
isoforms did not differ between the three groups (online
supplement Table 3).

CSA of diaphragm MHCI and MHCII was lower in
MSIII donors who spent 100 h or more on CMV without
diaphragm stimuli than in MSIII donors who spent less
than 100 h without it. These differences did not appear in
quadriceps CSA of the same patients (Fig. 2). This thresh-
old was used because 100 h was the median of hours
in CMV without diaphragm stimuli in the MSIII group
(Table 1). Representative cases of diaphragm and quadri-
ceps biopsy specimens are shown in Figs. 1 and 2 of the
online supplement.

MHCI and MHCII diaphragm and quadriceps CSA in
all ventilated subjects presented a significant moderate
positive correlation with the time spent in CMV without
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Table 2 Clinical characteristics of included subjects

APACHE Il score at admission 29 (8) 24 (6) NS
SOFA score at admission 9(3) 703) NS
Days of ICU stay, median (IQR) 4(2-6) 8(5-12) 0.002

NS
NS

7 (50)
3(214) 2(125)

Smoking
Alcoholism

Asthma 1(7.1) 0(0) NS
COPD 2(143) 3(18.8) NS
Diabetes mellitus 2(143) 5(313) NS
Heart failure 0(0) 1(6.3) NS
Chronic Kidney disease 2(14.3) 0(0) NS
Hematologic disease 0(0) 0(0) NS
Obesity 4(28.6) 2(125) NS
Prvieustreatment,n©9)
Corticosteroids 0(0) 0(0) NS
Statins 4(28.6) 4(25) NS
Insulin 2(143) 0(0) NS

Corticosteroids 10 (71.4) 6(37.5) NS
NMB 10 (71.4) 4(25) 0014
Days with NMB, mean (SD) 1(1-2) 1(0-2) NS
Insulin 12 (85.7) 15(93.8) NS
Rehabilitation 0(0) 1(6.3) NS
Benzodiazepines 7 (50) 4(87.5) 0.032
Days with benzodiazepines, mean (SD) 0.5(0-2) 5(2-6.5) 0.013
Opioids 9 (64.3) 6 (100) 0014
Days with opioids, mean (SD) 1.5(0-3) 5 (2-6.75) 0.007
Vasoactive drugs 13(92.9) 2 (75) NS
Maximum dose, ug/kg/min, mean (SD) 13(0.8) 0.67 (1.35) NS
Enteral nutrition 5(35.7) 3(81.3) 0014
Days with enteral nutrition, mean (SD) 0(0-2) 7(3.35-11.5) < 0.001
Total parenteral nutrition 0(0) 0(0) NS
Infectious complications, n (%) 2(14.3) 11 (68.8) 0.004
Non-infectious complications, n (%) 2(14.3) 5(31.3) NS

SD standard deviation, QR interquartile range, APACHE Il Acute Physiology and Chronic Health Evaluation I, SOFA Sequential Organ Failure Assessment, COPD chronic
obstructive pulmonary disease, ICU intensive care unit, NMB neuromuscular blockers, NS not significant

diaphragm stimulation (online supplement Fig. 3). Dia-
phragm atrophy seemed to appear sooner under CMV
without diaphragm stimulation than quadriceps atrophy
(100 h vs 150 h), but no significant differences were found
(online supplement Fig. 4).

Differences between MSIII with cold perfusion and
rapid extraction are shown in the online supplement
(Table 4). There were no differences in the time under
MYV, but donors with cold perfusion preservation spent

more hours under CMV and without diaphragm stimuli
than donors with rapid extraction. Cold perfusion pre-
sented smaller fibers in diaphragm MHCII than rapid
extraction, without differences in any other clinical
variables.

Muscle structure abnormalities
The histological evaluation of muscle structure abnor-
malities showed an increase in abnormal fibers in
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Fig. 1 Cross-sectional area of MHCI (type 1) and MHCI! (type Il) fibers of diaphragm (a) and quadriceps (b) in ventilated patients. *p < 0.05; **p < 0.01;
***p<0.001

diaphragms of MSIII and BD compared with CTL,
although the difference was not statistically significant
(possibly due to the small sample size). Diaphragms of BD
had a higher proportion of lipofuscin deposits than CTL;
this proportion tended to be higher in MSIII, though
the difference did not reach statistical significance. Both
donor groups presented decreased internal nuclei com-
pared to CTL. The proportion of internal nuclei in MSIII

diaphragms tended to be higher than in BD diaphragms
and their proportion of lipofuscin deposits tended to
be lower. There were no significant differences in the
fiber evaluation in quadriceps between the three groups
(Table 3); nor were there significant differences in other
categories assessed in diaphragms. Several representative
images are shown in the online supplement (Figs. 5 and
6).
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Discussion

This is the first study with human samples to analyze the
histological characteristics of respiratory (diaphragm)
and peripheral (quadriceps) muscles in two types of
organ donor (MSIII and BD) undergoing different forms
of MV (SMV and CMV). The results show that MSIII
who have the capacity to stimulate their diaphragm pre-
sent less VIDD than BD.

Until now, human data related to VIDD have basically
been available from two groups of patients. The bulk of
the evidence derives from mechanically ventilated BD
donors; only very recently have studies expanded to
include mixed ICU populations with underlying diseases.
Levine et al. [31] were the first to demonstrate that com-
plete diaphragmatic inactivity and MV result in atrophy
of human diaphragm myofibers in BD. But studies with
BD donors present a clear limitation, given that brain
death itself can generate multiple systemic changes, and
is thus an important confounder [32-35]. BD donors do
not exhibit the clinical features of critically ill patients;
they are distinguished by the complete absence of neural
activation of the diaphragm, metabolic stress, and brain
ischemia [32-35]. Recent studies in mixed ICU popula-
tions present an important limitation due to the difficulty
of obtaining diaphragmatic samples that allow the perfor-
mance of histological studies [20]. A relevant advance in
the present study is our use of a novel pathophysiological
model, MSIII organ donors, and our assessment of their
diaphragmatic structure. This recently described donor

profile [36] could present multiple advantages over the
groups used in previous models.

First, MSIII are critically ill patients with irreversible
severe disease in whom the decision is taken to withdraw
life support measures in a controlled manner. This means
that they are a highly representative population of criti-
cally ventilated patients. MSIII presented a longer ICU
stay with a lower need for NMB and a higher need for
sedation and opioids than BD and also had more infec-
tious complications. With regard to these differences,
anesthetics can be ruled out as a cause of VIDD, since
studies using appropriate controls concluded that the
decreased contractility was due to the effects of MV per

e [37]. The decreased contractility secondary to CMV
cannot be attributed solely to NMB, since it was also
observed in studies that did not use these drugs. How-
ever, the effects of 24 h of CMV and aminosteroidal NMB
(rocuronium) are synergistic in depressing diaphragm
contractility, in inducing atrophy, and in upregulat-
ing proteolysis, a synergism not observed with different
doses of benzylisoquinoline NMB (cisatracurium) [37].

Second, among other differences with respect to BD, in
most cases MSIII were able to spontaneously stimulate
their diaphragm and tolerated SMV well, since they spent
more hours under SMV and with diaphragm stimuli.

Another strength of this study is the analysis of two
muscles, one respiratory (diaphragm) and the other non-
respiratory (quadriceps). As we expected, both presented
significant CSA reductions in MSIII and in BD compared

Table 3 Histological evaluation of muscle structure abnormalities in the three groups

Total abnormal muscle fibers 35(1.1)
Internal nuclei 24(1.0)
Inflammatory cells 05(0.3)
Lipofuscin deposits 04(0.1)
Abnormal viable 02(0.1)
Inflamed/necrotic 000

Total abnormal muscle fibers 24(06)
Internal nuclei 1.0 (0.5)
Inflammatory cells 0.1(0.1)
Lipofuscin deposits 1.3(0.5)
Abnormal viable 0(0)

Inflamed/necrotic 0(0)

94(10.7) 6.5(14.2) 0.709
03 (0.3 1.1(15)° 0.003
05(0.1) 05(0.1) 0392
79(105)° 42(12.2) 0.000
0.1(0.2) 0.1(02) 0.748
0.6 (04) 06(0.5) 0485
23(5.0) 18(24) 0.730
0.2 (04) 05(0.8) 0.247

0(0) 0.1(0.1) 0343
20(5.0) 1022 0487

000 0(0) 0223
0.1 (04) 02(03) 0787

See the categories and definitions for point counting in online supplement Table 1

2 Between brain-dead and control, p<0.01
b Between brain-dead and control, p<0.001

¢ Between Maastricht Ill and control, p <0.05
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to CTL. It is known that in limb muscles, contractile
activity regulates protein turnover and muscle mass, and
muscle disuse accelerates protein degradation [38]. MV
may impose bed rest and may indirectly prolong immo-
bility as a result of the use of sedatives or NMB, which
may promote neuropathy, muscle wasting, and loss of
muscle function in non-respiratory muscles. Indeed, our
results showed that quadriceps of MSIII patients, who
spent more days intubated and immobilized in the ICU
with greater need for these drugs, presented a decreased
fiber size than BD. Similarly, Powers and colleagues [39]
recently speculated that the sudden creation of a state
of diaphragm disuse during “full support” MV is the key
initiator of the cascading changes that lead to VIDD. But
while the diaphragm is characterized by a permanent
cyclic activity, normal limb muscles are not constantly
active. Furthermore, although both are striated muscles,
their fiber type composition differs, as shown both by our
results and by previous reports [40, 41].

Animal experiments in recent years have demonstrated
that increasing diaphragm muscle contraction by use of
assisted modes during MV may slow the evolution of
VIDD [23-28]. On the one hand, in rats, rabbits, and
piglets, partial support MV has been shown to prevent
protease activation in the diaphragm [23], the increased
expression of ubiquitin—proteasome system components
and diaphragm atrophy, and maintains contractile func-
tion [24-26]. On the other, reducing the level of support
also protects rat diaphragm against oxidative stress and
atrophy [27]. Finally, intermittent spontaneous breathing
in ventilated rats minimizes the reduction in diaphragm
force and fiber size during MV [28].

As we expected, our results regarding muscle atrophy
and diaphragm abnormalities in humans are in accord-
ance with these data observed in animal models. First of
all, our results showed that BD and MSIII donors pre-
sented major diaphragmatic atrophy in both types of
muscle fibers, slow-twitch (type I or expressing MHCI)
and fast-twitch (type II or expressing MHCII) after a
variable long-term period of ventilation compared to
CTL. Second, there were no differences between dia-
phragm CSA in MHC I or MHC II in MSIII compared
to BD, although MSIII donors spent significantly longer
under MV and CMV. In addition, MSIII donors spent
more hours under SMV and a higher proportion of time
with diaphragm stimuli. Moreover, when MSIII donors
were divided into two groups according to the number of
hours without diaphragm stimuli, it was found that dia-
phragm CSA of MSIII donors with more hours of ventila-
tion without diaphragm stimuli were smaller than those
with fewer hours without diaphragm stimuli. So it seems
that MSIII donors present a protective factor against the
development of respiratory muscle atrophy which could

be attributed to the higher rate of SMV used and the dia-
phragm stimulation maintained during MV.

At present there are no data regarding other mor-
phological muscle abnormalities existing in the res-
piratory muscles of ventilated patients. Our results
showed that diaphragm of MSIII had a lower percent-
age of lipofuscin and a higher percentage of internal
nuclei than diaphragm of BD, and there were no dif-
ferences in peripheral muscles in any of the groups
analyzed. The accumulation of lipofuscin indicates
more remains of lipid destruction, which is an indi-
rect marker of oxidative stress and may indicate a
more advanced stage of muscle protein degradation
in BD. These findings are in accordance with previous
reports indicating that CMV induces the production
of reactive oxygen species in the diaphragm, which
is required for the activation of several key proteo-
lytic systems involved in MV-induced diaphragmatic
atrophy [2]. The lesser appearance of internal nuclei
indicates a lower capacity of muscle repair in the dia-
phragm of the same patients. These results suggest
that respiratory muscles of MSIII donors are less dam-
aged than those from BD, and once again this may be
due to a protective factor induced by diaphragmatic
stimulation. Although increases in the proportion of
necrotic fibers in the diaphragm of some ventilated
patients have been reported in the literature [42, 43],
these studies analyzed septic patients in whom VIDD
and sepsis-induced diaphragm dysfunction (SIDD)
may have coexisted. This combination of sepsis and
ventilation could have an additive (if not synergic) del-
eterious impact on diaphragm function, but was not
present in our series or in the BD series described by
Levine [31].

A variety of interventions may be useful in prevent-
ing VIDD. Muscle-protective ventilation strategies
(proportional assist ventilation and neurally adjusted
ventilatory assist) aim to titrate ventilation in order
to maintain appropriate levels of inspiratory muscle
effort and optimize synchrony between patient and
ventilator [44]. Moreover, interventions involving the
molecular pathways studied and the reversal of mus-
cle disuse through electrostimulation are under inves-
tigation. The time is indeed ripe for clinical trials in
this important area, but new tools are also needed that
allow us to evaluate respiratory muscle function at
the bedside. The current literature suggests that dia-
phragm ultrasound could be a useful and accurate tool
for detecting diaphragmatic dysfunction in critically
ill patients, predicting extubation success or failure,
monitoring respiratory workload, and assessing atro-
phy in patients who are mechanically ventilated [45].
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Study limitations

First of all, the groups compared contained different
kinds of patients (BD and MSIII). However, the aim
of this study was to present the first assessment of the
histological characteristics of MSIII patients, and to
compare them with those of BD, the only previously
studied population. Neither group was pure in terms of
the ventilatory methods used, so it is difficult to attrib-
ute the changes described to the type of ventilation
received. To minimize this heterogeneity, in this study
the hours under CMV and SMV were carefully counted
as well as the difference between the PRR and RRR in
order to calculate the time under MV in which patients
stimulated or did not stimulate their diaphragm. These
data are detailed in Table 2. Moreover, inside the MSIII
group we also compared those who spent more hours
on CMV with those under fewer hours of CMV, and
cold perfusion versus rapid extraction. Further stud-
ies will be necessary to compare pure groups. Another
limitation is that we cannot exclude the possibility that
factors other than MV per se were involved in the his-
tological alterations found in both donor groups. We
eliminated patients suffering from other conditions
known to alter respiratory muscle function in our
study, and we recorded the treatments known to be
deleterious. We also included a limb muscle as internal
control, subjected to the same systemic factors as the
diaphragm (except for MV) in order to assess whether
the changes were due to the different forms of ventila-
tion used. Likewise—and this is a major limitation—
since our data are histological we can only speculate
about their functional significance and we can only
refer to ventilator-induced diaphragm damage. Further
studies will be necessary to elucidate why diaphrag-
matic rest reduces diaphragm CSA, and how preserving
a certain degree of spontaneous diaphragm contractile
activity protects against diaphragm atrophy.

Conclusions

This study provides the first evidence in humans regard-
ing the effects of different modes of MV (controlled,
assisted, and spontaneous) on diaphragm myofiber dam-
age, and shows that diaphragm inactivity during mechan-
ical ventilation is associated with the development of
VIDD. The results suggest that the deleterious effects
of diaphragm unloading generated by CMV in humans
can be attenuated by maintaining a certain level of res-
piratory muscle stimulation during MV. Future studies
using MSIII donor models should include more decisive
measures of protein turnover and redox balance along
with diaphragmatic contractile measurements in these
patients.
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Methods

This original single-center prospective interventionist cohort study was conducted at the Critical Care
Department of the Hospital del Mar in Barcelona and by the Critical illness research group (GREPAC) at
the Hospital del Mar’s Institute of Medical Investigations (IMIM). It was designed in accordance with our
institution’s ethical standards on human experimentation established in accordance with the 1964 Helsinki
Declaration and its subsequent amendments. The study was approved by our Local Ethics and Clinical
Research Committee (IRB PSMAR, 2017/7183/I) and by the Catalan Transplant Organization (OCATT).
Written informed consent was obtained from all relatives prior to the study. Any details that might disclose
the subject’s identity in the study were omitted.

The sample size was based on previous data regarding organ donation and was calculated in order to find
significant differences between two independent means in terms of muscle atrophy. Accepting an alpha
risk of 0.05 and a beta risk of less than 0.2 in a bilateral contrast, 11 subjects in the MS group and 11
subjects in the BD group were required in order to detect a difference equal to or greater than 600 units
(ume). It was assumed that the common standard deviation was 400, and a follow-up loss rate of 5% was

estimated.

Subjects

MS donors. Non heart-beating donors were donors diagnosed as dead due to irreversible cessation of
cardiorespiratory functions (after cardiac arrest). MS donors included patients with non-survivable injuries
in whom the treating clinicians decided to withdraw treatment and not commence resuscitation (limiting
life support or LLS) after cardiac arrest, in the ICU or in the operating room. The predictability or control
of cardiorespiratory arrest allowed procedures that avoided organic hypoperfusion by administering cold
perfusions or the initiation of extracorporeal circulation after cardiac arrest, which kept the tissues in a
suitable condition. The potential MS donors presented few important comorbidities, which predicted a good
viability of the organs and they usually were able to generate spontaneous respiratory activity during MV.
As aresult, SMV ventilation was possible.

BD organ donors. Donors with a BD diagnosis. One of criteria for BD diagnosis was the lack of
spontaneous respiratory muscle activity during normocapnia as well as normoxic hypercapnia. These data
reveal that DF of BD organ donors were completely inactive during the period of MV following the

diagnosis, and in most cases previous to it.




CTL subjects. Patients without significant comorbidities who underwent thoracotomy of a suspected early
localized lung malignancy and who needed several hours of MV. All subjects were on bronchodilators and

inhaled corticosteroids.

Biopsies

MS donors. DF biopsies in MS donors were obtained in the operating room, after withdrawing life support
treatment (MV) and certification of death. At that time, in order to avoid ischemia due to hypoperfusion,
the extracorporeal membrane oxygenation (ECMO) or cold in situ perfusion were started. In a few cases
where only kidneys were suitable for retrieval, a rapid extraction was performed without reperfusion
measures. Specimens were taken after a variable period of MV. The QD biopsy was extracted in the ICU,
under aseptic conditions and during the four hours before the organ donation surgery.

BD organ donors. DF biopsies in BD organ donors were obtained in the operating room at the time of organ
extraction, prior to circulatory arrest and as soon as was possible during organ removal, ensuring minimal
ischemia time due to hypoperfusion. Specimens were taken after a variable period of MV. The QD biopsy
was extracted in the ICU, under aseptic conditions and in the four—hour period prior to the organ donation
surgery.

CTL subjects. DF biopsies in CTL subjects were obtained at the end of the surgery and before reversal of
the neuromuscular blockade. In this case, DF of CTL patients was inactive for a short period of time prior
to biopsy. QD biopsy was obtained at the same time as DF biopsy, at the end of the surgery, before reversal

of the neuromuscular blockade.

Immunohistochemical data

Morphometric analyses were carried out in the DF and QD samples. Muscle samples were immersed in
subsequent baths of different degrees of alcohol, formol, and xylol, to be finally embedded in paraffin.
Three-micrometer muscle paraffin-embedded sections were obtained using a microtome and fixed on a
glass slide which was then dried by heat (60°C). All sections were deparaffinized and incubated with citric
acid solution in a pressure cooker (antigen retrieval protocol). Slides were then incubated in a humid
chamber with monoclonal anti-myosin heavy chain-I (clone MHC, Biogenesis Inc., Poole, UK) and
monoclonal anti-myosin heavy chain-II antibodies (clone MY-32, Sigma-Aldrich, Saint Louis, MO, USA).
After several washes in phosphate-buffered saline, slides were incubated with biotinoylated secondary
antibodies followed by HRP-conjugated streptavidin and diaminobenzidine (LSAB + HRP Kkit,
DakoCytomation Inc, CA, USA) as a substrate. Negative control slides were exposed only to secondary
antibodies. Slides were counterstained with hematoxylin, dehydrated, and mounted for conventional
microscopy. The cross-sectional area (CSA), mean least diameter, and proportions of type I (expressing
MHCI) and type II (expressing MHCII) fibers were assessed by using a light microscope (Olympus, Series
BX50F3, Olympus Optical Co., Hamburg, Germany) coupled with an image-digiting camera (Pixera

Studio, version 1.0.4; Pixera Corporation, Los Gatos, CA) and evaluated using specific morphometry

program (Image J, U. S. National Institutes of Health, Bethesda, Maryland, USA). At least 150 fibers were

measured and counted in each muscle specimen.
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Muscle structure abnormalities

The area fraction of normal and abnormal muscle (abnormal cellular events taking place in the muscle
fibers) was evaluated on 3pm paraffin-embedded sections of DF and QD fixed on a glass slide. They were
stained with hematoxylin and eosin. Following the method of point counting used by Macgowan ez al and
other authors [29, 30], each image of muscle cross section was quantified by projecting 63 point-intercepts
on each image sample. Two independent observers classified each point-intercept in one of the following
categories: normal structure muscle, presence of internal nucleus, inflammatory cells, lipofuscin deposits,
abnormal viable fibers or inflamed or necrotic fibers (Table 1 Online Supplement). At a magnification of
x40, each point-intercept was assigned to a specific category. The fraction areas of normal and abnormal
muscle were determined by calculating the proportion of points in each assigned category. The sum of the
percentages of the non-normal categories was termed “total abnormal muscle fibers”. Photographs were
used for reference when assigning point-intercepts to categories. For each muscle cross section, all possible
non-overlapping fields were counted in a standardized manner. The observer was blinded to the identity of

the slide.

Discussion

In this study, there were no differences in the atrophy or in the fiber percentages presented in any ventilated
donor group between the two fiber types; however, when we compared MSIII donors according to the type
of preservation, we found that those who had been administered cold perfusion spent more hours in CMV
and without diaphragm stimuli than rapid extraction although they spent the same number hours under MV.
In accordance with previous data, only MHCII CSA were significantly decreased compared with rapid
extraction, and there were no differences in the other clinical characteristics. In this regard, both short-term
and long-term CMYV result in modifications of the MHC phenotype in rats. Within 12 and 18 h of CMV
both type I and II fibers are reduced in size, but type II fibers exhibit a much greater reduction; within 24 h
of MV the transcript levels of the MHCII isoforms fall by ~20%, consistent with the preferential atrophy
observed in the above-mentioned studies. This modification of the MHC phenotype could contribute to the
force decline of the diaphragm reported in some articles, since slow fibers produce less force than fast fibers

[37].




A Time on MV Total time on MV With and without diaphragm stimuli

B Time on CMV Time on controlled mode With and without diaphragm stimuli
Bl CMYV with RRR =PRR Time on CMV with ventilations Without diaphragm stimuli

totally controlled by the ventilator
B2 CMV with RRR>PRR Time on CMV with ventilations With diaphragm stimuli

assisted by the ventilator

C Time on SMV Time on spontaneous mode With diaphragm stimuli

B1 = Time without diaphragm stimuli

B2 + C = Time with diaphragm stimuli

MV: mechanical ventilation; CMV: controlled mechanical ventilation; RRR: real respiratory rate; PRR: predetermined respiratory rate;

SMV: spontaneous mechanical ventilation.

Table 1. Definitions for the ventilatory variables.
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CATEGORIES AND DEFINITIONS FOR POINT COUNTING*

Category Name Definition

1 Normal muscle Polygonal fiber, acidophilic cytoplasm, plasma membrane,

peripheral muscle nuclei

2 Internal nuclei Fiber with at least one muscle nucleus located internally
3 Inflammatory cell Round-shaped nucleus in interstitial space
4 Lipofuscin Fiber containing deposits of yellow-brown pigmentation at least

size of a muscle nucleus

5 Abnormal viable Small fiber with two or more oblique angles or with basophilic
peripheral sarcoplasm

6 Inflamed/necrotic Fiber containing inflammatory cell(s); necrotic mass of

inflammatory cells and muscle debris

*Total count = £ Categories 1 to 6; area fraction normal muscle = ¥ Category 1/Total count X 100; total
abnormal muscle fibers = £ Category 2 to 6/Total count X 100. Modified from Macgowan et al, Am J
Respir Crit Care Med 2001.

Table 2. Categories and definitions for point counting.




Control Brain-dead Maastricht ITI
n=5 n=14 n=16

Diaphragm, %, mean (SD)

Type I fiber 52.60 (3.25) 49.07 (10.25) 51.83 (9.09)

Type II fiber 47.40 (3.25) 50.93 (10.25) 48.17 (9.09)
Quadriceps, %, mean (SD)

Type I fiber 41.66 (14.10) 39.86 (10.16) 45.36 (6.71)

Type 1I fiber 58.33 (14.10) 60.14 (10.17) 54.63 (6.71)

Table 3. Proportion of type I and II muscle fibers in the three cohort groups.

Cold perfusion Rapid extraction P
n=5 n=9
Total MV, h, median (IQR) 196 (143 - 386) 208 (141 - 348) ns
Total CMV, h, median (IQR) 177 (122 - 197.5) 75 (40 - 154) 0.022
Diaphragm without stimuli, h, median (IQR) 159 (122 - 187) 58 (30-110) 0.004
Diaphragm, pm?, mean (SD)
Type I fiber 1145.6 (383.4) 1631.1 (789.7) ns
Type II fiber 933.5 (442.8) 1869.4 (1108.7) 0.047

Table 4. Characteristics of MS donors in two types of organ preservation, cold perfusion or rapid extraction.
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Figure 1. Comparison of representative MSIII donor diaphragm-biopsy specimens with respect to fiber

size and MHCI/MHCII proportions. A: MHCI immunohistochemical staining of a MSIII donor who spent
100 or more hours without diaphragm stimuli (10X). B: MHCI immunohistochemical staining of a MSIII
donor who spent less than 100 hours without diaphragm stimuli (10X).



Figure 2. Comparison of representative BD and MSIII donor quadriceps-biopsy specimens with respect to
fiber size and MHCI/MHCII proportions. A: MHCI immunohistochemical staining of a BD donor (10X).
B: MHCI immunohistochemical staining of a MSIII donor (10X).
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Figure 5. Comparison of representative BD and MSIII donor diaphragm-biopsy specimens with respect to

muscle abnormalities (black arrows indicate internal nuclei) A: Hematoxylin-eosin staining of a BD donor

(20X). B: Hematoxylin-eosin staining of a MSIII donor (20X).



Figure 6. Comparison of representative CTL and BD donor diaphragm-biopsy specimens with respect to

muscle abnormalities (black arrows indicate lipofuscin deposits) A: Hematoxylin-eosin staining of a CTL

subject (X40). B: Hematoxylin-eosin staining of a BD donor (X40).
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Purpose

To evaluate the ability of decreased diaphragm thickness (Tdi) measured by
ultrasound to predict muscle atrophy, defined by the decrease in the diaphragm fiber
cross-sectional area (CSA) obtained through diaphragm biopsy (the gold standard
technique) in ventilated patients.

Methods

Diaphragm biopsies and diaphragm ultrasound were performed in ventilated donors
and in control subjects. Demographic variables, comorbidities, severity on admission,
treatment, laboratory test results and evolution variables were evaluated.
Immunohistochemical analysis (CSA) and ultrasound measurements of diaphragm
thickness (Tdi) were performed, and median values of the control group were used as
thresholds for further analysis. Sensitivity, specificity, and positive and negative
predictive values of an ultrasound Tdi cutoff for detecting histologic atrophy were
calculated. Agreement between two ultrasound observers was also assessed.

Results

Thirty-five ventilated organ donors and 5 ventilated controls were included, without
differences in basic characteristics. CSA and Tdi were lower in donors than in controls.
All donors presented decreased CSA, but only 74% decreased Tdi. The cutoff value for
decreased diaphragm thickness (Tdi<1.7mm) presented a sensitivity of 73%, a
specificity of 67%, a positive predictive value of 96% and a negative predictive value of
17% for determining the presence of diaphragm atrophy (CSA<2851 ym 2 ).

Conclusions

Mechanical ventilation generates both diaphragm atrophy and decreased thickness.
Diaphragm ultrasound is a good tool for diagnosing atrophy, but decreased Tdi should
not be regarded as synonymous to atrophy. In our population, Tdi<1.7mm indicated
diaphragm atrophy with a high probability of success. However, a Tdi > 1.7mm could
not rule out diaphragm atrophy.

Judith Marin Corral, MD, PhD
Hospital del Mar - IMIM
Barcelona, Barcelona SPAIN

Hospital del Mar - IMIM
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Barcelona, October 27th 2021

Dr. Giuseppe Citerio, Editor-in-Chief
Intensive Care Medicine

Dear Dr. Citerio,

Please find attached our original article “Association between histological diaphragm
atrophy and ultrasound diaphragm thickness in ventilated patients”, authored by Dot et
al., to be considered for publication as an original article in the Intensive Care
Medicine.

Our manuscript attempts to fill some of the gaps in our current understanding of the
usefulness of diaphragm ultrasound for the diagnosis of diaphragm atrophy. Our study
explores the concern expressed by certain authors regarding the significance of
decreased diaphragm thickness or Tdi related to atrophy. At present, little is known
about the relationship between Tdi and atrophy, defined by a decrease in the fiber
cross-sectional area evaluated in diaphragm biopsies (the gold standard technique).
Therefore, our aim was to assess the ability of decreased Tdi measured by ultrasound
to predict muscle atrophy (decrease in CSA) in ventilated patients. We determined that
mechanical ventilation generates both diaphragm atrophy and decreased thickness.
We also confirmed that diaphragm ultrasound is a good tool for diagnosing atrophy,
although decreased Tdi should not be regarded as synonymous to atrophy. Therefore,
we strongly believe that our novel approach offers a potential scientific and
experimental basis for the use of Tdi decrease measured by ultrasound to express
atrophy, while taking the underlying limitations into consideration at all times.

We think that this original article may be attractive to Intensive Care Medicine readers
because in recent years your journal has been interested in respiratory muscle
dysfunction in ventilated patients and in the tools available for its diagnosis and
management. Our group already had the honor of publishing a novel manuscript on
this topic using the same human model for sampling. In addition, the preliminary results
of the study were presented at the 32th ESICM Lives, arousing considerable interest.
The study was supported by a grant from Instituto de Salud Carlos Ill-Fondo Europeo
de Desarrollo Regional (FEDER) (P118/00025).

This manuscript contains original research and has not been published or submitted for
publication elsewhere. All authors have read and approved the manuscript and have
made significant contributions to the paper. The research meets all applicable
standards with regard to the ethics of experimentation and research and was approved
by the local research ethics committee. None of the authors have any disclosures to
make related to this manuscript. | will be responsible for all pre-publication
correspondence.

Thank you for considering our manuscript for publication in the Intensive Care
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Abstract

Purpose

To evaluate the ability of decreased diaphragm thickness (Tdi) measured by ultrasound to predict
muscle atrophy, defined by the decrease in the diaphragm fiber cross-sectional area (CSA)

obtained through diaphragm biopsy (the gold standard technique) in ventilated patients.

Methods

Diaphragm biopsies and diaphragm ultrasound were performed in ventilated donors and in control
subjects. Demographic variables, comorbidities, severity on admission, treatment, laboratory test
results and evolution variables were evaluated. Immunohistochemical analysis (CSA) and
ultrasound measurements of diaphragm thickness (Tdi) were performed, and median values of
the control group were used as thresholds for further analysis. Sensitivity, specificity, and positive
and negative predictive values of an ultrasound Tdi cutoff for detecting histologic atrophy were

calculated. Agreement between two ultrasound observers was also assessed.

Results

Thirty-five ventilated organ donors and 5 ventilated controls were included, without differences in
basic characteristics. CSA and Tdi were lower in donors than in controls. All donors presented
decreased CSA, but only 74% decreased Tdi. The cutoff value for decreased diaphragm
thickness (Tdi<1.7mm) presented a sensitivity of 73%, a specificity of 67%, a positive predictive
value of 96% and a negative predictive value of 17% for determining the presence of diaphragm
atrophy (CSA<2851 um3).

Conclusions

Mechanical ventilation generates both diaphragm atrophy and decreased thickness. Diaphragm
ultrasound is a good tool for diagnosing atrophy, but decreased Tdi should not be regarded as
synonymous to atrophy. In our population, Tdi<1.7mm indicated diaphragm atrophy with a high

probability of success. However, a Tdi >1.7mm could not rule out diaphragm atrophy.

Keywords

Diaphragm thickness, Ventilator-induced Diaphragm Dysfunction or damage (VIDD), Atrophy,

Muscle dysfunction, diaphragm ultrasound




Introduction

Diaphragm fiber atrophy after the use of mechanical ventilation (MV) has been described as an
important factor contributing to the development of ventilator-induced diaphragmatic dysfunction
(VIDD) [1]. The prevalence of VIDD in the intensive care unit (ICU) in ventilated patients is 40-
80% according to previous studies and has been associated with a high rate of weaning failure,
increased length of stay, and increased ICU and hospital mortality [2-7]. For these reasons, its
detection, diagnosis, evaluation and treatment are crucial to improve outcomes in critically ill
patients.

Animal and human studies have revealed the presence of histological atrophy (i.e., decrease in
muscle fiber size) after a few hours of controlled MV or inappropriate ventilator settings with a
decreased force-generating capacity [8-12]. MV itself seems to affect the diaphragm, but many
other factors such as inflammation, malnutrition and the use of certain pharmacological agents
contribute to this problem in the ICU. Although muscle biopsy and histological evaluation through
fiber cross-sectional area (CSA) is still the best methodology to evaluate muscle structure, it is an
invasive procedure that may cause severe complications in routine use and is rarely performed
in clinical practice [13].

In recent years, ultrasound has become increasingly popular in the day-to-day management of
ICU patients given its simplicity, its non-invasive nature and its high safety profile. It can be used
to assess distinctive diaphragmatic characteristics such as the expiratory diaphragm thickness or
Tdi and offers high reproducibility [14,15]. Rapid early changes in Tdi have been described after
MV [16,17] and its decrease in ultrasound studies has been accepted as an indicator of a loss of
diaphragm muscle mass. In this context, it has been widely used to describe the atrophy found
in the diaphragm of critically ill patients who have undergone MV. However, no previous studies
have compared histological diaphragm atrophy (CSA) and ultrasound Tdi in ventilated patients.
We hypothesized that Tdi would be a good tool for diagnosing diaphragm atrophy in ventilated
patients. The aims of this study were: 1) to assess the ability of Tdi decrease measured by
ultrasound to evaluate diaphragm atrophy (normally assessed by diaphragm CSA) in ventilated
patients; and 2) to analyse the impact of MV on diaphragm CSA and Tdi. We also aimed to give
a scientific and experimental basis for the use of muscle thickness decrease measured by

ultrasound to define atrophy.

Methods
Study subjects

Critically ill organ donor patients admitted in a University hospital ICU during a period of 3 years
and who required mechanical ventilation for a period longer than 24h, were elegible for the study.
The donor group comprised two types of donors, those included in the Maastricht Il classification,
in whom circulatory death occurred after a controlled and planned withdrawal of life-sustaining
therapies, and brain-dead donors, diagnosed as such in view of the evidence of a lack of cortical

and brainstem reflexes secondary to irreversible brain damage. We also included a control group
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comprising patients who had undergone elective thoracic surgery for localized lung nodule.
Exclusion criteria were as follows: age younger than 18, previous diaphragmatic surgery and
difficulty obtaining diaphragm ultrasound images. Protocols were approved by the Ethics
Committees of Hospital del Mar (2017/7183/) and informed consent was obtained from all
subjects or their next of kin prior to inclusion. The procedures used in this study adhered to the
tenets of the Declaration of Helsinki. Further details regarding study donors are detailed in a
previous study by Marin-Corral et al [10].

Clinical data

At inclusion, demographic variables such as age, gender, body mass index (BMI), toxic habits,
chronic medical comorbidities, chronic medications and type of admission were recorded for all
subjects. In the donor group the severity scores in the first 24h after admission (Acute Physiology
and Chronic Health Evaluation Il or APACHE Il and Sequential Organ Failure Assessment or
SOFA) were also recorded, as were the type of donation, treatments received during ICU stay
(systemic corticosteroids, type and days of sedation, use and number of days with neuromuscular
blockers, insulin, enteral nutrition, and vasoactive drugs) and laboratory test results on the day of
inclusion. Finally, ICU complications and evolution (days on MV, ICU length of stay) were also
described.

Biopsies and fiber cross-sectional area (CSA)

In all patients included, diaphragm biopsy samples were obtained early during surgery, from the
anterior right costal diaphragm, lateral to the insertion of the phrenic nerve (Figure 1). Specifically,
in the case of donors, the biopsy was obtained as soon as possible during organ removal,
ensuring minimal ischemia time due to hypoperfusion. Muscle samples were immediately
immersed in an alcohol-formol bath and then embedded in paraffin. These tissues were used for
the histological analysis. Morphometric analyses were carried out in the diaphragm samples. CSA
and proportions of myofibers expressing myosin heavy chain | (MHCI or type |, Sigma-Aldrich,
Saint Louis, MO, USA) or Il (MHCII or type I, Sigma-Aldrich, Saint Louis, MO, USA) were
assessed by immunohistochemical analysis under light microscopy (Olympus, Series BX61,
Olympus Optical Co., Hamburg, Germany) coupled with an image-digiting camera (Olympus,
Series DP71, Olympus Optical Co., Hamburg, Germany) and evaluated using a specific
morphometry program (Image J, U. S. National Institutes of Health, Bethesda, Maryland, USA).
At least 150 fibers were measured and counted in each muscle specimen and the CSA evaluation
included the size of all fibers type (I and Il). Further details on biopsy procedures are detailed
elsewhere [10].

Ultrasound diaphragm thickness (Tdi)

Diaphragm ultrasound (Vivid I® ultrasound device, General Electric, Fairfield, CT, USA) was
performed in the six hours before organ donation (donor group) or prior to surgery (control group)
with subjects connected to MV in a semi-recumbent position (45°). Tdi (mm) was measured in the
zone of apposition of the right hemidiaphragm to the rib cage with the linear probe (10-12 MHz)
located in the 9t-10t intercostal space, at the level of the anterior axillary line in a transversal

position as previously described. In this position, the diaphragm is visualized as a three-layered




structure which thickens with inspiration. The two external echogenic layers correspond to the
pleura and the peritoneum. Between the two layers, diaphragm muscle is clearly visualized
(Figure 1). To measure Tdi at end-expiration, M-mode was used to obtain three uninterrupted and
well-defined respiratory cycles. Images were stored in digital format and Tdi was measured from
the inner-to-inner layer with an electronic caliper. The average of the three individual values were
used. Measurements were analysed independently by two intensivists experienced in ultrasound,
and intraobserver/interobserver agreement was evaluated.

Statistics

Continuous variables were described as means and standard deviation (SD) or medians and
interquartile range [IQR (25-75)] according to whether the Kolmogorov-Smirnov test showed the
distribution to be normal or non-normal. Categorical variables were described as number of cases
and percentages [n (%)]. Chi-square, Fisher’s test, Student’s t-test, and Mann-Whitney U test
were used to evaluate variables at baseline. Agreement between the two ultrasound observers
was performed with Spearman’s Rho correlation coefficient, and intraindividual variability was
assessed by the variation coefficient.

We established cutoff values for histologic atrophy and ultrasound Tdi decrease in our population,
based on the characteristics of our control group (i.e., the median values of CSA and Tdi).
Standard formulas were used to calculate the sensitivity, specificity, positive predictive value and
negative predictive value of the ultrasound Tdi cutoff to detect histologic atrophy through CSA.
Data were analysed using the statistical package for social sciences 15.0 BM® SPSS Statistics®,
Chicago, IL, USA). Statistical significance was established at p < 0.05.

Results

Characteristics of patients

Forty mechanically ventilated patients were included in the analysis, 35 organ donors and 5
controls. Table 1 shows the characteristics of the patients included. Briefly, no significant
differences in age, gender and BMI were found between the groups. The control group had a
higher prevalence of smoking (60% vs 34%, p > 0.05) and of chronic comorbidities (80% vs 43%,
p > 0.05) without reaching statistical significance. There were no differences between groups in
terms of chronic treatment such as oral corticosteroids, statins or insulin. Most of the donors
(91%) were admitted to the ICU for medical causes (neurological illnesses), and as described
above all the controls were admitted for elective surgery.

Clinical characteristics of donors during their ICU stay before inclusion are shown in Table 2.
Summarizing, donors had a median APACHE score at admission of 29 (23-33) and a median
SOFA score of 7 (5-9). Half were brain dead donors (54%) and the other half were Maastricht IlI
(45%). A total of 18 (51%) patients presented some complication during the ICU stay, most
frequently of infectious nature (34%) without any diagnoses of septic shock. ICU length of stay
and duration of MV were identical because all patients were admitted intubated and connected to

invasive MV for a median of 5 (2-9) days.
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Diaphragm Cross sectional area

The size of diaphragmatic fibers was significantly lower in donors than in controls [1513 (1150-
1807) um?2 vs 2851 (1743-3587) um2, p<0.001] (Figure 2A, 2B and 2E). The median CSA value
in the control group (2851 pm?) was used as a threshold to define diaphragm atrophy.
Diaphragm thickness

Ultrasound Tdi intra-observer coefficient of variation was 0.93 (Cl 0.8-0.96) and 0.96 (Cl 0.94-
0.98) according to sonographer. Measurements of Tdi showed a good inter-observer agreement
between the two observers (Rho 0.89, p < 0.001) as shown in Figure 3. Tdi was lower in donors
than in controls although the difference did not reach statistical significance [1.4 (1.3-1.7) mm vs
1.7 (1.3-1.8) mm, p > 0.05; (Figure 2C, 2D and 2E). The median Tdi value in the control group
(1.7 mm) was used as a threshold to define decreased Tdi at end expiration.

Association between histological atrophy and ultrasound thickness

All ventilated donors included presented histological diaphragm atrophy, while only 74%
presented decreased Tdi at end expiration according to ultrasound (Figure 4A). In all the
population, the cutoff value for decreased diaphragm thickness (Tdi < 1.7mm) presented a
sensitivity of 73%, a specificity of 67%, a positive predictive value of 96% and a negative

predictive value of 17% for determining the presence of diaphragm atrophy (Figure 4B).

Discussion
The key findings of this study are that 1) MV generates diaphragm atrophy and reduces its

thickness; 2) diaphragm thickness measured by ultrasound (Tdi) is able to detect diaphragm
atrophy but does not have the capacity to rule it out completely; 3) most ventilated patients with
decreased Tdi have diaphragm atrophy, while only a few with Tdi in normal ranges do not have
atrophy; and 4) diaphragm ultrasound is a good tool for diagnosing diaphragm atrophy in
ventilated patients; it presents good reproducibility and is easy to perform at the bedside.

Our results for diaphragm atrophy in ventilated patients and controls are in agreement with
previous studies. A reduction of diaphragm myofiber CSA has been shown after the use of short
periods of controlled MV [12,18]. In 2008, Levine et al. were the first to demonstrate this
phenomenon in brain-dead adult donors compared with control patients [8]. Since then, the
results have been replicated in other groups of ventilated patients with different pathologies
[10,19]. Because each of these studies used its own control group, there are no generalized
normality values for diaphragm CSA. In our cohort, as threshold for determining diaphragm
atrophy, we considered the median CSA value of the control group, which is similar to the
thresholds previously used in the literature [18,19]. Our results show that all our ventilated donors
had histological atrophy after a median of 5 days under MV, probably related to the time-
dependent relationship between atrophy and time of ventilation observed in previous studies [12].
Given the difficulties involved in obtaining diaphragm biopsies, recent studies have used
diaphragm ultrasound as an accessible tool for exploring diaphragm structure in critical patients.
Tdi in expiration has been used as a surrogate of muscle mass and has been accepted in




ultrasound studies as a noninvasive assessment of diaphragm atrophy in ventilated patients
[17,20]. Changes in Tdi have been detected in mechanically ventilated patients after the first
hours on MV [16,21,22]. Again, the lower limit values of Tdi range widely (between 1.6 and 2.3
mm) in healthy and ventilated patients in the different studies [16,23-27]. The cut off value
obtained from our control group and used as a threshold to define a decrease in Tdi agrees with
previous data (1.7 mm).

At present it is unclear whether a Tdi decrease measured by ultrasound should be accepted as
an indicator of histological diaphragm atrophy. In our study, although 100% of the donors had
diaphragm atrophy, only 74% presented decreased Tdi. This suggests an association between
the two variables, but also that they probably do not represent the same phenomenon. Reynolds
et al, studied the diaphragm of ventilated pigs through histology and diaphragm ultrasound,
assessing diaphragm CSA and Tdi in both ventilated non-paced and ventilated animals after the
use of phrenic nerve pacing. Although the aim of the study was not to correlate the two measures,
ventilated pigs in the non-paced group showed a decrease in both CSA and Tdi in comparison
with treated animals, suggesting a possible association between the two. Unfortunately, this issue
has not been thoroughly examined in later animal or human studies [28]. Based on our results,
the fact that the two variables do not reflect exactly the same thing should not come as a surprise:
the CSA measures only the size of the muscle fibers while the Tdi measures the entire thickness
of the muscle, taking into account the interfibrillar tissue which may also be altered by the
conditions that frequently affect critically ill patients [10,18,29-31].

In this study we used histological CSA as a gold standard for evaluating atrophy. Our results
suggest that Tdi < 1.7mm is able to detect atrophy in 73% of cases (sensitivity) and Tdi > 1.7mm
to rule it out in 67% (specificity). We also found that when Tdi detects a decrease in thickness, it
is well correlated with histological atrophy in 96% of cases (positive predictive value). Notably,
when Tdi is within normal ranges, there is no atrophy in only 17% of cases. Interestingly, DiNino
et al. described a minimum Tdi value for extubating success of 1.7mm [32]. In the light of our
results, we can speculate that although our Tdi cut off value may underdiagnose diaphragm
atrophy, it will probably be able to detect patients whose atrophy implies diaphragm dysfunction
and worse outcomes.

In this study, two independent observers performed the diaphragm ultrasound measurements,
with intra and interobserver agreements on Tdi close to the values previously described in the
literature. This confirms that diaphragm ultrasound in ventilated patients is an easy-to-perform

and reproducible tool at the bedside [14].

Study limitations

The current study has important limitations. First, as the reference or normal threshold we decided
to use the median CSA and Tdi of a control group that included only five patients. The sample
size of the control group is small, given the difficulties in obtaining diaphragmatic biopsies in
healthy subjects. Nevertheless, our data on both fibrillar size (CSA) and diaphragm thickness

(Tdi) are similar to those previously described in the literature for similar sized control groups. It
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is necessary to carry out studies with a sufficient sample size to establish normal ranges in these
variables, which would probably have to be stratified according to age or gender or BMI. Second,
our study did not include data on diaphragmatic function, and it was limited to evaluating the
structure; it was unable to relate atrophy or decrease in thickness with diaphragm dysfunction. It
is difficult to assess diaphragmatic function in organ donors undergoing MV, many of whom are
highly controlled, but it can be done by measuring transdiaphragmatic pressure (Pdi) after phrenic
nerve stimulation. Future studies should focus on evaluating the three variables together (CSA,
Tdi and Pdi) to decide on the best cut off values for clinicians to use in their day-to-day practice.
Third, we only measured the right hemidiaphragm thickness because, as described elsewhere,
the left side tends to be poorly visualized [2]. However, in cases in which the left side can be seen
clearly, no differences have been reported between the hemidiaphragms and so the evaluation

of just one of them should not introduce a bias [15].

Conclusions

MV generates decreases in diaphragm CSA and Tdi measured by diaphragm ultrasound.
Diaphragm ultrasound seems to be a good tool for diagnosing atrophy, but the terms CSA and
Tdi should not be used synonymously. We propose a threshold for Tdi of 1.7mm, below which we
can be sure that patients will suffer diaphragmatic atrophy. Consequently, protective diaphragm
MV strategies should be prioritized in these patients. However, a Tdi equal or greater than 1.7mm
cannot rule out atrophy. Future studies should seek to clarify the association between these
structural and functional variables in order to find the best cutoff Tdi for diaphragm dysfunction

and thus improve outcomes.
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Figure legends

Figure 1. Representative image of the methodology followed for the study: location of the sample
collection, performance of the diaphragmatic ultrasound and measurements of the CSA and Tdi.
Figure 2. Diaphragm cross-sectional area (CSA) and diaphragm thickness (Tdi) related data in
donor and control groups. 2A and 2B: Representative examples of histological samples. 2C and
2D: Representative examples of ultrasound measurements. White arrow: pleural layer; Red
arrow: peritoneal layer. 2E: Principal study variables (histological and ultrasound) in control and
donor groups. Data are shown as median and interquartile ranges (IQR or 25%-75t percentile).
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Figure 3. Correlation of diaphragm thickness (Tdi) measured by diaphragm ultrasound between
two observers.

Figure 4. Association between histological atrophy and ultrasound diaphragm thickness. 4A:
Donor’s flow chart with diaphragm thickness measured by diaphragm ultrasound regarding the
presence of diaphragm atrophy. 4B: Distribution of diaphragm thickness (Tdi) related to
diaphragm cross-sectional area (CSA) in all study population.




Diaphragm Expiratory Thickness (Tdi) Cross-sectional area [CSA)

Figure 1. Representative image of the methodology followed for the study: location of the
sample collection, performance of the diaphragmatic ultrasound and measurements of the
CSA and Tdi.



RESULTATS

Controls Donors

R—— n=5 n=35 P value

Histologhcal results
Diaphragm Cross Sectional Area (CSA), pm? 2851 (1743 - 35E7] 1513 (1150 - 1807) =0.001
Ultrasound results

Diaphragm expiration thickness (Tdi), mm 1.7[1.3-1.8] 14[1.3-17) ns

Figure 2. Diaphragm cross-sectional (CSA) area and diaphragm thickness (Tdi) related data
in donor and control groups. 2A and 2B: Representative examples of histological samples. 2C
and 2D: Representative examples of ultrasound measurements. White arrow: pleural layer;
Red arrow: peritoneal layer. 2E: Principal study variables (histological and ultrasound) in
control and donor groups. Data are shown as median and interquartile ranges (IQR or 25"-75%

percentile).
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Figure 3. Correlation of diaphragm thickness (Tdi) measured by diaphragm ultrasound between
two observers.
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Figure 4. Association between histological atrophy and ultrasound diaphragm thickness. 4A:

Donor’s flow chart with diaphragm thickness measured by diaphragm ultrasound regarding

the presence of diaphragm atrophy. 4B: Distribution of diaphragm thickness (Tdi) related to

diaphragm Cross Sectional Area (CSA) in all study population.



Table 1. Basic characteristics of controls and donors.

Controls Donors p-value
n=5 n=35

Demographics

Age, years 61 (56-77) 69 (55-76) ns

Gender, female 2 (40) 14 (40) ns

Body Mass Index, Kg/m? 25 (3) 26 (5) ns
Toxic habits

Smoking 3 (60) 12 (34) ns

Alcoholism 2 (40) 5(14) ns
Comorbidities

COPD 1(20) 3(9) ns

Diabetes Mellitus 0(0) 7 (20) ns

Heart failure 0(0) 3(9) ns

Chronic kidney disease 1 (20) 2 (6) ns

Hematologic disease 1(20) 0(0) ns
Previous treatment

Oral corticosteroids 0(0) 0(0) ns

Statins 2 (40) 14 (40) ns

Insulin 0(0) 2 (3) ns
Type of ICU admission <0.001

Elective surgery 5 (100) 13)

Medical cause 0(0) 32 (91)

Traumatic cause 0 (0) 2 (6)

Data expressed as frequencies and percentages [n (%)] or medians and interquartile ranges
(IQR or 25"-75% percentile). COPD: Chronic Obstructive Pulmonary Disease; ICU: Intensive
Care Unit.



Table 2. Clinical characteristics of organ donors

RESULTATS

Donors
n=35
Severity scores at admission
APACHE Il 29 (23-33)
SOFA 7 (5-9)
Donation type
Brain-death 19 (54)
Maastricht Ill 16 (45)
Pharmacological treatments during ICU
Systemic corticosteroids 12 (34)
Neuromuscular blockers 12 (34)
Days on neuromuscular blockers 1(1-2)
Benzodiazepines 24 (68)
Days on benzodiazepines 1(0-3)
Opioids 26 (74)
Days on opioids 2 (0-3)
Insulin 12 (34)
Subcutaneous 31(88)
Intravenous 3(8)
Norepinephrine 27 (77)
Maximal dose, pg/kg/min 0.3 (0.2-0.6)
Dobutamine 4 (11)
Maximum dose, pg/kg/min 7.0 (1.0-16.0)
Enteral nutrition 18 (51)
Days on enteral nutrition 2 (0-6)
Enrolled on a physical therapy program 4 (11)
Complications during ICU stay
Hyperglycemias >200mg/dl 17 (48)
Infectious 12 (34)
Non-infectious 6 (17)
Analytical variables on day of inclusion
C-reactive protein, mg/dl 2 (0-17)
Troponin, ng/l 41 (8-485)
Creatine kinase, U/L 179 (54-581)
Albumin g/dl 3(0.5)
ICU evolution data
Days on mechanical ventilation 5(2-9)
ICU length of stay 5(2-9)

Data expressed as frequencies and percentages [n (%)] or medians and interquartile ranges (IQR or
251-75% percentile). APACHE 1l Acute Physiology and Chronic Health Evaluation IlI; SOFA:
Sequential Organ Failure Assessment; ICU: Intensive Care Unit.
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6. DISCUSSIO

La investigacio portada a terme en aquesta Tesi doctoral, ha permes eviden-
ciar les caracteristiques histologiques que presenta el diafragma de pacients
ventilats amb diferents modalitats ventilatories, a la vegada que valida una
tecnica senzilla 1 comode com 1’ecografia per a la monitoritzaci6 de 1’estruc-
tura diafragmatica en aquests pacients. Per a fer-ho es va utilitzar per primera
vegada un grup de pacients critics ventilats, els donants MSIII que sovint estan
subjectes a diferents modalitats ventilatories. En primer lloc es va demostrar
que la preseéncia d’un estimul diafragmatic durant la ventilacioé pot disminuir
I’aparicid d’atrofia a nivell diafragmatic. Concretament, un subgrup de donants
MSIII amb més temps sense estimul diafragmatic (superior a 100 hores) pre-
sentaren més atrofia a nivell del muascul diafragma que el subgrup de donants
MSIII amb menys temps d’estimul (inferior a 100 hores), sense canvis a nivell
de la musculatura periferica. En segon lloc, aquesta Tesi també aporta dades
que confirmen la utilitat de la ecografia diafragmatica com a eina per a di-
agnosticar atrofia. Concretament es va trobar que la preseéncia d’un Tdi valorat
per ecografia inferior a 1.7mm permetia fer el diagnostic d’atrofia amb una
sensibilitat del 73%, una especificitat del 67%, 1 uns valors predictius positius
1 negatius del 96% 1 17% respectivament, confirmant la seva validesa per al
diagnostic d’atrofia.

L’estudi de 1a VIDD en pacients critics presenta algunes limitacions derivades
de la dificultat d’obtenir mostres de biopsies diafragmatiques en el pacient
critic 1 de la dificultat de poder executar les exploracions complementaries
necessaries. Aix0 ha condicionat que fins ara, la majoria d’estudis s’hagin
realitzat a partir de dos models concrets de pacient critic sotmesos a VMI. El
model de pacient critic donant d’organs en ME, va ser el pioner en evidenciar
I’aparicié d’una atrofia diafragmatica significativa des de fases molt precoces
de la VMI, amb un descens de més del 50% de 1’area de les fibres musculars

diafragmatiques. Aquests pacients, pero, sovint tenen abolit el reflex respiratori



previ a la confirmacié de la ME 1 per tant passen la major part del temps en
modalitats controlades®!®, la qual cosa no permet estudiar la influéncia de
les diferents modalitats ventilatories en el desenvolupament de la VIDD. La
preseéncia d’atrofia del diafragma, s’ha pogut demostrar també en un altre model
de pacients critics ventilats sotmesos a cirurgia. En aquests estudis, s’ha descrit
la presencia d’atrofia 1 de disfuncio contractil del diafragma, compatibles amb
alteracions histologiques i funcionals secundaries a VIDD?*%%%, El pacient
quirdrgic, pero, presenta algunes limitacions com a model d’estudi de VIDD.
En P’estudi dut a terme per Van Den Berg et al, la majoria dels pacients que
requerien cirurgia ho feien per un episodi de sépsia 1 xoc, molts d’ells despres
de varis dies d’intubacio orotraqueal®. En aquesta situacio, les alteracions
histologiques diafragmatiques poden estar influenciades per la sépsia, el xoc
1 la gravetat de la malaltia, i no permeten discriminar I’efecte que té la VMI
per se'. El model de pacient critic donant d’organs en asistolia controlada
(Maastricht III) avaluat en aquesta Tesi, en canvi, permet 1’estudi fisiopatolo-
gic, histologic 1 ecografic del diafragma sense la influencia d’aquests factors
previs. A més, aquests donants sovint tenen preservada la funci6 del centre
respiratori 1 son pacients que es poden ventilar en modalitats assistides o fins 1
tot espontanies amb diferent grau d’estimulaci6 diafragmatica. Per tant, I’estudi
d’aquest model, a diferencia dels previs, permet també¢ avaluar I’impacte de la

VMI sobre el diafragma després de 1’Us de diferents modalitats ventilatories.

Per als estudis que conformen aquesta Tesi s han utilitzat doncs, ambdos tipus
de donants d’organs (MSIII i ME) 1 subjectes control. El disseny especific de
cadascun d’ells ha fet que els dos tipus de donants formessin part de grups
d’estudi diferents: en el primer estudi per a comparar-se entre ells, mentre que
compartiren grup en el segon estudi donats els objectius del mateix. Ambdos
treballs van comparar les troballes respecte a un grup de controls (CTLS)
ventilats la qual cosa els dona robustesa 1 permet asseverar les troballes. En el
segon treball a més, al grup control va ser indispensable per a poder establir els

punts de tall utilitzats tant de Tdi mesurat per ecografia com de la mida fibril-lar
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histologica per a les poblacions incloses. Malgrat que els dos estudis inclouen
subjectes diferents en cada grup, els resultats son coherents sense evidenciar-se
diferéncies significatives en les variables principals entre els grups donants
1 control dels dos estudis. Els grups CTLS d’ambdos estudis son també de

caracteristiques similars als utilitzats per altres autors**%.

Actualment els intensivistes tenim molt present que un nombre significatiu
de pacients critics pot desenvolupar debilitat muscular (ICU-AW). Aquesta,
implica una debilitat significativa a nivell de la musculatura periférica, 1 pot
acompanyar o no a I’afectacié de la musculatura a nivell respiratori. L’ICU-AW
igual que la VIDD té també unes caracteristiques histologiques especifiques 1
pot condicionar de manera significativa el pronostic'®. S’ha de tenir en compte
que nomes el 50% de pacients critics que requereixen VMI desenvolupen ICU-
AW després de 7 dies de VMI. La VIDD per contra, pot afectar fins al 70% dels
pacients, 1 apareix de manera molt precog, després de poques hores de 1’inici
de VMI!3%91 Els nostres resultats estan alineats amb aquest fenomen ja que
en les nostres cohorts, tots els grups de donants ventilats (en ambdos estudis)
presentaven una mediana de més de 5 dies de VMI, amb un CSA diafragmatic
disminuit respecte a ambdds grups control. Tot 1 que no s’ha avaluat en els
nostres estudis, aquest fet podria estar en relacid a 1’associacié temporal entre

atrofia i temps de VMI que s’ha observat en estudis previs®.

Tot i que la VIDD i la ICU-AW poden coexistir, 1’afectacié diafragmatica que
es troba a les poques hores de la VMI, no es troba en la musculatura perife-
rica. De fet, menys de la meitat dels pacients amb VIDD presenta ICU-AW
1 s1 aquesta apareix, ho fa més enlla de 7 dies, com és en el cas dels pacients
MSIII inclosos en aquesta Tesi, que presentaren una atrofia important a nivell
del muscul quadriceps respecte al grup control'®. En aquest sentit, el grup de
pacients MSIII del primer estudi, va requerir més hores de VMI, més hores
de sedacio 1 per tant més hores d’immobilitzacio que el grup control i que el

grup de donants en ME. En conseqiiéncia, es va veure una major afectacio de
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la musculatura perifeérica amb una disminuci6 de CSA respecte als dos grups.
Tanmateix, no va haver-hi diferéncies en quant a CSA del diafragma entre els

dos grups de donants.

La diferent afectacié d’ambdues musculatures (respiratoria 1 periferica) porta
als investigadors a atribuir les troballes estructurals 1 funcionals del diafragma,
al’is de la VMI i les seves modalitats com a VIDD. El primer treball d’aquesta
Tesi a més de comparar ambdos grups de donants analitza també en el grup
de donants Maastricht, aquells amb més hores d’inactivitat diafragmatica en
comparacio amb aquells amb menys hores d’inactivitat diafragmatica. El fet
de no trobar canvis a nivell del quadriceps pero si a nivell de diafragma en-
tre aquests dos subgrups en quant a atrofia (més atrofia en el grup amb més
inactivitat), de nou permet atribuir aquests canvis a la VMI, 1’tinic factor que
afecta a una musculatura 1 no a I’altra. Concretament els resultats suggereixen
que I’estimul diafragmatic, pot ser un factor protector contra I’aparici6 de
miotrauma per desus 1 per tant de VIDD. Aquest fet ja havia estat estudiat en
animals, on s’havia objectivat que I’us de modalitats espontanies disminueix
la degradaci6 proteica i regula I’estreés oxidatiu 1 per tant podria disminuir o
prevenir 1’aparici6 d’atrofia diafragmatica®-*>!%3, Fins al moment, pero, aquest
fenomen no havia estat corroborat en humans. Els resultats d’aquesta Tesi
doctoral son coherents amb la literatura publicada fins al moment. La inactivitat
muscular pot promoure tant a nivell diafragmatic com a nivell de musculatura
periferica la pérdua de massa muscular a través d’un desequilibri en el sistema
de proteolisi 1 de proteosintensi que provoca un descens del CSA, és a dir a una
atrofia muscular®>!*. La VMI de fet, és un dels factors més importants que pot
contribuir a I’aparici6 d’immobilitat 1 afavorir I’aparicio d’atrofia tant a nivell
diafragmatic en context de VIDD com a nivell dels musculs no respiratoris'®.
Tot 1 la presencia dels canvis en atrofia diafragmatica dels pacients ventilats
en ambdos treballs, no es van objectivar en cap d’ells, canvis a nivell dels
percentatges fibril-lars, suggerint que la noxa de la VMI podria no ser prou

mantinguda en el temps com per a generar canvis adaptatius del diafragma
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o que la situacio de gravetat a la que es veuen sotmesos aquests pacients no
deixen actuar als mecanismes de compensacio. Aquests resultats estan també

en la linia del que s ha reportat per d’altres autors’*.

Malgrat el coneixement actual de la VIDD, existeixen limitacions importants
per al seu estudi. En primer lloc ja s’han tractat préeviament les limitacions que
suposa I’estudi del diafragma en pacients ventilats per la dificultat d’obtenir
biopsies i els beneficis que el nou model huma presentat en aquesta Tesi aporta.
En segon lloc, no existeixen parametres de normalitat estandarditzats a la lite-
ratura en quant al CSA diafragmatic per a pacients sota VMI, aixi com tampoc
en quant a Tdi. Es per aixo que habitualment cada estudi aporta dades d’un grup
control a partir del qual comparen les dades dels grups de pacients ventilats.
Sovint pero, els grups control inclouen pacients de diferent edat, génere i BMI,
factors que podrien influenciar en el CSA 1 que podrien contribuir a la dispersiod
que sovint presenten les dades en els diferents grups reportats. Aquest fet 1
donat que els dos grups control utilitzats en ambdos estudis contenien subjectes
diferents, és coherent amb les diferéncies observades en parametres mesurats
en les dues cohorts com la CSA. Degut a aquesta limitacio, en el segon treball
de la Tesi es van utilitzar les dades del grup control per a establir els llindar
d’atrofia i de disminucié de Tdi que després va permetre valorar la capacitat del
parametre ecografic per al diagnostic d’atrofia. Malgrat tot, els nostres valors

sOn similars als reportats préviament a la literatura?®.

Donada la dificultat per a 1’obtencié de mostres histologiques diafragmati-
ques, cada cop més, I’ecografia s’ha posicionat en el diagnostic de 1’afectacid
diafragmatica per la seva capacitat de visualitzar a temps real 1’estructura del
diafragma. Aixi, els canvis estructurals precocos observats a nivell de les fibres
diafragmatiques després de poques hores de VMI també s’han observat en el
Tdi valorat per ecografia'”’!’®. Tot i que diversos estudis han utilitzat la dismi-
nucio del Tdi per a expressar atrofia, fins ara cap estudi havia valorat la relacio

entre la disminucié de la mida de les fibres diafragmatiques (CSA), que és gold
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standard per a la valoracié d’atrofia, amb el Tdi. Com s’ha comentat, els limits
ecografics de Tdi tampoc estan establerts 1 poden variar en els diferents estudis
en pacients sans i ventilats (entre 1.6 i 2.3mm) 7181183 Ep el segon estudi
d’aquesta Tesi es va utilitzar la mediana del grup control per a les variables
CSA 1 Tdi com a punt de tall per a definir disminuci6 de la mida o atrofia 1
disminuci6 de gruix. El punt de tall obtingut per al Tdi va ser de 1.7mm, de
nou dins dels rangs descrits a la literatura. Els nostres resultats van demostrar
que tots els donants ventilats presentaven atrofia histologica (100%) tot i que
només el 74% d’ells tenia un Tdi disminuit. Aixo suggereix que existeix una
associacio entre les dues variables (CSA i1 Tdi), perd que no representen el
mateix fenomen exactament. Aixo no és estrany, ja que el Tdi és la mesura de
la massa total del muscul, incloent I’espai interfibril-lar 1 pot estar alterat per

altres factors 10419,

En relacié amb els resultats dels nostres dos estudis, Zambon et al. I’any 2016
van publicar el primer estudi ecografic del diafragma on es valorava I’impacte
de la VMI en el descens de la massa muscular diafragmatica després del 1’us
de varies modalitats ventilatories”. En aquest estudi, I’Gs de modalitats con-
trolades va significar un descens diari del Tdi del 7.5%. En canvi, després de
I’is de modalitats espontanies es va objectivar un augment del 2.3% diari. El
valor mitja de Tdi mostrat a I’estudi de Zambon et al. en pacients ventilats va
ser de 1.7mm, el mateix valor reportat en el segon treball d’aquesta Tesi com
a punt de tall per a definir disminuci6é de gruix diafragmatic. Per tant, amb
les dades obtingudes podriem especular que el descens de Tdi després de 1'us
de modalitats controlades objectivat per Zambon et al, podria ser secundari a
atrofia diafragmatica en un 96% dels casos. Tot 1 aixi, en aquest cas, seria arris-
cat extrapolar que 1’augment de Tdi podria ser secundari a 1’efecte beneficios
de les modalitats espontanies. De fet, el descens o augment significatiu del
Tdi durant la VMI, s’ha associat a pitjor pronostic®’. Per tant, si I’augment de
Tdi €s secundari a edema, hipertrofia o altres alteracions intersticials s’haura

d’investigar en altres estudis posteriors.



DISCUSSIO

Ambdos estudis d’aquesta Tesi doctoral tenen limitacions importants. Primer de
tot, els grups contenen diferents tipus de pacients (BD 1 MSIII) 1 les modalitats
ventilatories no van ser exclusives durant tot el periode de ventilaci6. Tot 1 aixi,
es tracta de grups de pacients amb poca comorbiditat 1 poca repercussio de la
patologia a nivell sistémic que permeten ser comparats entre ells. A més, com
s’ha comentat, la inclusio del grup MSIII va ser adequada per a I’estudi de la
VIDD. Estudis futurs seran necessaris per comparar grups més purs i 1’as de
modalitats ventilatories de manera exclusiva. Aquests permetrien detectar per-
que apareix 1’atrofia, valorar el nivell de contractilitat diafragmatica necessaria
per protegir el diafragma 1 a la vegada mantenir un escenari segur per evitar

la lesio pulmonar'’.

En segon lloc, les dades recollides en els dos estudis inclouen dades histologi-
ques (CSA) i de massa muscular estatica (Tdi), de manera que només podem
evidenciar la repercussid estructural de la VMI pero no podem relacionar
I’atrofia amb 1’alteracio funcional associada a la VIDD. De totes maneres, la
repercussio histologica en forma d’atrofia per desus €s de les primeres altera-
cions descrites en el miotrauma que provoca la VIDD 1 aquesta s’ha associat

en varis estudis a disfuncid contractil®>®.

En tercer lloc, el valor de Tdi i CSA utilitzats en ambdoés estudis per a la valo-
racio de ’associacio entre elles, es basen en el valor de la mediana d’ambdues
variables en el grup control. Es tracta d’una mostra petita 1 la mida de la mostra
pot influir en el resultat. De tota manera, donat que existeix un risc associat a
I’obtencio de les biopsies diafragmatiques en subjectes sans que dificulta la seva
recollida'® i que els valors obtinguts son similars als publicats en la literatura
aquesta podria ser la millor aproximaci¢?***2¢181-183/Son necessaris estudis amb
més individus que permetin establir els valors de normalitat d’aquests parame-
tres 1 els llindar a tenir en compte en pacients critics sotmesos a VMI de cara
al maneig de la VIDD.
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7. CONCLUSIONS ___

. El model de donants en asistolia controlada Maastricht I1I permet I’estudi en
humans del dany estructural diafragmatic rere 1’s de diferents modalitats

ventilatories (controlades, assistides, espontanies).

. Lainactivitat del diafragma durant la ventilacié mecanica s’associa a I’apa-

ricio de lesio diafragmatica associada a la ventilacié mecanica (VIDD).

. Mantenir I’estimul diafragmatic durant la ventilacid mecanica a través de
modalitats assistides 1 espontanies, permet atenuar els efectes deleteris que té
a nivell del muscul diafragma I’us de modalitats controlades que aboleixen

I’estimul diafragmatic.

. L’ecografia €s una bona eina per diagnosticar atrofia a través del gruix
diafragmatic en expiracio (Tdi), pero els conceptes d’area fibril-lar 1 Tdi no

s’haurien d’utilitzar com a sinonims.

. Elvalor de Tdi inferior a 1.7mm és util per diagnosticar atrofia pero un valor

superior a 1.7mm no s’ha d’utilitzar per descartar-la.
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8. LINIES DE FUTUR _____

Aquesta Tesi doctoral descriu troballes innovadores 1 importants en I’ambit de
la VIDD des d’un punt de vista de 1’estructura diafragmatica, concretament
mitjancant ’avaluaci6 de I’atrofia. A la vista dels resultats inclosos en els dos
articles presentats queda pales que: 1) El model de donants MSIII és de molta
utilitat en I’estudi de la VIDD; 2) les modalitats ventilatories tenen un impacte
sobre el desenvolupament d’atrofia diafragmatica en pacients ventilats 1 3)
I’ecografia diafragmatica mitjancant la mesura del Tdi, és una bona eina per
diagnosticar atrofia tot 1 que ambdds conceptes no s’haurien d’utilitzar com a
sinonims. Aquests resultats son molt valuosos en aquest camp d’estudi ja que
assenten unes bases experimentals que donen sentit als fenomens clinics. Aixi
doncs, la primera linia de futur que s’obre arrel d’aquesta Tesi és la d’avalu-
ar 'impacte clinic que té la major atrofia observada amb 1’Gs de modalitats
ventilatories controlades en comparacié amb la menor atrofia observada en
modalitats assistides o espontanies a nivell de funci6 diafragmatica. Per tant,
caldra generar estudis que utilitzin els mateixos models en humans (donants
MSIII 1 en ME) 1 que permetin avaluar si hi ha diferéncies a nivell de parametres
de funcié com la Pdi rere I’estimulacio del nervi frénic, entre els individus
ventilats amb diferents modalitats 1 a la vegada veure si aquesta variable es
correlaciona amb la mida de les fibres musculars (si a més atrofia, més disfun-
ci0). En segon lloc, caldra també aprofundir en els mecanismes moleculars que
condueixen a atrofia en la VIDD per a continuar buscant dianes terapeutiques
que ajudin a prevenir o revertir els efectes deleteris de la ventilacié mecanica.
Fins al moment, la principal limitacio a ’hora de realitzar aquests estudis
derivava de la dificultat per a la recollida de mostres (biopsies diafragmatiques),
sobretot d’un grup de pacients ventilats en modalitats espontanies. De nou, la
utilitzacio del model de pacients MSIII sera molt Gtil donada la major facilitat
per a la recollida de mostres en els pacients donants d’organs. Finalment, la

validacié de I’ecografia diafragmatica com a eina per a diagnosticar atrofia



1 el punt de tall proposat de Tdi 1.7mm (discrimina entre atrofia histologica
o normalitat en la midafibril-lar), obren també una linia de treball dirigida a
valorar la importancia clinica d’aquells valors de Tdi falsos negatius d’atrofia.
En aquest sentit, pacients amb atrofia histologica pero Tdi dins dels rangs de
normalitat podrien no tenir compromis en la funcié diafragmatica 1 per tant
traduir una menor rellevancia clinica d’aquesta troballa. Totes aquestes linies
de futur podrien tenir un impacte directe en els pacients critics ventilats, ja sigui
en ’avaluacié o maneig de la VIDD, la qual cosa redunda en la importancia

de les nostres troballes.
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10. ANNEXES

10.1. Document aprovacio dels estudis per el comité d’ética

Informe del Comité Etico de Investigacién Clinica

Dofia M®* Teresa Mavarra Alorudo Secretaria del Comité Elico de Investigacidn Clinica
Parc de Salut MAR

CERTIFICA

Que éste Comité ha evaluado el proyecto de investigacion clinica n® 2017/7 1831 titulado
Tmpacto de fas diferentes modafidades ventilalorias en la disfunclin  muscuaar
disfragmélica asociada & la veniileckin mecdnica.” propuesto por la Dra, JUDITH MARIN
CORRAL del servicio de Medicina Intensiva del Hospital del Mar.

(ue adjunta documento de consentimiento informado.
Y que considera gue:

Se cumplen los requisitos necesarios de jdoneidad del protocolo en relacion con los
objetivos del estudio v estan justificados los riesgos y molestias previsibles para el
supato,

La capacidad del investigador y los medios disponibles son apropiados para Bevar a
cabo &l estudio.

El alcance de las compensaciones econfmicas que se solicitan estd plenamente
justificada.

¥ que éste Comité acepta que dicho proyecto de investigacidn sea realizado en el
Hospital del Mar por la Dra. MARIN como investigadora principal tal como recoge el
ACTA de la reunidn del dia 14 de Febrero de 2017

Lo que firmo en Barcelona, a 10 de Abrl de 2017

L A

Firmiado: ...

Dofia M? Teresa Navarra Alcrudo

CEI: - Parc do Salut MAR
Dr. Alguadar, B8 | 08003 Bsrcelonn | Telfon 53 306 08 77 | Fax 93 316 06 36
EliC-ErMBITTATY &8 | W parcdesahibmar cat



10.2. Diligéncia voluntat de donacié MSIII

Hospital
del Mar

Unitat de Coordinaci6 Trasplantaments i Donacié d’Organs

Trasplantament. Diligéncia de voluntat de donacié

DADES DEL DONANT

Cognoms i nhom

DADES DEL/S DECLARANT/S (majors d'edat)

Cognoms i nom

Relacié amb difunt

Adreca

DECLAREM:

L'abséncia de coneixement d‘oposicié expressa del difunt perqué després de la seva mort es faci
I'extraccid dels seus organs i teixits amb finalitats terapéutiques i cientifiques.

Que hem rebut la informacid del procés de donacié d'organs i teixits, donant el consentiment de la
possibilitat de canul‘lacié arterial i venosa prévia a la defuncié i administracié de medicacio, en
condicions optimes de sedoanalgésia per a la posterior preservacio dels organs a trasplantar després

de la mort.

Signatures

Data
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10.3. Diligéncia voluntat de donacié6 ME

TN Generalitat de Catalunya
W\lY Departament de Salut

Trasplantament. Diligéncia de voluntat de_donacio

Dades del difunt

Cognoms i nom

Dades del/s declarant/s (majors d’edat)

Cognoms i nom Relacié amb el difunt* Adreca

DECLAREM:

L’absencia de coneixement d’oposicié expressa del difunt perque després de la seva mort es faci I'extraccié dels
seus organs i teixits amb finalitats terapeutiques i cientifiques.

Signatura/es del/s declarant/s

Data

* Indiqueu el tipus de relacié amb el difunt: familiar, parella de fet, etc.




10.4. Fulla d’informacio i consentiment informat de biopsia muscular

als pacients control.

INFORMACION PARA EL PACIENTE Y CONSENTIMIENTO INFORMADO PARA UN
ESTUDIO CON MUESTRAS BIOLOGICAS QUE SE CONSERVAN CODIFICADAS

Proyecto de investigacion titulado : Impacto de las diferentes modalidades ventilatorias
en la disfuncion muscular diafragmatica asociada a la ventilacion mecanica..
Investigador principal Dra. Judith Marin Corral/Irene Dot Jordana.

Servicio Medicina Intensiva

Obijetivos:

Se trata de un estudio en el Hospital del Mar de Barcelona, dirigido a los pacientes que
ingresan en el Servicio de Medicina Intensiva que precisan ventilacion mecanica durante unos
dias por cualquier motivo y a los que se puede acceder a tomarles una muestra de musculatura
respiratoria (diafragma) y periférica (cuadriceps). Los pacientes criticos que precisan una
maquina que les suple la ventilacion (ventilador) durante mas de 24 horas sufren una
afectacion importante en la musculatura respiratoria (musculo diafragma) que tiene
importantes repercusiones a la hora de retirarles dicho soporte ventilatorio (necesidad de
mayor tiempo de destete de la ventilacion mecénica) con las importantes consecuencias que
esto puede suponer. Esta disfuncién muscular diafragmatica asociada al ventilador se conoce
como VIDD y creemos que puede desarrollarse en mayor o menor grado segun la modalidad
que utilicemos a la hora de ventilar. Nuestra hipétesis es que la utilizacion de modalidades
espontdneas podria comportar menor disfuncion de la musculatura respiratoria que
modalidades controladas.

Para confirmar el efecto de la ventilacidon mecanica en la musculatura respiratoria necesitamos
compararlo con una musculatura periférica (en este caso musculo cuadriceps) y ademas con
una cohorte de pacientes sanos que sean sometidos a ventilacion mecanica por un periodo
corto de tiempo, como en su caso, durante una cirugia. Dado que en la cirugia a la que se va a
someter se realiza un abordaje toracico con exposicién de la musculatura respiratoria, le
pedimos su consentimiento para incluirle en este estudio y que le podamos tomar una muestra
(biopsia) del musculo diafragma y del musculo cuddriceps, asi como una muestra de sangre.

Participacion voluntaria

Debe saber que su participacion en este estudio es voluntaria y que puede decidir no participar
0 cambiar su decisién y retirar el consentimiento en cualquier momento, sin que por ello se
altere la relacién con su médico ni se produzca perjuicio alguno en su tratamiento.

Beneficios:

Es posible que de su participacion en este estudio no obtenga un beneficio directo. Sin
embargo, un mejor conocimiento de las bases moleculares de este fendmeno de disfuncién
muscular podria beneficiar en un futuro a otros pacientes que la sufren y contribuir para el
desarrollo de nuevas terapias.

Procedimientos del estudio:

Si decide participar, se recopilardn algunos datos referentes a usted que su facultativo de
referencia haya escrito en su historia clinica. Una vez usted ya esté anestesiado e intubado se
procedera a la realizacidn de la biopsia de cuadriceps (en el muslo de una de las dos piernas)
por parte de un médico intensivista. En cuanto el cirujano toracico lo considere oportuno, él
mismo tomard una muestra del musculo diafragma durante la cirugia. También durante la
cirugia se tomara la muestra de sangre de una de las vias venosas que ya llevara colocadas.
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Molestias y posibles riesgos:

Las biopsias de los musculos diafragma y cuadriceps aportaran una valiosa informacion de la
que se podria beneficiar usted y futuros pacientes. Ambas se realizaran para obtener pequefias
muestras musculares, aunque de gran importancia ya que permitiran conocer la estructura de
los musculos. Dichas muestras musculares permitiran analizar la posible relacién existente
entre la estructura muscular y su estado de salud.

Las muestras de musculatura respiratoria (diafragma) se obtendran siempre en el acto
quirurgico (toracotomia) médicamente indicado como tratamiento de su enfermedad. Por
tanto, la obtencidn de las muestras musculares no supondra ninguna pérdida de tiempo para
usted. Tras la intervencidn quirudrgica, que tendrd la duracidn necesaria derivada del propio
proceso, usted solo notara los sintomas directamente relacionados con el propio acto
quirdrgico. La toma de la biopsia de cuddriceps es un procedimiento rutinario practicado por
los médicos y cientificos responsables del presente proyecto. Se trata de obtener una pequefia
muestra (5mm) superficial de un musculo de la pierna. La toma se realizara estando usted
sedado de manera que no sentird molestias. Tras la toma biopsia del musculo usted notara un
leve escozor en la zona de puncién durante un par de dias. La extraccion de muestras de sangre
no le comportard un nuevo pinchazo ya que usted tendra colocada una via en la vena para la
extraccion de muestras de sangre.

Proteccion de datos personales:

De acuerdo con la Ley Orgdnica 15/1999, de 13 de diciembre de Proteccién de Datos de
Caracter Personal, los datos personales que se obtengan seran los necesarios para cubrir los
fines del estudio. En ninguno de los informes del estudio aparecera su nombre, y su identidad
no sera revelada a persona alguna salvo para cumplir con los fines del estudio, y en el caso de
urgencia médica o requerimiento legal.

Cualquier informacion de caracter personal que pueda ser identificable sera conservada por
métodos informaticos en condiciones de seguridad por la Dra Judith Marin, o por una
institucidn designada por ella. El acceso a dicha informacion quedara restringido al personal de
Medicina Intensiva, designado al efecto o a otro personal autorizado que estara obligado a
mantener la confidencialidad de la informacion.

De acuerdo con la ley vigente, tiene usted derecho al acceso de sus datos personales;
asimismo, y si estd justificado, tiene derecho a su rectificacién y cancelacion. Si asi lo desea,
debera solicitarlo al médico que le atiende en este estudio.

Sélo se transmitirdn a terceros y a otros paises los datos recogidos para el estudio que en
ningun caso contendran informacién que le pueda identificar directamente, como nombre y
apellidos, iniciales, direccion, nimero de la seguridad social, etc. En el caso de que se produzca
esta cesidn, sera para los mismos fines del estudio descrito y garantizando la confidencialidad
como minimo con el nivel de proteccidn de la legislacion vigente en nuestro pais.

El acceso a su informacion personal quedara restringido al médico del estudio / colaboradores,
autoridades sanitarias, al Comité Etico de Investigacién Clinica y personal autorizado por el
Promotor, cuando lo precisen para comprobar los datos y procedimientos del estudio, pero
siempre manteniendo la confidencialidad de estos de acuerdo a la legislacion vigente.

Uso futuro de las muestras:

Ademas, le pedimos su consentimiento para que autorice al investigador a almacenar su
muestra para realizar otros estudios relacionados con su enfermedad. Si autoriza que el
material bioldgico obtenido se utilice en estas investigaciones, sus datos se mantendran
codificados a fin de garantizar la confidencialidad en su utilizacién, tal como prevé la legislacién
vigente. Por razones de seguridad, las muestras se guardaran centralizadas en el IMIM de
Barcelona.




Su muestra sélo se utilizard en proyectos de investigacién aprobados por el Comité de Etica de
la Investigacion del Hospital.

Si necesita mds informacion sobre este estudio puede contactar con el investigador
responsable, el/la Dra. Judith Marin Corral y la Dra. Irene Dot del Servicio de Medicina
Intensiva Tel. 932 483 014.

Derecho de revocacién del consentimiento:

Su participacion en el estudio es totalmente voluntaria, y si decide no participar recibira todos
los cuidados médicos que necesite y la relacién con el equipo médico que le atiende no se vera
afectada.

Si cambia de opinién después de dar muestras para el estudio, puede pedir que se destruya su
muestra; para ello puede contactar con el/la Dra Judith Marin o la Dra. Irene Dot del Servicio
de Medicina Intensiva.
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Titulo del estudio: Impacto de las diferentes modalidades ventilatorias en la disfuncion
muscular diafragmdtica asociada a la ventilacion mecdnica

Yo (nombre y apellidos) , he leido
la hoja de informacién que se me ha entregado.

He podido hacer preguntas sobre el estudio.

He hablado con: (nombre del investigador).

Comprendo que mi participacién es voluntaria.
Comprendo que puedo retirarme del estudio:

1 Cuando quiera
2 Sin tener que dar explicaciones
3 Sin que esto repercuta en mis cuidados médicos

Punto1l: [0 DOY [ NO DOY mi consentimiento voluntariamente para que pueda
realizarse el estudio.

Punto2: [J DOY [O NO DOY mi consentimiento voluntariamente para que mis
muestras bioldgicas se almacenen para utilizarlas en otros estudios sobre otros factores
relacionados con el mismo tema. Todas las muestras se identificardn con un ndmero
codificado, y mi identidad se mantendra en secreto.

Fechay firma del participante Fechay firma del investigador
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INFORMACION DEL ARTICULO RESUMEN
Historia del articulo: La afectacién muscular del paciente critico esta presente en la mayoria de pacientes que ingresan en el
Recibido el 17 de diciembre de 2015 servicio de medicina intensiva (SMI). La alteracién, en particular, del msculo diafragmatico, inicialmente

Aceptado el 17 de julio de 2016

) englobada en esta categoria, se ha diferenciado en los Gltimos afios y se ha demostrado la existencia de
On-line el 21 de agosto de 2016

una disfuncién muscular propia de los pacientes sometidos a ventilacién mecanica. En este subgrupo
de pacientes encontramos una disfuncién muscular que aparece de manera precoz después del inicio de
la ventilacién mecanicay que se relaciona principalmente con el uso de modalidades control, la presencia
R IR P de sepsis y/o de fracaso multiorganico. Aunque se desconoce la etiologia concreta que desencadena el
Disfuncién diafragmatica . - P . . .
Ventilacién mecinica proceso, el misculo presenta procesos de estrés oxidativo y alteracién mitocondrial que provocan un
Ecografia desequilibrio en la sintesis proteica, con el resultado de atrofia y alteracién de la contractilidad y, como
consecuencia, una menor funcionalidad. No fue, de hecho, hasta 2004 cuando Vassilakopoulos et al.
describieron el término «disfuncién diafragmatica asociada a ventilacién mecanica», que, junto a la lesion
por sobredistensiéon pulmonar y por barotrauma, representan un reto en el dia a dia de los pacientes
ventilados.

La disfuncion diafragmatica tiene influencia en el prondstico, retardando la extubacién, aumentando
la estancia hospitalaria y afectando la calidad de vida de estos pacientes en los afios siguientes al alta
hospitalaria. La ecografia, como técnica no invasiva y accesible en la mayoria de unidades, podria ser de
utilidad en el diagnéstico precoz para iniciar, de forma avanzada, la rehabilitacién e influir positivamente
en el prondstico de estos enfermos.

© 2016 SEPAR. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.

Palabras clave:
Diafragma

Diaphragm Dysfunction in Mechanically Ventilated Patients

ABSTRACT

Keywords: Muscle involvement is found in most critical patients admitted to the intensive care unit (ICU). Diaph-

Diaphragm ragmatic muscle alteration, initially included in this category, has been differentiated in recent years,

Diaphragmatic dysfunction and a specific type of muscular dysfunction has been shown to occur in patients undergoing mechanical

LI\;[I:::;ZIEZI ventilation ventilation. We found this muscle dysfunction to appear in this subgroup of patients shortly after the
start of mechanical ventilation, observing it to be mainly associated with certain control modes, and also
with sepsis and/or multi-organ failure. Although the specific etiology of process is unknown, the muscle
presents oxidative stress and mitochondrial changes. These cause changes in protein turnover, resulting
inatrophy and impaired contractility, and leading to impaired functionality. The term ‘ventilator-induced
diaphragm dysfunction’ was first coined by Vassilakopoulos et al. in 2004, and this phenomenon, along
with injury cause by over-distention of the lung and barotrauma, represents a challenge in the daily life
of ventilated patients.

* Autor para correspondencia.
Correo electrénico: jrmasclans@parcdesalutmar.cat (J.-R. Masclans).

http://dx.doi.org/10.1016/j.arbres.2016.07.008
0300-2896/© 2016 SEPAR. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.
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Diaphragmatic dysfunction affects prognosis by delaying extubation, prolonging hospital stay, and
impairing the quality of life of these patients in the years following hospital discharge. Ultrasound, a
non-invasive technique that is readily available in most ICUs, could be used to diagnose this condition
promptly, thus preventing delays in starting rehabilitation and positively influencing prognosis in these

patients.

© 2016 SEPAR. Published by Elsevier Espaia, S.L.U. All rights reserved.

Introduccién

La ventilacién mecdnica (VM) ha sido utilizada a lo largo de la
historia como una herramienta fundamental en el tratamiento de
los pacientes con insuficiencia respiratoria, lo que ha permitido una
mejoria en su prondstico. Casi el 40% de los pacientes ventilados
mecdnicamente presentaran dificultades en la desconexién de la
VM, que pueden ser de causa multifactorial. Un retraso en la desco-
nexion puede implicar un aumento de la estancia en los servicios
de medicina intensiva (SMI), asi como un peor pronéstico’> y un
aumento de la mortalidad de casi el 12% respecto a los pacientes
que no la presentan®.

Es en las Gltimas décadas cuando se ha centrado la atencién en
el estudio de la disfuncién diafragmatica inducida por la ventila-
cién (DDIV)® como una complicacién mds de la VM. Este término
hace referencia a la disfuncién diafragmética que se produce de
forma precoz tras la instauracién de la VM®. La existencia de DDIV
empeora el prondstico y se asocia a un fracaso en la extubacion,
con un aumento de los dias de VM’-'? y de la mortalidad'>-'6.
No obstante, en la actualidad no se realiza una monitorizacién
rutinaria de la funcién diafragmatica en muchas unidades, por lo
que cabe pensar que esta entidad se encuentra sistematicamente
infradiagnosticada'”.

Disfuncién diafragmatica inducida por la ventilacion
mecanica

Aunque la debilidad de la musculatura respiratoria se podria
incluir dentro de la afectacién muscular global del paciente critico,
en la Gltima década se ha desarrollado el concepto de DDIV'8, Este
término se refiere a la disfuncién de la musculatura diafragmatica
secundaria al efecto negativo de la propia VM y que puede ocurrir,
en paralelo o no, con la afectacién del resto de musculatura.

Estudios previos habian descrito que la completa inactividad
diafragmadtica que se producia en los pacientes ventilados con
modalidades controladas producia una pérdida rapida y progresiva
de la funcién diafragmatica’®2%. Sin embargo, fue Vassilakopoulos
quien, por primera vez en 2004, acufié el término DDIV'S, La DDIV
se define como un descenso progresivo de la fuerza muscular dia-
fragmatica que ocurre de forma precoz tras el inicio de la VM®21,
La importancia clinica de la DDIV radica en su pronta aparicion y
afecta hasta a un 65% de los pacientes ventilados’.

Fisiopatologia de la disfuncion diafragmatica inducida por
la ventilacion

Son varios los estudios que han demostrado que la utilizacién
de modalidades de VM controlada (VMC), donde el esfuerzo ins-
piratorio no proviene del paciente y no se realiza una contraccién
activa del diafragma, producen en menos de 24 h una disfuncién
contractil y atrofia diafragmatica tanto en animales de experimen-
tacién como en humanos??%223, El mtsculo atréfico presenta una
pérdida de fuerza y una menor excursién diafragmatica debida a
la disminucién del drea de seccién transversal de las fibras mus-
culares, que se traduce en una menor capacidad inspiratoria’24. A

continuacién se exponen los fundamentos fisiopatoldgicos que se
asocian a la DDIV.

Atrofia diafragmdtica

La atrofia diafragmatica inducida por la VMC ocurre de manera
extremadamente rapida®?. En animales de experimentacion, en
las primeras 12-18h de VMC ya se puede evidenciar una atro-
fia diafragmatica significativa, sin observarse signos de atrofia
periférica’”. Por tanto, laatrofia diafragmatica inducida porlaVM es
significativamente mayor a la atrofia por desuso que se produce en
lamusculatura esquelética??. El grupo de Levine encontré hallazgos
similares en pacientes ventilados con VMC entre las 18 y las 69 h, y
demostraron una reduccién significativa (en torno a un 53-57% con
respecto a voluntarios sanos) tanto de las fibras tipo 1 como tipo 2
en la seccién transversal de biopsias diafragmaticas?>.

Cambios en la ultraestructura de las fibras musculares

La VMC da lugar a alteraciones tiempo-dependientes en la
ultraestructura de las fibras musculares diafragmaéticas'2627,
Inicialmente aparecen areas con miofibrillas anormales por
desorganizacién miofibrilar y alteraciones en las lineas Z'. Poste-
riormente aparecerdn dareas de regeneracién de fibras musculares
sin signos de inflamacién?’. Y finalmente, si la VM se prolonga en el
tiempo (mas de 3 dias) se producira un aumento de vacuolas lipi-
dicas citoplasmadticas probablemente en relacién con un proceso
autofagico?’29.

Disfuncién contrdctil

El grupo de Le Bourdelles fue el primero en describir, en
1994, mediante un modelo animal, la aparicién de una disfun-
cién contractil diafragmatica tras 48 h del inicio de VMC3°. La VM
prolongada promueve una disminucién de la fuerza diafragmatica
progresiva y tiempo-dependiente?. Al igual que ocurre con la atro-
fia, 12 h de VMC son suficientes para evidenciar una reduccién en
la fuerza diafragmaética®'>2. Varios estudios han demostrado que el
pico de presién inspiratoria mdxima es menor en pacientes some-
tidos a VM de forma prolongada comparado con controles’s.

Alteraciones en el recambio proteico

Laatrofiayladisfuncién diafragmatica que se producen conrela-
cién al uso de VMC ocurren de forma primaria debido a un descenso
en la sintesis proteicay a un aumento de la proteélisis?> 3. La sinte-
sis proteica del diafragma puede disminuir un 30% después de solo
6h de VM>. Por otra parte, el aumento de la protedlisis se encuen-
tra en relacién con la activacion de vias de proteasas (calpaina,
caspasa-3 y sistema ubiquitin-proteasoma), vias de apoptosis y
activacién de autofagia®*3°. Hooijman et al. analizaron la activi-
dad de la via de la ubiquitin-proteasoma en muestras de biopsia
diafragmatica de pacientes ventilados durante cirugia tordcica. En
estos pacientes, en los que existia un aumento significativo de esta
via, se demostré un descenso de aproximadamente un 25% de la
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seccién transversal de las fibras musculares diafragmaticas, tanto
lentas como rapidas, y un descenso de su fuerza contractil*6>7,

Aumento del estrés oxidativo

Durante la VMC se producen alteraciones en la morfologia mito-
condrial que provocan alteraciones de su funcién y exceso de
creacion de especies reactivas de oxigeno (ROS). Se observa un
aumento del estrés oxidativo a nivel diafragmatico, que funciona
como desencadenante de la activacién de las vias de la calpaina
y caspasa-3 a este nivel>*3339, En pacientes donantes en muerte
encefilica se ha confirmado la aparicién muy precoz (18 h) de una
reduccién del diametro de las fibras musculares diafragmaticas
con la evidencia de fendmenos de estrés oxidativo y activacién
de proteasas a nivel diafragmatico?>. Por otra parte, la VM pro-
longada da lugar a una disminucién de la capacidad antioxidante
en el diafragma, reflejada por el descenso de los niveles de glu-
tatién, CuZn superdxido dismutasa y de la actividad glutation
peroxidasa®’.

Efecto de la patologia critica sobre la funcién diafragmatica

Aunque se conocen las consecuencias de la disfuncién diafrag-
madtica debido a la VM en modalidad control, las vias que provocan
su aparicién son ain desconocidas. La inactividad diafragmatica
induce la aparicién de atrofia diafragmatica de manera progresiva
y tiempo-dependiente®?°. Sin embargo, existen otros factores
cuya presencia aumenta el riesgo de desarrollo de DDIV y de que
la afectacién diafragmatica sea mds importante. La sepsis y el fallo
multiorganico son los factores que se han asociado de una forma
mas robusta, con un mayor grado de disfuncién diafragmatica
en los pacientes sépticos que en los pacientes con shock de otra
etiologfa’. La situacién proinflamatoria que existe en estas pato-
logias puede dar lugar a una reduccién en la sintesis proteica, asi
como a un incremento en la prote6lisis, pudiendo desencadenar
por si misma una pérdida de masa muscular aguda®*!,

Factores concomitantes y el tratamiento con farmacos (corti-
coides o relajantes musculares, por ejemplo) pueden exacerbar la
DDIV. Sobre los relajantes musculares, existen 2 estudios realiza-
dos en ratones que confirman que el uso de rocuronio exacerba
la disfuncién contractil inducida por la VM*243, Con respecto al
efecto de los corticoides sobre la funcién diafragmadtica, existen
datos contradictorios. En el estudio de Sassoon et al. se encon-
tré una asociacién entre la administracién de metilprednisolona
a altas dosis y el descenso de la fuerza inspiratoria en un modelo
experimental**. Sin embargo, el grupo de Maes demostré que la
administracion de una tnica dosis de corticoesteroides disminuia
el efecto deletéreo producido por la VM2, Datos experimentales
han relacionado la presencia de hiperglucemia con el descenso de
la fuerza diafragmadtica, en relacién con un aumento de los procesos
de estrés oxidativo®>.

Modalidades de ventilacion mecdnica invasiva y disfuncion
diafragmatica inducida por la ventilacion

Las alteraciones diafragmaticas de la DDIV, secundarias a la ven-
tilacién en modalidad controlada, se han evidenciado en modelos
animales y humanos y son de aparicién muy precoz®2326.334647
Esta modalidad, en la que el diafragma se encuentra totalmente
inactivo, puede producir una mayor atrofia y disfuncién contrac-
til, con el consiguiente descenso de la fuerza diafragmatica. A
diferencia de las modalidades de VMC, en la VM no controlada el
paciente debe realizar esfuerzo inspiratorio. Esta accién podria,
como sugieren varios autores, prevenir el efecto deletéreo de la
ventilacién en modalidad control. En el estudio de Doering et al.

se evidenciaba que el uso de forma prolongada de niveles altos
de presién en modalidades de presién soporte, producia también
atrofia y disfuncién contrictil*®. Por el contrario, Futier et al. sugie-
ren que la VM asistida y la presion soporte reducirian la protedlisis
e incrementarfan la sintesis proteica a nivel diafragmatico.
Asimismo, en el estudio de Gayan-Ramirez et al. se refuerza la
idea de que la inactividad del diafragma es el principal factor que
promueve la DDIV, con la demostracion que periodos cortos de
respiracién espontanea durante la VMC retardaban los efectos
de la VMC sobre el diafragma®’. Los cambios en la configuracién
diafragmadtica podrian prevenirse manteniendo los niveles de
esfuerzo inspiratorio proporcionados por la presién soporte”'.

Ventilaciéon mecanica no invasiva y oxigenoterapia de alto
flujo

Existe solo un estudio que evalia la funcionalidad diafragma-
tica después del inicio de la VM no invasiva. En él se concluye que
existe un descenso de la fuerza generada por el diafragma tras el
inicio de esta y que se relaciona con niveles elevados de presion
soporte®2, La VMNI ejerce una presién positiva, con un cierto grado
de aplanamiento y estiramiento muscular, que podria ser el origen
de la disfuncién.

La oxigenoterapia de alto flujo aporta hasta 601/min de gas
con la F{O, correspondiente, que genera niveles bajos de presién
positiva y cambios en el patrén ventilatorio, con aumento del volu-
men circulante®? pero sin que existan, hasta el momento, estudios
que analicen su repercusién sobre la funcién diafragmatica. Sin
embargo, mediante este sistema de soporte respiratorio el paciente
mantiene en todo momento la completa activacién diafragmatica,
por lo que sus consecuencias deberian ser escasas.

Diagnéstico y monitorizacion

En muy pocos SMI se realiza una monitorizacién rutinaria de
la funcién de la musculatura respiratoria, bien por infraestimacién
de su importancia, bien por las dificultades técnicas para llevarla
a cabo!”. El diagnéstico de DDIV es inicialmente de sospecha en
los pacientes ventilados mecanicamente en los que se han solu-
cionado los factores intercurrentes, pero que presentan dificultad
en la retirada de la VM. En el caso de la DDIV no se ha encon-
trado relacién entre la exploracion clinica y el grado de disfuncién
diafragmatica®*, por lo que las exploraciones complementarias son
obligadas para el diagnéstico (tabla 1). A continuacién se detallan
algunos de los métodos diagndsticos que reflejan mejor la contribu-
cién del diafragma a la respiracion, unos ttiles solo en investigacién
y otros aplicables en la practica clinica.

Presion transdiafragmadtica y esofdgica

La presién esofdgica es un buen estimador de la presién
pleural®>*°, Si ademas de la presién esofigica disponemos de la
presién gastrica, podemos calcular la presion transdiafragmatica
(Pdi), que no es mas que la diferencia entre la presién pleural y
la abdominal, la cual permite un célculo especifico de la fuerza
diafragmatica’ 1378, El gold standard en los pacientes que no
pueden colaborar en el estudio es el cilculo de la Pdi a través
de la estimulacién magnética cervical del nervio frénico®>*°. Sin
embargo, su principal limitacién reside en que es una técnica inva-
siva y no disponible en la mayoria de SMI.

Desde el inicio de la VM se puede detectar un descenso de la
Pdi®°. Dicho descenso aumenta de forma logaritmica con los dias
de VM. Por otra parte, en el estudio de Demoule et al.” se eviden-
cié que valores de Pdi menores de 11 cmH;0 en el primer dia de
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Tabla1
Pruebas para la evaluacion de la funcién diafragmatica en pacientes en ventilacién mecanica
Precisa Comentario Valores Util en Util en
colaboracién clinica investigacion
Invasivas
Medidas de presién
PImax Si Evaluacion fuerza muscular respiratoria global —30 (M)/ =45 cmH,0 (H)* + +++
PEmax Influencia: comunicacién, sedacién, ansiedad > 60 (M)/80 cmH;0 (H)* i +H+
No ttil como parametro aislado
PO.1 No Intensidad del estimulo respiratorio 0a -2 cmH,0? + ++
Condicionado por centro respiratorio
No ttil como parametro aislado
Pdimax. Si Compleja interpretacion y dificultosa colocacion >15 cmH,0? = ++
Pacientes sin soporte ventilatorio
Pdi No Util en pacientes sedados y ventilados >10 cmH,0" + +++
iEM
Gold standard
EMG No Técnicamente dificultoso No valores estandar + +
indice Gilbert No Contribucién del diafragma a la presion respiratoria >0,3" + +++
Fluoroscopia Si No util en pacientes ventilados mecanicamente + +
No-invasivas
Ecografia diafragmdtica
Grosor No Util en pacientes ventilados. Reproducible >2 mm® ++ ++
Fraccién de acortamiento  No Util en pacientes ventilados. Reproducible >20% +++ ++
Excursién No Medida de funcionalidad en pacientes en respiracién >10 mm® +++ ++

espontinea

PdiEM: presi6n transdiafragmatica por estimulacion magnética del nervio frénico; Pdimax: presion transdiafragmatica maxima; PEmax: presion espiratoria maxima; PImax:

presién inspiratoria maxima.
2 Valores de sujetos sanos.
b Valores en pacientes ventilados.

ingreso en el SMI condicionaban un peor prondstico, una mortali-
dad elevada (49%) y un aumento en los dias de VM”14,

El calculo del indice de Gilbert a través de la Pdi (APresion
gastrica/APdi) durante una inspiracién normal evalda la gene-
racién de presién durante una respiracion de reposo, reflejo de
la fuerza generada por el diafragma®. Watson y colaboradores,
mediante ecografia diafragmatica y Pdi en pacientes sometidos a
cirugia cardiotoracica, encontraron buena correlacién entre valores
bajos de excursién diafragmatica e indices de Gilbert bajos®!.

Py

La Pg.; mide la presion negativa generada por el paciente con-
tra una via aérea artificial en los 100 primeros milisegundos de un
esfuerzo inspiratorio, siendo un reflejo del impulso neuromuscu-
lar transmitido por el nervio frénico®2. Aunque tiene limitaciones,
es una medida de estimulo central y es un indicador de funcién
diafragmatica®%4. Esta medida ha sido incorporada en los respi-
radores artificiales, lo que la ha convertido en una variante clinica
accesible a pie de cama®°.

Ultrasonografia

La necesidad de un diagndstico precoz y de una técnica accesi-
ble y no invasiva justifica el empleo creciente de la ecografia para la
evaluaciény seguimiento de la funcién diafragmatica y del esfuerzo
inspiratorio®®. Sus limitaciones residen en la variabilidad inter e
intraobservador y en la posibilidad de aplicar el estudio dindimico
(excursién diafragmatica) solo en pacientes sin VM®7-7°, Por otra
parte, son varios los estudios que han demostrado buena precisién
y reproducibilidad de los ultrasonidos en la valoracién de la fun-
cién diafragmadtica, tanto en voluntarios sanos como en pacientes
criticos®>69,

El grosor diafragmatico (como signo de atrofia), la fraccién de
acortamiento y el estudio de la movilidad diafragmatica (como
signo de actividad diafragmatica) son los parametros mas evalua-
dos por ecografia.

Excursién diafragmdtica

Para valorar el desplazamiento diafragmatico debemos utilizar
una sonda de 3,5-5MHz, que se posicionara debajo de la parrilla
costal a nivel de la linea medioclavicular, dirigiendo el haz de ultra-
sonidos perpendicular al tercio posterior de dicho hemidiafragma.
Durante la inspiracion, el diafragma normal se desplaza de forma
caudal y, por tanto, se acercara al transductor (fig. 1).

Los valores normales en pacientes no ventilados sanos
son diferentes para hombres y mujeres (18+3 y 16+3mm,
respectivamente)®?, siendo similares a valores basales encontra-
dos en pacientes ventilados mecanicamente’’. Se define disfuncién
diafragmatica como una excursién menor de 10 mm o una excur-
sién negativa (o movimiento paraddjico). Estos valores serian
también buenos predictores de un fracaso en la desconexion del
paciente’?,

Higado

Final
Final Inspiracién
aspiracién :

Figura 1. Medicién mediante modo-M de la excursion diafragmatica durante una
inspiracioén normal. El diafragma se puede observar como linea hiperecogénica mar-
cada con una flecha. La excursién se mide como la diferencia entre el final de la
inspiracién y el final de la espiracién (cm).
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Figura 2. Medicion de la variacién del grosor diafragmatico mediante modo-M a
nivel de hemidiafragma derecho. El diafragma se visualiza como 3 lineas paralelas:
2 hiperecogénicas con una central hipoecogénica y de mayor grosor. El niimero 1
representa el grosor inspiratorio y el nimero 2, el grosor espiratorio. La fraccién de
acortamiento diafragmatico es la diferencia entre el grosor inspiratorio y el grosor
espiratorio.

Grosor diafragmadtico

El grosor del diafragma depende de la masa muscular, y esta se
correlaciona con la capacidad vital forzada’?. La disminucién del
grosor diafragmatico se asocia al descenso de amplitud valorada
por electromiografia y puede indicar la presencia de atrofia374,

El grosor diafragmaético es cuantificable de forma sencilla por
ultrasonografia, siendo el hemidiafragma derecho, a través de su
ventana hepatica, mas accesible que el izquierdo®'. Para medir
el grosor utilizaremos una sonda de 10-12 MHz, colocdndola de
manera perpendicular sobre el 9.°-10.° espacio intercostal en la
linea axilar anterior, para observar parte de la zona de aposicién
del diafragma con la caja tordcica. En esta area, el diafragma se
observa como 3 capas de distintas densidades dispuestas paralela-
mente (pleura, diafragmay peritoneo)°!’%. El grosor diafragmatico
se mide mediante la realizacién de un modo M o con la imagen 2D
durante una espiracion no forzada (fig. 2). El grosor diafragmatico
normal en pacientes ventilados es de 2,4 + 0,8 mm, indicando atro-
fia valores por debajo de 2 mm?®'. Se consideran valores normales
ratios de 1,8, aceptandose como limite inferior ratios de 1,25.

Variacion del grosor diafragmdtico

La variacion del grosor diafragmatico puede calcularse usando
un modo M mediante la férmula que se muestra en la figura 3. La
variacion del grosor diafragmético puede utilizarse como un indi-
cador de la capacidad diafragmética para generar presién®27°. Una
variacién <20% podria ser considerada como un predictor de fra-
caso de la desconexién de la VM4, con una mejor prediccién que
el uso del indice de Tobin’®.

El grupo de Grosu encontré un descenso diario del 6% del grosor
diafragmatico dentro de las primeras 48 h de ventilacién mediante
modalidades asistidas®’. En el estudio de Schepens et al., donde la
mayoria de pacientes recibian ventilacién en modalidad control,
este valor fue del 10,9%’'. Aunque no se encontré una asocia-
cién directa entre el grosor y la ventilacién en modalidad control,

Grosor al final de la inspiracién - Grosor al final de la espiracién
Variacion grosor
diafragmatico=

Grosor al final de la espiracién

Figura 3. Férmula para el calculo de la variacién del grosor diafragmatico.

los datos anteriormente mencionados muestran un mayor des-
censo del grosor en los pacientes principalmente ventilados con
modalidad controlada.

En pacientes sometidos a VM, al contrario que la excursion dia-
fragmatica, el cambio de grosor diafragmatico reflejaria realmente
la contraccién diafragmatica activa. Asi lo demuestra el estudio del
grupo de Goligher, el cual no observa variaciones del mismo en
pacientes relajados y si en voluntarios sanos y pacientes sometidos
a distintos métodos de VM’“. En pacientes no ventilados la varia-
cién del grosor ha demostrado estar relacionada de forma directa
con los voltimenes pulmonares’%’7.78 y con la presién inspirato-
ria maxima’? y, por lo tanto, supondria una medicién indirecta de
la actividad contrictil y de la carga de trabajo del diafragma.

Marcadores analiticos

En andlisis de sangre no se ha hallado relacién entre la apari-
cién de atrofia de la musculatura respiratoria y un aumento en las
cifras de enzimas de origen muscular como la creatincinasa ni la
mioglobina®. Un aumento de la proteina esquelética troponina1
podria ser, en un futuro, utilizado como un marcador de lesién
muscular diafragmaticas%-82,

Conclusiones

La disfuncién diafragmadtica del paciente ventilado mecdnica-
mente es una patologia todavia desconocida e infradiagnosticada.
Aparece de forma prematura desde el inicio de la VM, esta asociada
a factores de riesgo como la sepsis y el fallo multiorganico, y afecta
a un porcentaje elevado de pacientes, siendo motivo de fracaso de
la extubacion.

Son necesarios futuros estudios para determinar los procesos
iniciales que desencadenan el inicio de la alteracién proteica y para
el desarrollo de técnicas no invasivas y accesibles en la cabecera del
paciente que permitan establecer un diagnéstico temprano, con un
papel cada vez mas importante para la ultrasonografia.
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ARTICLE INFO ABSTRACT

Background: Non-invasive mechanical ventilation (NIV) is a standard respiratory support technique used in in-
tensive care units. High-Flow Nasal Cannula (HFNC) has emerged as an alternative, but further evidence is
needed. The lung aeration and diaphragm changes achieved with these two strategies in healthy subjects have
not been compared to date.
Methods: Twenty healthy subjects were recruited. Ten were ventilated with NIV and ten underwent HFNC. Lung
impedance and diaphragmatic ultrasound measurements were performed before and after 30 min of respiratory
support. The Mar-index was defined as the ratio of the diaphragm excursion-time index to the respiratory rate.
Results: Both groups showed significant decreases in respiratory rate (NIV: 14.4 (4.1) vs 10.4 (1.6), p = 0.009;
HFNC: 13.6 (4.3) vs 7.9 (1.5) bpm, p = 0.002) and significant increases in the end-expiratory lung impedance
(EELI) (NIV: 66,348(10,761) vs. 73,697 (6858), p = 0.005; HENC: 66,252 (9793) vs 69,869 (9135), p = 0.012).
NIV subjects showed a significant increase in non-dependent silent spaces (4.13 (2.25) vs 5.81 (1.49)%, p =
0.037) while the increase was more homogeneous with HENC. The variation in EELI tended to be higher in NIV
than in HFNC (8137.08 (6152.04) vs 3616.94 (3623.03), p = 0.077). The Mar-index was higher in HFNC group
(13.15 vs 5.27 cm-sec?/bpm, p = 0.02).
Conclusions: NIV and HFNC increased EELI in healthy subjects, suggesting an increase in the functional residual
capacity. The EELI increase may be higher in NIV, but HFNC produced a more homogeneous change in lung ven-
tilation. HENC group has a higher MAR-index that could reflect a different ventilatory system adaptation.

© 2019 Published by Elsevier Inc.

Keywords:

Non-invasive ventilation
High-flow nasal cannula

Lung aeration

Diaphragmatic ultrasound
Electrical impedance tomography

1. Introduction In recent decades, high-flow nasal cannula (HFNC) has been de-

scribed as an effective non-invasive respiratory support technique.

In recent years, non-invasive mechanical ventilation (NIV) has be-
come a widespread technique for ventilatory support in the Intensive
Care Unit (ICU) [1]. NIV is a standard care therapy in exacerbated ob-
structive pulmonary disease, cardiogenic pulmonary edema, and acute
respiratory failure (ARF) in immunodepressed patients. Furthermore,
it has been successfully used to avoid reintubation in other ARF patients
including those with postextubation respiratory failure and
community-acquired pneumonia [1].

* Corresponding author at: Critical Care Department, Hospital del Mar, Ps. Maritim, 25-
29, 08003 Barcelona, Spain.
E-mail address: pperez@psmar.cat (P. Pérez-Teran).
! Both authors have contributed to the work to the same extent, and so both appear as
first authors.

https://doi.org/10.1016/j,jcrc.2019.06.009
0883-9441/© 2019 Published by Elsevier Inc.

HFNC achieves better aeration as well as oxygenation since it flushes
the dead space of the nasopharyngeal cavity [2-6] and reduces inspira-
tory work of breathing [3]; it reduces the metabolic cost of gas condi-
tioning as it delivers warmed and humidified air at up to 60 L/min>
and can generate a certain degree of positive airway pressure [4-10].
Its high tolerability, even among patients with ARF [11-15], makes it
an excellent non-invasive oxygen delivery technique in both adults
and children [16-20]. Although the intrinsic mechanisms of HFNC
have been discussed [3,18], further studies are needed to assess its ef-
fects on lung volume and to determine its clinical applications, espe-
cially in adults [3,6,14,18,20,21].

Both NIV and HFNC have been proved to induce changes lung aera-
tion, work of breathing and oxygenation in both healthy subjects and
patients [4,12,20,22-25]. Currently, a number of non-invasive tech-
niques are available to assess all these variables at the bedside. First,
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electrical impedance tomography (EIT) is a non-ionizing, non-invasive
method for monitoring lung ventilation at the bedside. The technique
generates cross-sectional images of the subject by applying high
frequency and low amplitude electrical currents. Using a reconstruction
algorithm, impedance images are obtained from the resulting potential
differences measured in the electrodes on the surface of the thorax. EIT
is capable of tracking regional ventilation, as a change in impedance cor-
relates with tidal volume (TV) variations [22,26,27]. Among the applica-
tions of EIT are: monitoring during mechanical ventilation, optimal
setting of mechanical ventilation parameters, detecting changes in
lung mechanics secondary to frequent maneuvers, and detecting
changes in regional ventilation after a change in the patient's position
[22,26,27].

Second, lung ultrasound (LUS) allows regional and global visualiza-
tion of the lung since it can detect loss of aeration and its cause, but it
is not able to detect overdistention. Further, ultrasound is a good
method for determining diaphragm structure and function parameters,
by measuring variations in the thickness and excursion during the
inspiration-expiration cycle [28-30] in both healthy and critical care pa-
tients [31,32]. Diaphragmatic excursion (DE) can be used to measure
the ventilatory functionality in spontaneously breathing patients [30]
while the variation in diaphragmatic thickness, also known as the dia-
phragm thickening fraction (TFdi), is an indicator of the diaphragm's ca-
pacity for generating pressure [31,32], and is thus an indicator of
diaphragmatic failure [33]. Its limitations are the inter- and
intraobserver variability and the lack of correlation between DE and di-
aphragmatic function in controlled mechanical ventilation [30,34,35]. A
preliminary study comparing NIV and HFNC diaphragmatic and LUS
measurements in ARF patients [36] reported that NIV induced a signifi-
cant reduction in TFdi and LUS scores and a significant increase in DE
compared to standard oxygen therapy and HFNC (while HFNC did not
differ significantly from standard oxygen therapy). However, the main
limitation of that study was that ultrasound cannot provide evidence
of overdistension. Moreover, Palkar et al. [37] described the diaphragm
excursion-time index (E-T index) as a new parameter to predict
weaning outcome by means of diaphragm ultrasounds suggesting that
the prolongation of the time until reaching the maximum excursion
peak (Ti) may indicate an appropriate adaptation of the ventilatory ap-
paratus to reduce the work of breathing. On the other hand, previous
studies have shown that a significant decrease in the respiratory rate
may be an indicator of successful HNFC [4,12-14,38]. In present study,
we therefore introduced a variation of this index in an attempt to obtain
an additive effect (Mar-index).

The present study tested the hypothesis that non-invasive respira-
tory support techniques such as NIV or HFNC may generate changes in
pulmonary aeration or diaphragm mechanics in healthy subjects that
can be detected by impedance and/or ultrasounds. The aim was to com-
pare the differences in pulmonary aeration and diaphragm function
generated by these two respiratory support strategies, NIV and HFNC,
using EIT and ultrasound measurements in healthy subjects. Assessing
these possible changes in healthy volunteers might help to predict
their effects on patients with ARF, and might therefore provide key in-
formation for the design of future studies.

2. Material and methods

This original single-center prospective interventionist cohort study
was conducted at the Critical Care Department of the Hospital del Mar
in Barcelona. It was led by the research group (Critical Illness Research
Group, GREPAC) at the Hospital del Mar's Institute of Medical Investiga-
tions (IMIM). The Ethics and Research Studies Committee approved
the study on November 12, 2015 (IRB: 2015/6444/1) and written in-
formed consent was obtained from all subjects prior to their recruit-
ment. The paper was written in accordance with the STROBE
recommendations.

2.1. Subjects

Twenty healthy subjects similar for age, sex and weight were re-
cruited and randomized by blocs to (1) NIV vs (2) HENC, and then con-
secutively included in the study depending on their group (first NIV and
then HFNC). A loss of aeration evidenced by LUS at baseline was consid-
ered grounds for exclusion from the study.

2.2. Study procedures

Age, sex, body mass index (BMI) and smoking habit were registered.
We allowed the breathing patterns to vary. However, before the base-
line measurements all subjects rested for 5-10 min in order to reach a
physiological steady state. Afterwards, they were ventilated and the
same measurements were made after 30 min of each technique. Systolic
blood pressure (BP), diastolic BP, mean BP, hearth rate (HR), respiratory
rate (RR) and peripheral capillary oxygen saturation (SpO,) were regis-
tered at baseline and at 30 min. TV was recorded in NIV group. EIT, LUS
measurements and diaphragmatic ultrasound were made at baseline
and at 30 min.

2.3. Application of NIV

Conditioned room air (F,0, 0.21) was delivered with the Respironics
V60® device (Philips, Amsterdam, Netherlands) through an oronasal in-
terface at an Inspired Positive Airway Pressure (IPAP) of 10 cmH,0 and
an Expired Positive Airway Pressure (EPAP) of 6 cmH,0 throughout the
procedure. The IPAP value was set to the minimum value to compensate
for the resistance of the respiratory support circuit and thus ensure an
acceptable TV. The EPAP value was set to match the continuous positive
airway pressure generated with the HFNC, as in Parke's study [9]. The
subjects were in a semi-recumbent position at 45° during the test.

2.4. Application of HFNC

Conditioned room air (F0, 0.21) was delivered with the Optiflow®
device (Fisher & Paykel healthcare, Auckland, New Zealand) at a con-
stant flow of 60 L/min during 30 min. The humidifier (AIRVO®2, Fisher
& Paykel Healthcare, Auckland, New Zealand ) temperature was set to 37
°C, and the air was delivered by silicon nasal cannula (RT050/051®,
Fisher & Paykel Healthcare, Auckland, New Zealand). The subjects
were in a semi-recumbent position at 45° during the test, and breathed
with their mouth closed.

2.5. Lung aeration measurements

1. Electrical impedance tomography: EIT was measured with the
Swisstom BB?® device (Swisstom, Landquart, Switzerland). The
inner surface of the belt containing the 32 electrodes (SensorBelt®,
Swisstom, Landquart, Switzerland). The belt was placed around the
chest along the sixth intercostal space. EIT data were continuously
recorded and later analysed on a personal computer using
Swisstom's EIT Data Analyser (ibeX 1.1, Swisstom, Landquart,
Switzerland). An example interface image is displayed in Fig. 1. The
following EIT-derived parameters were measured at baseline and
30 min as the average of 30 consecutive breaths:

- Region of interest (ROI). The tidal ventilation distribution was
analysed by dividing the lung into three horizontal parallel regions
(ROI) within the chest contour: ventral, central and dorsal. The
software summed the ROIs and calculated their proportion to
each other.

- Centre of ventilation (COV). This was the geometrical focal point of
the overall ventilation expressed as a percentage of the ventral-
dorsal and right-left extension of the identified lung region,
where 0% refers to ventilation occurring in the most ventral lung
region and 100% in the most dorsal part. The same applies for the
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Fig. 1. Impedance changes produced by non-invasive ventilation (NIV). Note the sudden increase in arbitrary units (vertical axis) when NIV is applied.

right-left extension (0% refers to the most-right and 100% to the
most left).
Dependent and non-dependent silent spaces (DSS and NSS). The
silent spaces were defined as the smallest impedance changes
(<10%) of the maximal impedance change measured. They were
classified into DSS and NSS by a virtual line perpendicular to the
COV. Their analysis provides information about lung areas that re-
ceive less air during tidal breathing and are thus hypoventilated. If
they are located on the dorsal half of the lungs (dependent areas),
it is very likely that these areas will be collapsed, filled with fluid
or closed; if they are located on the ventral half of the lungs
(non-dependent areas), they are more likely to be distended or
overdistended. The amount of silent spaces was expressed as a
percentage of the entire ROL
- End-expiratory lung impedance (EELI). EIT values at the end of the
expiration (EELI) were correlated with end-expiratory lung vol-
ume (EELV), and thus with residual functional capacity and lung
aeration [22,26,27]. Relative impedance values were measured in
arbitrary units.
- EELlvariation (AEELI). An increase in EELI has been associated with
an increase in TV [22,26,27]. We calculated the difference between
baseline and 30-min EELIL

2. Lung ultrasound: For the ultrasound measurements we used the
Vivid I® ultrasound device (General Electric, Fairfield, CT, USA). The
LUS measurements were performed with a 3.5-5 MHz probe. Four
quadrants of each hemithorax were examined (anterior superior, an-
terior inferior, lateral superior and lateral inferior) and each one was
rated according to the aeration evidenced: 0 = normal aeration (A
lines or < 3 B lines); 1 = moderate loss of aeration (multiple B
lines); 2 = severe loss of aeration (confluent B lines); 3 = alveolar
consolidation (tissue pattern). The LUS score, ranging from O to 24,
was calculated by adding together all the quadrant rates.

2.6. Diaphragmatic function measurements

With the subject angled at 45°, DE and TFdi were measured in all
subjects at baseline and at 30 min. The same experienced observer per-
formed all the measurements and later the blind image analysis. For the
DE measurement, each individual was examined with a 3.5-5 MHz
probe under the right costal ridge at the level of the middle clavicle
line. Using the ultrasound device's M-mode, we calculated the mean
of three measurements. For the diaphragm thickness measurements
we used a 10-12 MHz probe and placed it over the 9th-10th intercostal
space at the level of the anterior axillary line. The M-mode was also used
to perform three measures of inspiration and three of expiration. The
average values were calculated, and then the TFdi was calculated
using the following formula: [(end-of-inspiration thickness - end-of-
expiration thickness)/end-of-expiration thickness] per 100. An explan-
atory image is provided in Fig. 2.

2.7. The Mar-index

The E-T index was calculated as the product of DE and Ti as previ-
ously described [37]. The new Mar-index was calculated as E-T index
x 100/RR.

Palkar et al. [37] described the diaphragm excursion-time index (E-T
index) as a new parameter to predict weaning outcome by means of

diaphragm ultrasounds. The E-T index was calculated as the product
of DE and the time until reaching the maximum excursion peak (Ti).
The authors suggested that the prolongation of Ti might indicate an ap-
propriate adaptation of the ventilatory apparatus to reduce the work of
breathing. On the other hand, previous studies have shown that a signif-
icant decrease in the respiratory rate may be an indicator of successful
HNFC [4,12-14,38]. We therefore introduced a variation of this index
in an attempt to obtain an additive effect. We named the E-T index
x 100/RR the Mar-index (ie., defined by the Hospital del Mar team).

2.8. Statistical analysis

Sample size was obtained using the ARCSINUS approximation.
Accepting an alpha risk of 0.05 and a beta risk of 0.2 in a two-sided
test, 10 subjects were required in the first group and 10 in the second
group to detect a statistically significant difference in EELI between
the two proportions, assuming a proportion of 0.40 in the NIV group
and 0.1 in the HFNC group. A rate of 0% losses to follow-up was
estimated.

Following the results of the Kolmogorov-Smirnoff test, the categori-
cal variables were expressed as frequencies and percentages and the
continuous variables as means and standard deviation (SD) when the
data followed a normal distribution, or as medians and interquartile
range (IR,25-75%) otherwise. The differences between the groups
were analysed with the chi-square test (x2) for categorical variables
and the Student's t-test or the Mann-Whitney U test for continuous var-
iables. For the comparison between variables in the baseline situation
and at 30 min of respiratory support, t-test for paired data or the
Wilcoxon test were used as necessary. Statistical significance was
established at p < 0.05. The data were analysed using the statistical
package for social sciences 15.0 (IBM® SPSS Stadystics®, Chicago, IL,
USA) for Windows.

3. Results

Twenty healthy subjects were included, 10 of whom were ventilated
with NIV and 10 with HENC. There were no differences in age (32.5 (6.5)
vs 34.8 (10.6) years), sex (60% females vs 40% males) or BMI (22.78
(3.40) vs 23.39 (3.60) kg/m?) between subjects included in the two
groups (p > 0.05). Individuals who underwent HFNC presented a de-
crease in diastolic BP, though it was not clinically significant (Table 1).
TV in the NIV group was 890 ml (179).

EIT results are shown in Table 1 and Figs. 3 and 4. Briefly, both tech-
niques produced a significant decrease in RR and a significant increase
in EELL NIV also induced a significant increase in NSS after 30 min of re-
spiratory support. Furthermore, significant decreases in left central ROI
were observed in the NIV group. HFNC produced a greater decrease in
RR, but AEELI tended to be higher with NIV.

No differences were found in classical LUS or diaphragmatic param-
eters between baseline and 30 min measurements in either NIV or
HFNC (Table 1). A significant increase in the E-T index was evidenced
in HNFC group without significant changes in the NIV group (Table 1).
However, when we calculated the E-T index changes between the two
techniques the median (IQ) variation between baseline and 30 min
was —0.07 (—0.69-1.10) with NIV compared with 1.27 (0.6-1.74)
cm-sec (p = 0.09) with HFNC. Associating those changes with changes
in respiratory rate (E-T index x 100/RR), defined as the Mar-index, we
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Fig. 2. (A) M-mode measurement of diaphragm thickness variation of the right hemidiaphragm. The diaphragm is seen as 3 parallel lines: 2 hyperechogenic layers and a thicker, central
hypoechogenic layer. Number 1 is the inspiratory thickness and number 2 is the expiratory thickness. Diaphragm shortening fraction is the difference between the inspiratory thickness
and the expiratory thickness. (B) M-mode measurement of diaphragm excursion during a normal inspiration. The diaphragm can be seen as a hyperechogenic line indicated with an arrow.
The excursion is measured as the difference between the end of the inspiration and the end of expiration (cm).

found a change of 5.27 (—2.39-8.80) cm-sec?/bpm with NIV vs 13.15
(7.36-26.51) cm-sec?/bpm with HENC (p = 0.02).
4. Discussion

In recent years, HFNC has been shown to be a good method of non-
invasive respiratory support in the ICU. However, to our knowledge, this

is the first study comparing ventilatory changes between NIV and HFNC
in healthy semi-recumbent subjects at rest.

Our results show that both strategies increase EELI in healthy sub-
jects because, as previous studies have demonstrated, they both pro-
duce positive airway pressure [2,3,7,9,23]. A good correlation has been
described between changes in lung impedance measured by EIT and
changes in lung volume [27], suggesting an increase in functional resid-
ual capacity. Even though our results were not statistically significant,

Table 1
Clinical data, EIT measurements, diaphragm ultrasound and lung ultrasound results at baseline and 30 min in NIV and HFNC groups.
NIV HENC
n=10 n=10
Baseline 30" p Baseline 30" P
Clinical data
Systolic BP, mmHg, mean (SD) 115.8 (112) 1115 (14.7) 0.190 1122 (13.1) 110.5 (13.8) 0.730
Diastolic BP, mmHg, mean (SD) 65.7 (8.6) 64.3 (6.9) 0473 69.6 (9.4) 63.1(63) 0.021
Mean BP, mmHg, mean (SD) 824 (6.7) 80.0 (8.4) 0.185 83.8 (9.5) 789 (8.3) 0.091
HR, BPM, mean (SD) 77.6 (11.1) 70.9 (12.0) 0.078 725 (15.2) 71.1(132) 0.575
RR, bpm, mean (SD) 144 (4.1) 104 (1.6) 0.009 13.6 (4.3) 7.9(1.5) 0.002
Sp0,, %, mean (SD) 98.6 (0.8) 98.8 (1.3) 0.555 985 (1.2) 97.9(1.8) 0.260
EIT measurements
RO], right ventral region, %, mean (SD) 7.14 (6.88) 7.13 (4.82) 0.993 493 (3.51) 5.54 (4.07) 0.288
RO], left ventral region, %, mean (SD) 6.10 (2.74) 512 (2.71) 0.05 5.76 (3.37) 5.54 (2.38) 0.673
ROI right central region, %, mean (SD) 31.32 (6.34) 33.72 (6.92) 0.165 30.46 (7.00) 30.36 (7.79) 0.943
RO left central region, %, mean (SD) 21.57 (4.98) 18.96 (5.80) 0.034 19.51 (8.33) 20.28 (5.98) 0.580
ROL right dorsal region, % (SD) 20.47 (8.71) 22,55 (8.41) 0.199 25.87 (11.07) 24.20 (7.03) 0.347
ROL left dorsal region, %, mean (SD) 1336 (3.53) 1248 (3.72) 0.445 13.46 (3.44) 14.05 (4.72) 0.650
COV Ventral-Dorsal axis, %, mean (SD) 58.10 (5.08) 58.34 (4.41) 0819 60.56 (4.67) 60.12 (4.68) 0.455
COV Right-Left axis, %, mean (SD) 46.11 (5.08) 43.41 (6.43) 0.066 44.36 (8.07) 44.93 (5.87) 0.720
DSS, %, mean (SD) 171 (2.61) 0.38 (0.91) 0.149 0.55 (0.88) 0.62 (1.14) 0.539
NSS, %, mean (SD) 413 (2.25) 581 (1.49) 0.037 525 (2.19) 494 (1.63) 0.533
EELI, AU, mean (SD) 66.348 (10.761) 73.697 (6.858) 0.005 66.252 (9.793) 69.869 (9.135) 0.012
Diaphragm ultrasound
Right TFdi, %, mean (SD) 46 (18) 50 (19) 0.548 45 (22) 46 (26) 0.868
Left TFdi, %, mean (SD) 56 (38) 40 (18) 0378 58 (34) 59 (20) 0338
DE, mm, mean (SD) 22.49 (7.71) 20.20 (6.28) 0.803 20.84 (6.01) 21.18 (7.88) 0.812
ET-index, cm x sec, mean (SD) 3.0 (1.6) 3.1(1.5) 0432 2.8 (1.5) 42 (24) 0.005
Lung ultrasound
LUS score, median (IR) 0.5 (0.0-1.0) 0.0 (0.0-0.5) 0438 0.0 (0.0-1.2) 0.0 (0.0-0.2) 0.434

NIV: non-invasive ventilation, HFNC: high-flow nasal cannula, BP: blood pressure, mmHg: millimeter of mercury, SD: standard deviation, ns: non-statistically significant, HR: heart rate,
BPM: beats per minute, RR: respiratory rate, bpm: breaths per minute, SpO,: peripheral capillary oxygen saturation, EIT: electrical impedance tomography, ROI: region of interest, COV:
center of ventilation, DSS: dependent silent spaces, NSS: non-dependent silent spaces, EELI: end-expiratory lung impedance, AU: arbitrary units, AEELI: end-expiratory lung impedance
variation, TFdi: diaphragm thickening fraction, DE: diaphragm excursion, ET-index: diaphragm excursion-time, LUS score: lung ultrasound score, IR: interquartile range.
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Fig. 3. Significant results between baseline and 30 min: RR (A), NSS (B), EELI (C), ROI - Left ventral region (D) and ROI - Left central region (E).

they suggest that this increase is slightly higher in NIV. However, the
ventilation changes produced with HFNC are more homogeneous than
with NIV. This is reflected in the significant increase of the non-
dependent silent spaces in the NIV group, compared with the absence
of any significant changes in the HNFC group. These homogeneous
changes have previously been reported in ARF patients undergoing
HFNC compared with oxygen facial mask [39]. These results may be rel-
evant for lung injury patients, in whom NIV distribution changes may be
more notable and could lead to overdistension. In that sense, Frat et al.
[40] showed that HNF achieved lower mortality in the ICU and at
90 days in ARF patients compared with NIV. The authors hypothesized
that this increase in mortality in NIV could be related to an increase in
the ventilator-induced lung injury due to higher tidal volumes. It is
probable that NIV produces this more heterogeneous aeration, and
therefore the possibility of overdistension could play a fundamental
role in this increase in mortality. As expected, there were no differences
in any LUS measurements after NIV or HFNC. As the subjects were
healthy, they presented LUS scores of 0 or very close to 0 in the baseline

measure before respiratory support. These results are consistent with
the preservation of aeration detected by impedance.

There is little information in the literature on the effect of these two
strategies on diaphragmatic mechanics [29], probably because of the ab-
sence of a simple and accurate method for their assessment in the ICU
until the introduction of diaphragm ultrasound. In the present study,
no significant differences were found in classical diaphragmatic ultra-
sound measurements when using either NIV or HFNC. However, when
we combined the assessment of the DE with the Ti and the RR to calcu-
late the Mar-index, it was significantly higher in the HFNC group, which
probably indicates differences in the adaptation of the ventilatory appa-
ratus. TFdi seems to be the best ultrasound parameter for measuring the
diaphragmatic function [33]. However, its measurement may not be
easy. What is more, diaphragmatic function is not the only determinant
of weaning failure or ARF. Therefore, an index that takes into accounts
not just the diaphragmatic function but also adaptive capacity and ven-
tilatory function would be very useful. In this context, the Mar-index
combines the information from the E-T index with an important clinical
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Fig. 4. Most relevant results comparing NIV and HFNC after 30 min of treatment: RR (A) and AEELI (B).

predictor like the respiratory rate. Therefore, it would be interesting to
analyse this index during the period of weaning from mechanical venti-
lation or in ARF patients, and its possible relationship with outcomes.

This study has some limitations. First, the EIT only measures a cross-
sectional slice of the lung, ignoring the rest of the organ. We could only
measure TV directly in subjects undergoing NIV, whereas in HFNC sub-
jects we inferred the TV variations from the EELI values. It is worth not-
ing that several authors have reported a good correlation between
variation in TV and in EELI [27]. We did not measure the partial pressure
of carbon dioxide (pCO,) because its non-invasive measurements in
mechanically ventilated subjects are hard to apply and assess. Finally,
these findings are only applicable to healthy subjects; however, they
shed light on the different pathophysiological mechanisms by which
these two systems act, and provide a rationale for the design of a
study in ARF patients. While acknowledging these limitations, we stress
that this is the first study to compare the lung and diaphragmatic effect
(aeration and mechanics) of NIV and HENC in healthy subjects using EIT
and ultrasound measurements.

5. Conclusions

Both respiratory support strategies increase the functional residual
capacity, as suggested by the RR decrease and EELI increase in our sub-
jects. Ventilation changes produced by HFNC are more homogeneous
than those produced by NIV. We also describe the Mar-index a new
score that combines ultrasound with clinical changes and that could re-
flect the degree of the ventilatory system adaptation. This study may
help to assess certain differences in aeration between these two non-
invasive respiratory support techniques and thus develop new ventila-
tory support strategies for hypoxemic patients.
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Response to the editor: Aeration changes ™
induced by high flow nasal cannula are more Gt
homogeneous than those generated by

non-invasive ventilation in healthy subjects.

To the editor,

First of all, we thank the authors of the letter “Aeration changes in-
duced by high flow nasal cannula are more homogeneous than those
generated by non-invasive ventilation in healthy subjects: comments
and observations” for their interest in our article. Here we would like
to discuss some of the points they raised.

Several recent studies have attempted to compare non-invasive me-
chanical ventilation (NIV) with high-flow oxygen therapy (HFNC) in pa-
tients with acute respiratory failure (ARF), but in our opinion the
different ventilatory patterns that these techniques may generate have
not been assessed in depth. Using electrical impedance tomography
(EIT), Riedel et al. demonstrated the existence of a heterogeneous ven-
tilation pattern in spontaneously breathing subjects who were applied
continuous positive airway pressure (CPAP), with no changes in the
dorsal regions but increases in the ventral areas after starting CPAP
[1]. This heterogeneous ventilation pattern was also demonstrated in
an animal model ventilated with PEEP [2]. It is true that the effect of
HFNC is similar to the effect of CPAP. However, in our environment
bi-level NIV is widely used in ARF patients [3]. Unlike CPAP, bi-level
NIV unloads the respiratory muscles and can provide complete respira-
tory support[4]. Previous studies have suggested that bi-level NIV is safe
in mild ARDS [5], and in a recent multicentre randomized trial Frat et al.
[6] used it to compare HFNC and NIV outcomes. For all these reasons, we
believe that the comparison with bi-level NIV is more justified clinically
than physiologically.

With regard to conducting the study with healthy volunteers, we
agree that this is a great limitation for extrapolation of the results to
ARF patients. However, we believe it is a good starting point for future
studies. Although the normal lung compliance determined a tidal
volume (TV) above the accepted upper limit in the NIV group, TV may
also be significantly higher during NIV in ARF, especially in patients
with a high inspiratory demand [7]. So it is possible, although not
proven, that NIV may be especially useful in patients who do not sub-
stantially increase their TV [8]. And therefore, it seems logical to think
that this greater heterogeneity found in the NIV group would be even
more evident in ARF patients. A study conducted with ARF patients
would be necessary to confirm these results. On the other hand, it
seems unlikely that after thirty minutes of the technique and with a
TV that, although elevated, may be less than forced breathing, atelecta-
sis and VILI would be generated in healthy volunteers. We do not have

https://doi.org/10.1016/j.jcrc.2019.10.006
0883-9441/© 2019 Elsevier Inc. All rights reserved.

clinical or echographic data to suggest this, nor have desaturations
been reported in any case that supports it.

In the present study, subjects were in a semi-recumbent position at
45° during the test. Correct adaptation of the nasobuccal mask was
achieved in all volunteers without evidence of air leaks. The analysis
of the different ventilatory patterns by EIT allows quantification of pul-
monary over-distension by means of the non-dependent silent spaces
(regions with <10% impedance changes) even without a reliable estima-
tion of lung volume with HFNC.

As we noted in the article, an important limitation of this study is the
lack of monitoring of expired carbon dioxide. Both transcutaneous mon-
itoring and the capnography would have been useful to explain the
study results. Unfortunately, our group did not have these technologies
at the time of the study.

Clearly, hyperventilation does not fully explain the lung damage that
mechanical ventilation or even HFNC can generate. More studies are
needed to analyse the impact of each of the possible factors in ARF pa-
tients. However, the objective of the present study was only to explore
whether the ventilatory pattern might be a differentiating factor be-
tween the use of NIV and HENC for further studies in ARF patients.
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