Universidade Federal do Rio Grande do Sul
Faculdade de Medicina

Programa de Pds-graduacdo em Ciéncias Médicas: Endocrinologia

Complicac6es endocrinoldgicas da doenca critica: da hiperglicemia de estresse a

fraqueza muscular adquirida na unidade de terapia intensiva

Priscila Bellaver

Porto Alegre, outubro de 2023.



Universidade Federal do Rio Grande do Sul
Faculdade de Medicina

Programa de Pds-graduacdo em Ciéncias Médicas: Endocrinologia

Complicac6es endocrinoldgicas da doenga critica: da hiperglicemia de estresse a

fraqueza muscular adquirida na unidade de terapia intensiva

Priscila Bellaver

Orientadora: Profa. Dra. Tatiana Helena Rech

Coorientadora: Profa. Dra. Cristiane Bauermann Leitéo

Tese de doutorado apresentada ao Programa de Pds-
graduacdo em Ciéncias Médicas: Endocrinologia, da
Universidade Federal do Rio Grande do Sul (UFRGS)
como requisito para obtengdo do titulo de Doutora

em Endocrinologia.

Porto Alegre, outubro de 2023.



CIP - Catalogagao na Publicagao

Bellaver, Priscila

Complicagdes endocrinolégicas da doencga critica: da
hiperglicemia de estresse a fraqueza muscular
adquirida na unidade de terapia intensiva / Priscila
Bellaver. -- 2023.

99 f£.

Orientadora: Tatiana Helena Rech.

Coorientadora: Cristiane Bauermann Leit&o.

Tese (Doutorado) -- Universidade Federal do Rio
Grande do Sul, Faculdade de Medicina, Programa de
Pés-Graduacde em Ciéncias Médicas: Endocrinolegia,
Porto Alegre, BR-RS, Z2023.

1. fraqueza muscular. 2. unidade de terapia
intensiva. 3. infeccdo por coronavirus. 4. expresséo
génica. 5. hiperglicemia de estresse. I. Rech, Tatiana
Helena, orient. II. Bauermann Leitdo, Cristiane,
coorient. III. Titulo.

Elaborada pelo Sistema de Geragao Automatica de Ficha Catalografica da UFRGS com os
dados fornecidos pelo(a) autor(a).




Aos meus afilhados,

Bernardo e Henrique.



AGRADECIMENTOS

Agradeco, acima de tudo, a Deus, que sempre guia meus passos e permite a
realizacdo dos meus sonhos.

As minhas orientadora Dr2. Tatiana Helena Rech e coorientadora Dr2. Cristiane
Bauermann Leitdo, por todos os ensinamentos técnicos, cientificos e humanos ao longo
dessa trajetoria. Obrigada pela dedicacdo de tempo, pela paciéncia, pela compreensao e
por serem meus exemplos de mulheres, médicas, profissionais e pesquisadoras. Obrigada
pela oportunidade de aprender e conviver com VOCés e por me incentivarem na pesquisa.
Vocés sdo uma fonte diaria de inspiragdo para mim.

Aos meus companheiros de pesquisa, Ariell Schaeffer e Diego Dullius, por toda
ajuda, dedicacdo e apoio durante a construcao desse projeto. Vocés foram fundamentais.

Aos pacientes e suas familias, que em um momento de tanta dor e sofrimento,
consentiram em participar desta pesquisa, em especial aos pacientes e as vitimas da
infeccdo por COVID-19 que, em meio ao medo do desconhecido, também
proporcionaram a realizacdo desse trabalho.

Aos colegas meédicos, enfermeiros, técnicos de enfermagem e demais
profissionais da Unidade de Tratamento Intensivo do Hospital de Clinicas de Porto Alegre
por sempre estarem dispostos a me auxiliar durante a inclusdo dos pacientes.

Ao0s meus pais, Anamaris e José Alberto, por sempre terem sido meus exemplos
de retiddo e honestidade, por terem apoiado todas as minhas escolhas, por terem
proporcionado a realizacdo do sonho de ser médica e por terem me dado as oportunidades

de estudo necessarias para que eu chegasse até aqui.



A minha irm4, Joseane, por sempre ter sido um exemplo de dedicacdo e
competéncia, por me mostrar o caminho certo e por ser uma das minhas maiores
incentivadoras.

Aos meus afilhados, Bernardo e Henrique, por serem as criangas mais doceis e
compreensiveis, por me estimularem a ser melhor a cada dia e por me incentivarem a
tornar o mundo um lugar melhor.

Ao meu cunhado, Cristiano, por sempre ter apoiado minhas escolhas e pelas
ajudas tecnologicas.

A0S meus amigos, que tantas vezes ouviram meus desabafos, compreenderam o
tempo escasso, entenderam o cansaco e permaneceram ao meu lado.

Muito obrigada por sempre estarem ao meu lado, por acreditarem em mim, por
me incentivarem a seguir em frente e por compreenderem minha auséncia e minha
distdncia em tantos momentos. Sei que isso em nada diminui o amor incondicional e

reciproco que sentimos.



Esta tese de Doutorado segue o formato proposto pelo Programa de Pos-graduagdo em
Ciéncias Médicas: Endocrinologia da Faculdade de Medicina da Universidade de Federal
do Rio Grande do Sul, sendo apresentada na forma de uma breve introducdo sobre o
assunto, seguida de trés artigos (dois artigos originais e um de revisao sistematica e

matanalise) sobre o tema da tese.

Artigo 1: “Diabetes associates with mortality in critically ill patients with SARS-CoV-2

pneumonia: no diabetes paradox in COVID-19”

Artigo 2: “Association between diabetes and stress-induced hyperglycemia with skeletal
muscle gene expression of IRS1, IRS2, INSR, SLC2A1, and SLC2A4 in critically ill

patients: a prospective cohort study”

Artigo 3: “Association between neuromuscular blocking agents and the development of
intensive care unit-acquired weakness (ICU-AW): A systematic review with meta-

analysis and trial sequential analysis”



SUMARIO

INDICE DE ABREVIATURAS........oovocvieeiereeeiieeieseensesseesssssssssssssesssssssss s 9
RESUMO .......ooioieeiteceeseeessesssess e ssessesssses s asssasssss s s es s assssssansssanssnes 12
ABSTRACT ... ss s n s 15
LN ESI0] 516 107:Y0 IO 18
JUSTIFICATIVA ..ot 34
OBJIETIVOS......ooiveeeeereeeeee s essss s ss s s s 36
Y = [0 1 OO 43
ARTIGO 2u.ooooeeeeeeeeeeeseee s s e ssnnssanses 74
ARTIGO 3i.ooeoeeeeeeeeseeseee s sses e 75
CONSIDERAGOES FINAIS.......oveivieeeeeeeesessesseessiesssesssassessssssssssssssasssansesssens 114

OUTROS ARTIGOS PUBLICADOS NO PERIODO DO DOUTORADO............ 117



INDICE DE ABREVIATURAS

1. INTRODUCAO

ATP: adenosina trifosfato

DM: diabetes mellitus

ECA-2: enzima conversora de angiotensina 2

FA-UTI: fraqueza muscular adquirida na unidade de terapia intensiva
GLUT: transportadores de glicose

GLUT-1: transportador de glicose 1

GLUT-4: transportador de glicose 4

HbAlc: hemoglobina glicada

IL-1: interleucina-1

IL-6: interleucina-6

INSR: gene receptor da insulina

PICS: pos-intensive care syndrome — sindrome pds-cuidados intensivos
SARS-CoV-2: coronavirus do tipo 2

SDRA: sindrome do desconforto respiratorio agudo

TNF-a: fator de necrose tumoral alfa

UTI: unidade de terapia intensiva

2. ARTIGOS

ADA: American Diabetes Association

aOR: adjusted odds ratio



ARDS: acute respiratory distress syndrome

Cl: confidence intervals

BMI: body mass index

DM: diabetes mellitus

GLUT-1: glucose transporter-1

GLUT-4: glucose transporter-4

HbAlc: glycated hemoglobin

HR: hazard ratio

ICU: intensive care unit

ICU-AW: intensive care unit-acquired weakness
IRS1: insulin receptor substrate 1 gene

IRS2: insulin receptor substrate 2 gene

ISNR: insulin receptor gene

LOS: length of stay

MD: mean differences

MRC: Medical Research Council

MV: mechanical ventilation

NMBA: neuromuscular blocking agents

OR: odds ratio

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
RCT: randomized clinical trial

ROB: risk of bias

RRT: renal replacement therapy

RT-qPCR: quantitative real-time polymerase chain reaction method

SAPS 3: Simplified Acute Physiology Score 3

10



SD: standard deviation
SLC2AL: solute carrier family 2, member 1 gene
SLC2A4: solute carrier family 2, member 4 gene

TSA: trial sequential analysis

11



RESUMO

A hiperglicemia de estresse refere-se a hiperglicemia e a intolerancia a glicose,
decorrentes da resisténcia a a¢do da insulina, que ocorrem como resposta metabolica a
doenca aguda. Se, por um lado, a hiperglicemia é vista como resposta adaptativa e
benéfica, por outro, ela tem sido apontada como mal adaptativa. Inimeros mecanismos
envolvendo o eixo hipotdlamo-hipdfise-adrenal, a liberacdo de hormdnios
contrarreguladores de insulina e a liberacdo de citocinas inflamatdrias interagem de forma
complexa aumentando a disponibilidade de glicose durante a doenca aguda grave, o que
garante uma oferta de glicose suficiente a tecidos vitais. A hiperglicemia é, dessa forma,
vista como uma resposta evolutiva atuando como combustivel necessario para a
necessidade de 0 organismo “lutar ou fugir”. Porém, estudos tém demonstrado piores
desfechos, incluindo aumento de mortalidade, em pacientes com hiperglicemia de
estresse. A relacdo causal entre hiperglicemia e mortalidade ndo é clara, podendo ser
apenas um marcador de gravidade da doenca. Postula-se que a hiperglicemia leve a
disfuncdes mitocondrial, endotelial e imunoldgica, culminando em uma resposta imune
insatisfatdria do organismo.

A hiperglicemia de estresse ndo parece ter a mesma magnitude em subgrupos
diferentes de pacientes. Em pacientes com diabetes mellitus (DM), por exemplo, que séo
cronicamente expostos aos efeitos pro-inflamatérios, pré-trombaticos e pro-oxidativos de
niveis cronicamente elevados de glicose, a correcdo intensiva da hiperglicemia por meio
do uso de insulina endovenosa parece relacionar-se a piores desfechos. Sendo assim,
dentro da uma perspectiva de medicina de precisdo, o estado metabdlico prévio pode ser

importante para a individualizacdo de alvos de controle glicémico.
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Outro subgrupo particular de pacientes criticamente doentes é o de pacientes com
DM e infeccdo por COVID-19, que tem sido acometido pela forma mais grave da doenca
viral. Acredita-se que os pacientes com DM, que se apresentam num estado basal de
inflamacéo crénica, possam ter um sistema imune debilitado e sejam mais suscetiveis a
“tempestade de citocinas” que ocorre durante a replicagdo viral. Em pacientes com DM e
COVID-19 internados na unidade de terapia intensiva (UTI), um dos tantos desafios do
tratamento € manter o controle glicémico adequado.

Seguindo a linha da medicina de precisdo, € plausivel que subgrupos de pacientes
com diferentes assinaturas genéticas respondam de forma diferente a exposicdo a
hiperglicemia e, nesse contexto, a avaliacdo genética dos pacientes criticamente doentes
pode ser muito interessante. Estudos tém demonstrado uma reducédo da translocacéo de
transportadores de glicose para a membrana celular em contexto de estresse agudo e
intensa resposta inflamatdria. AlteracGes no gene receptor da insulina também tém sido
identificadas e podem associar-se a resisténcia a acdo da insulina e a hiperglicemia
cronica.

Com o avanco da terapia intensiva, um numero cada vez maior de sobreviventes
a doenca critica aguda tem levado a novas condicdes clinicas, como a sindrome pos-
cuidados intensivos (PICS). A PICS é definida como o surgimento ou agravamento de
danos a saude fisica, mental e cognitiva apds uma internacédo prolongada na UTI e que
persistem apés a alta hospitalar, levando a uma piora significativa na qualidade de vida
dos sobreviventes e seus familiares. Entre as complicagGes mais graves da cronificacdo
da doenca critica aguda, encontra-se a fraqueza muscular adquirida na UTI (FA-UTI). A
FA-UTI corresponde a fraqueza muscular generalizada que se desenvolve no curso da

internacdo na UTI e para qual nenhuma outra causa pode ser identificada além da propria
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doenca aguda e do seu tratamento. Sua patogénese € complexa, mas sabe-se que a
hiperglicemia desempenha um papel fundamental no seu desenvolvimento.

Assim, o intrincado mecanismo que associa hiperglicemia, inflamacéo e FA-UTI
deve ser melhor estudado a fim de se compreender os mecanismos fisiopatologicos e
moleculares pelos quais a lesdo muscular esquelética se desenvolve. Dessa forma, uma
medicina individualizada e de precisdo poderia ser implementada, melhorando desfechos
clinicos dos pacientes criticamente doentes a curto e longo prazos.

Nessa tese, estudamos diferentes aspectos dos efeitos da hiperglicemia na doenca
critica, passando pelos efeitos do controle glicémico em pacientes criticamente doentes
com COVID-19 por meio de um estudo retrospectivo, pelo impacto da hiperglicemia de
estresse na expressao de genes relacionados ao transporte da glicose no tecido muscular
esquelético por meio de um estudo prospectivo, até uma metanalise dos fatores de risco

para desenvolvimento de FA-UTI.
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ABSTRACT

Stress-induced hyperglycemia refers to the increase in blood glucose levels in the
face of acute disease. While it has been recognized as adaptive and beneficial, some
deleterious effects are also well described. Several mechanisms involving the
hypothalamic-pituitary-adrenal axis, the secretion of counter-regulatory hormones, and
the release of inflammatory cytokines contribute to increased glucose availability during
severe acute illness. This response ensures an adequate supply of glucose to vital organs
during critical illness, representing an evolutionary response acting as the necessary fuel
for the need of the organism to “fight or flee”. However, studies have reported increased
mortality rates in patients with stress-induced hyperglycemia. The causal relationship
between hyperglycemia and mortality has not been definitively established, and stress-
induced hyperglycemia may simply serve as a marker of disease severity. It has been
postulated that hyperglycemia leads to mitochondria, endothelial cells, and the immune
system dysfunction, resulting in suboptimal immune response.

The relevance of stress-induced hyperglycemia varies among different patient
subgroups. For instance, in patients with diabetes melitus (DM), who are chronically
exposed to a low grade inflammatory, pro-thrombotic, and pro-oxidative effects of
elevated blood glucose levels, the intensive correction of hyperglycemia with insulin
therapy appears to be associated with worse outcomes. Therefore, the previous metabolic
state is crucial for individualizing glycemic targets.

Another subgroup of critically ill patients is those with DM and COVID-19
infection, who have been afflicted by the most severe form of the viral disease. It is
believed that patients with DM, who present with a chronic state of inflammation, may

have a compromised immune system and be more susceptible to the “cytokine storm”
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that occurs during viral replication. In patients with DM and COVID-19 admitted to the
intensive care unit (ICU), one of the many treatment challenges is to maintain proper
glycemic control.

In line with the principles of precision medicine, it is plausible that a subset of
patients with diferent genetic signature may exhibit diferent responses to hyperglycemia.
Studies have shown a reduced translocation of glucose transporters to the cell membrane
during acute stress and a higher inflammatory response. Additionally, changes in the
insulin receptor gene have been identified, potentially contributing to insulin resistance
and chronic hyperglycemia.

The growing number of survivors of critical illness has given rise to new clinical
conditions such as the post-intensive care syndrome (PICS). This condition involves the
onset or worsening of physical, mental, and cognitive health problems after a prolonged
ICU stay, persisting after hospital discharge and significantly impairing the quality of life
of ICU survivors and their family. One of the most important components of PICS is the
ICU-acquired weakness (ICU-AW), a generalized muscle weakness that develops during
ICU stay, with no identifiable cause other than the acute illness and its treatment. The
pathophysiology of ICU-AW is complex, but hyperglycemia is known to play a
significant role in its development.

Therefore, it is crucial to further investigate the intricate interplay among
hyperglycemia, inflammation, and ICU-AW. A better understanding of the
pathophysiological and molecular mechanisms underlying skeletal muscle injury can
pave the way for individualized approaches, ultimately improving the short and long-term
clinical outcomes of critically ill patients.

This tesis was dedicated to study several aspects of the effects of hyperglycemia

in critical illness. Our investigation encompassed an evaluation of the effects of glycemic
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control in critically ill patients with COVID-19, using a retrospective study. Additionally,
we examined the impact of stress-induced hyperglycemia on the expression of genes
associated with glucose transport in skeletal muscle, employing a prospective study.
Finally, we conducted a comprehensive meta-analysis to identify risk factors contributing

to the development of ICU-AW.
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1. INTRODUCAO

1.1. Cenario historico, atual e futuro da doenga critica

A medicina intensiva como especialidade medica teve inicio em 1953 durante a
epidemia de poliomielite, na Dinamarca, quando pacientes com insuficiéncia ventilatoria
aguda receberam ventilacdo mecanica invasiva pela primeira vez na histéria (1), embora
ja houvesse areas designadas para tratar pacientes em recuperacdo pos-anestésica cerca
de um século antes (2). Os pacientes com poliomielite passaram a receber cuidados
intensivos de enfermagem e ventilagdo com pressdo positiva por estudantes de medicina,
que se revezavam 24 horas por dia. Essa abordagem inovadora para a época resultou numa
significativa reducdo da mortalidade neste grupo de pacientes, levando a criacdo de
unidades de terapia intensiva (UT]I), locais especializados no tratamento de pacientes com
condi¢des agudas ameacadoras a vida. Os pacientes tratados nessas unidades passaram
entdo a ser chamados de pacientes criticamente doentes. Desde entdo, a expansao das
UTIs ndo para, existindo uma tendéncia global de aumentar proporcionalmente o nUmero
de leitos de terapia intensiva dentro dos hospitais (3).

Ha inimeros desafios dentro da medicina intensiva atualmente (4), como, por
exemplo, o fato de as sindromes tratadas nas UTIs ndo terem um diagndéstico simples com
base em um unico exame. A medicina intensiva engloba o tratamento de condicbes
clinicas muito diversas, como sepse, choque circulatério, insuficiéncia respiratéria,
disfuncbes neuroldgicas, com suas mais diversas apresentacoes clinicas, laboratoriais,
radioldgicas e fisioldgicas. Os tratamentos dessas condi¢Ges também estdo sob continua
revisdo e debate. Além disso, o curso da doenga critica costuma ser rapido e com altos
indices de mortalidade, dependendo do tipo de pacientes e dos recursos locais. No

Hospital de Clinicas de Porto Alegre, por exemplo, a mortalidade é muito elevada, em
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torno de 40%, porém de acordo com a mortalidade predita pelos seus escores prognosticos
(5,6). Essa variabilidade de defini¢cGes diagndsticas, terapéuticas e prognosticas torna a
epidemiologia comparativa desafiadora no ambito da pesquisa em medicina intensiva.
Recentemente, um termo amplamente debatido tem sido a “medicina de precisdo”
(7), a qual objetiva entender os fatores de satde individuais como centrais para definir
um tratamento personalizado (7). Especialmente em medicina intensiva, dada a grande
heterogeneidade dos pacientes, o conceito de medicina de precisdo é interessante, mas
extremamente desafiador. Inicialmente, é necessario encontrar grupos e subgrupos de
pacientes semelhantes (8). Além disso, é necessario considerar as multiplas comorbidades
dos pacientes, as quais tornam o processo de adoecimento complexo (9). Sabe-se que
tanto fatores genéticos, quanto a a fisiopatologia da resposta a doenca critica aguda e a
sua interacdo com as comorbidades prévias do paciente, influenciam no curso e na
recuperacdo da doenca critica. Dessa forma, as doencas prévias e fatores ambientais
podem ter um papel em alteracdes epigenéticas, as quais se referem a modificacbes
quimicas no DNA que regulam a expressao génica, podendo ativar ou inativar genes (10).
Tal fendmeno tem sido estudado em vias imunossupressoras da doenca critica (11). Outra
dificuldade para a implementacdo da medicina de precisdo em medicina intensiva é a
indisponibilidade de analises genéticas e de biomarcadores em larga escala e em tempo
real, reduzindo a aplicabilidade clinica até 0 momento, dada a necessidade de condutas
imediatas em muito casos. Provavelmente, a medicina de precisdo em medicina intensiva
sera uma realidade futura (8), especialmente quando for possivel combinar avaliagdes

fisiopatoldgicas, genéticas e prognosticas individualizadas no tratamento dos pacientes.

1.2. Hiperglicemia em resposta a doenca critica
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Em 1878, Claude Bernard descreveu a ocorréncia de hiperglicemia durante o
choque hemorréagico (12). Desde entdo, muito se tem estudado sobre as alteracdes
glicémicas que ocorrem como resposta a doencas criticas. A resposta metabolica a leséo
aguda leva a hiperglicemia ou tolerancia diminuida a glicose, decorrentes da resisténcia
a acdo da insulina que, em conjunto, sdo denominados de hiperglicemia de estresse (13),
a qual pode ser considerada uma resposta adaptativa e benéfica nesse cenario. No entanto,
tal resposta fisiolégica também tem sido associada a prognostico desfavoravel em
pacientes criticamente doentes (14), com aumento de mortalidade, tanto em pacientes

clinicos quanto cirurgicos (5,15,16).

1.2.1. Hiperglicemia de estresse como resposta adaptativa

Na doenca critica, a hiperglicemia ocorre como uma resposta metabdlica
compensatéria ao estresse agudo em consequéncia do aumento de horménios
contrarreguladores da insulina, mediado pelo eixo hipotalamo-hipéfise-adrenal, liberacédo
de catecolaminas enddgenas e hormdnio do crescimento. O cortisol desempenha um papel
chave na ativacdo de enzimas envolvidas na gliconeogénese e glicogendlise, culminando
na inibicdo da captacdo de glicose pelos tecidos periféricos, como o masculo, por exemplo
(17). Além dessa via, a producdo de citocinas inflamat6rias age em sinergismo para
induzir hiperglicemia de estresse. As interleucinas inflamatorias, que também séo
produzidas como resposta ao estresse, especialmente o fator de necrose tumoral alfa
(TNF-a), a interleucina-1 (IL-1) e a interleucina-6 (IL-6), também contribuem para o
aumento da resisténcia a agdo da insulina, aumentando os niveis plasmaticos de glicose.
Dessa forma, nota-se que os altos niveis de glicose parecem associar-se mais ao aumento

da producéo hepética de glicose do que a dificuldade de extragéo por parte dos tecidos. A
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Figura 1 (13) demonstra as vias implicadas no desencadeamento da hiperglicemia de

estresse.

_1‘ Cérebro

13

“— ESTRESSE —*({=(/ L

IL-6 a Hipofise

Cortisol

I Cor-
ACTH tisol

e . |

Cortisol

Endotoxina

Cortex Medula
adrenal adrenal

| / /
, 4 Cortisol Epinefrina
| 5 Noradrenalina
) ) %~ Gliconeogénese
Tecido adiposo Glicogenolise Figado

Figura 1. A resposta neuroenddcrina ao estresse é caracterizada por gliconeogénese e glicogendlise, resultando em hiperglicemia
de estresse fornecendo ao sistema imune e ao cérebro uma fonte de combustivel imediato. ACTH: horménio corticotrépico; CRH:
horménio liberador de corticotrofina; LC/NE: sistema norepinefrina/locus ceruleus; NPV: nicleo paraventricular; SNS: sistema nervoso simpatico.
Adaptado de: Marik PE et al, Critical Care, 2013.

SNS

Assim, a hiperglicemia como consequéncia neuroenddcrina durante a doenca
critica grave pode ser vista como uma resposta adaptativa evolutiva e conservada nas
espécies, que aumenta as chances de sobrevida (18), uma vez que garante uma oferta
suficiente de glicose a tecidos vitais, como o cérebro, por exemplo. Estudos demonstram
que o grau dessa resposta ao estresse e a severidade da hiperglicemia relacionam-se tanto
com a capacidade de liberacdo de hormonios contrarreguladores da insulina como com a
intensidade do fator estressor, com sepse, hipoxemia e hemorragia figurando entre os
principais (19).

Fisiopatologicamente, a hiperglicemia de estresse resulta em um balango

glicémico alterado, permitindo um gradiente de difusdo sanguineo maior da glicose, o
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que maximiza sua captacdo pelos tecidos que estdo sofrendo com fluxo microvascular
anormal, como em casos de isquemia e sepse (20). Esses dados sugerem que niveis
moderados de hiperglicemia (140 — 220 mg/dL) maximizam a captacdo de glicose pelos
tecidos sem cursar com hiperosmolaridade. Tal fato poderia explicar por que estudos com
controle glicémico estrito associaram-se a piores desfechos em pacientes criticamente
doentes, como foi o caso do NICE-SUGAR (21). Esse estudo foi um ensaio clinico
randomizado, publicado em 2009, que incluiu 6.104 pacientes de UTIs clinicas e
cirurgicas para receber controle glicémico intensivo (80 — 108 mg/dL) ou controle
glicémico convencional (144 — 180 mg/dL), onde os resultados ndo demonstraram
beneficio no grupo de controle intensivo em comparacdo ao grupo de controle
convencional, que foi submetido a niveis glicémicos moderados. Porém, houve maior
incidéncia de hipoglicemia no grupo intervencédo (6,8%) em compara¢do com 0 grupo
controle (0,5%). Além disso, houve aumento na mortalidade no grupo de controle
intensivo da glicemia (OR 1,14; IC 1,02-1,28; p=0,02).

Dessa forma, a hiperglicemia de estresse pode ser vista como um mecanismo
protetor necessario para o sistema imune e para o tecido cerebral em um momento critico,
resultando em melhor plasticidade e resisténcia celulares aos insultos hipoxico-
isquémicos. Assim, tentativas de interferir nessa resposta adaptativa — como por meio de

controle glicémico estrito — podem ser prejudiciais no curso da doenca aguda grave.

1.2.2. Hiperglicemia de stress como resposta mal adaptativa
Se por um lado a hiperglicemia parece ser uma resposta fisioldgica ao estresse,
por outro lado, ha diferentes estudos demonstrando uma associacéo entre hiperglicemia
de estresse e pior prognostico em diversos cenarios de doenca critica (5,15,16). No

entanto, at¢é o momento, ndo foi possivel comprovar uma relagdo causal entre a sua
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ocorréncia e 0 aumento da mortalidade, sugerindo que ela seja apenas um marcador da
gravidade de doenca.

Greet Van den Bergh demonstrou em estudos com coelhos expostos a doencas
criticas que a hiperglicemia desencadeia uma sobrecarga sobre o figado e sobre o
miocardio, induzindo disfuncdo mitocondrial, o que poderia explicar o dano aos 6rgaos
causado pelos niveis elevados de glicose (22). Em nivel celular, estudos demonstram que
a hiperglicemia pode se associar a disfuncdo imunologica e endotelial, influenciando
tanto a migracdo e a capacidade fagocitica de macrofagos quanto alterando o sistema do
complemento e a producédo de citocinas (23). A disfuncdo quimiotéxica das células de
defesa do organismo pode levar a uma resposta subétima do organismo a infecgdo. Se por
um lado a producdo de citocinas inflamatdrias pode contribuir para a resposta imune
inicial frente ao insulto agudo, por outro lado, ela exacerba o estresse oxidativo, levando
ao aumento da permeabilidade vascular, disfuncdo mitocondrial e prejuizo a autofagia
(24). Além disso, a hiperglicemia prejudica a funcéo endotelial por inibir a formacéao de
oxido nitrico, coibindo seu efeito vasodilatador vascular (25). A hiperglicemia também
cursa com diurese osmética por glicosuria, a qual pode levar a hipovolemia, reducdo da
taxa de filtracdo glomerular e azotemia pré-renal (26). A Figura 2 (26) resume 0s
principais desencadeadores e as principais consequéncias sistémicas deletérias da

hiperglicemia de estresse.

23



Alteragoes metabolicas e hormonais que levam a hiperglicemia de estresse
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Figura 2. Fisiopatologia da hiperglicemia e suas complicacdes em adultos. TG: triglicerideos. Adaptado de: Umpierrez GE et al,
Diabetes Care, 2017.

1.2.3. O subgrupo de pacientes com diabetes mellitus (DM)

Estudos publicados na década de 1990, como o DDCT (27) e o UKPDS (28) ja
demonstraram que os efeitos deletérios da hiperglicemia cronica levam a multiplas
complicacdes organicas (doenca renal do diabetes, retinopatia, neuropatia e doenca
cardiovascular, entre outras) em pacientes ambulatoriais. Esse fato deve-se ao efeito pro-
inflamatdrio, pré-trombético e pré-oxidativo dos niveis persistentemente elevados de
glicose (13). Ao contrario do que seria intuitivo pensar com base nas complicacfes e
riscos associados ao DM em outros ambientes, seu impacto sobre a mortalidade de
pacientes internados na UTI parece ser diferente, uma vez que em pacientes criticos o
DM néo se associa de forma independente ao aumento de mortalidade, condi¢do

conhecida como “paradoxo do DM” (29).
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Além disso, pacientes com DM parecem apresentar piores desfechos quando
submetidos a controle glicémico intensivo durante o curso da doenca critica, ou seja, a
correcdo da hiperglicemia de estresse parece deletéria para pacientes cronicamente
expostos a niveis basais elevados de glicose. Em um estudo retrospectivo publicado em
2013, Lanspa et al. (30) analisaram 3.529 pacientes e compararam um protocolo de
controle glicémico intensivo (80 — 110 mg/dL) com um protocolo de controle moderado
(90 — 140 mg/dL), sugerindo que o controle moderado da glicemia se associava a um
menor risco de morte em pacientes com DM. Além disso, um estudo do tipo antes e
depois, que incluiu apenas pacientes criticamente doentes com diabetes, ndo identificou
maleficio de utilizar controle liberal (180 — 252 mg/dL) nessa populacédo (31).

Por esse motivo, parametros glicémicos que levam em consideracdo o controle
metabolico prévio a internacdo na UTI tém sido estudados, uma vez que podem
influenciar o efeito do controle glicémico durante a doenca critica aguda. Nesse cenario,
a hemoglobina glicada (HbAlc) € capaz de separar a hiperglicemia crénica da
hiperglicemia aguda induzida pelo estresse. Isso é possivel porque a glicacdo € um
processo irreversivel e representa as glicemias médias das Ultimas 12 semanas (32). A
partir da HbAlc pode-se calcular o gap glicémico, que é definido pela diferenca entre a
glicemia na admissdo na UTI e a glicemia média estimada, determinada a partir do valor
de HbA1c (glicemia média estimada= 28,7 x HbAlc — 46,7 mg/dL) (33), cujo objetivo é
isolar o efeito da hiperglicemia aguda. Um estudo recente do nosso grupo de pesquisa
desmonstrou que que o gap glicémico é um preditor independente de desfechos
desfavoraveis em paciente criticamente doentes (5).

Dessa forma, nota-se que a duragcdo e a magnitude da hiperglicemia de estresse
parecem ser cruciais para determinar se seu efeito sera protetor ou deletério. Além disso,

0 estado metabdlico prévio do paciente é importante para a individualizagdo das metas de
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controle glicémico em diferentes cenarios de doenca critica e pode ter implicagdo no

desfecho desses pacientes.

1.2.4. O subgrupo de pacientes com COVID-19

Em dezembro de 2019, na provincia de Wuhan, na China, falou-se pela primeira
vez sobre uma pneumonia grave de origem desconhecida. Ap0Os pesquisas, descobriu-se
que se tratava do coronavirus do tipo 2 (SARS-CoV-2), um virus que pertence a familia
Coronaviridae. Quando esse virus invade a célula do hospedeiro, ele utiliza 0 maquinario
genético da célula para se replicar, causando uma doenca chamada COVID-19. Apéds a
replicacdo, ele sai da célula provocando a sua morte (34). Nesse momento, uma resposta
inflamatdria é desencadeada a partir da liberacéo de citocinas inflamatorias produzidas a
partir da apoptose celular, culminando na conhecida “tempestade de citocinas” (35).
Esses fatores levam as manifestacdes clinicas da doenca, que podem ser leves (como tosse
seca, coriza, dor de garganta) ou graves (dispneia, insuficiéncia respiratéria), podendo
evoluir para sindrome do desconforto respiratério agudo (SDRA), com elevada
mortalidade.

Pessoas com doencgas cronicas, incluindo DM, sdo desproporcionalmente afetadas
pela COVID-19, com aumento do risco de hospitalizacdo e morte (36). Uma revisao
sistematica que incluiu 18 estudos demonstrou um aumento no risco de COVID-19 grave
(RR 2,11; 1,40 — 3,19) em pacientes com DM quando comparados a pacientes sem DM
(37). Neste mesmo sentido, uma metanalise de Kumar et al. (38), que incluiu 33 estudos,
demonstrou um risco aumentado do desfecho composto por doenca grave e morte em
2,49 vezes (95% ClI: 1,98-3,14; p < 0.01).

Ha algumas explicaces fisiopatoldgicas plausiveis para a conexdo entre DM e

COVID-19 na forma mais grave. Inicialmente, acredita-se que o0s pacientes com DM néo
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controlado apresentem um sistema imune deficiente (39). Além disso, o DM é
classicamente uma doenca pro-inflamatoria, caracterizada por uma quantidade
cronicamente elevada de citocinas inflamatdrias na corrente sanguinea, demonstrada por
niveis séricos mais elevados de IL-6, ferritina e proteina C reativa (40). Esse fato
demonstra que pacientes com niveis de glicose mais elevados s@o mais vulneraveis a
surtos de producdo de citocinas, podendo cursar com rapida exacerbacdo da doenca,
devido ao desenvolvimento de choque e SDRA (41). Adicionalmente, uma proliferacdo
reduzida de linfocitos e uma resposta fagocitaria débil tém sido vistas em pacientes com
DM (42). Experimentos in vitro demonstraram que altos niveis de glicose promovem a
infeccdo e replicacdo do virus Influenza nas células epiteliais pulmonares, indicando que
o0 alto contetdo de glicose pode aumentar a replicacdo viral in vivo (43). Experimentos
em animais também indicam que alteracGes pulmonares estruturais, como aumento da
permeabilidade vascular e colapso do epitélio pulmonar associam-se com DM (44).
Outro mecanismo que pode estar implicado na inter-relacao entre DM e COVID-
19 refere-se a diminuicdo da enzima conversora de angiotensina 2 (ECA-2) em pacientes
com DM. Essa enzima é encontrada em células epiteliais dos alvéolos, intestino delgado
e endotélio vascular, entre varios outros 6rgdos. Em condi¢cdes normais, essa enzima
degrada a angiotensina 2 e, em menor grau, a angiotensina 1 em peptideos menores
denominados angiotensina 1-7 e angiotensina 1-9, respectivamente. Esses peptideos tém
efeito benéfico em reduzir a inflamacéo e o estresse oxidativo. Embora a ECA-2 seja
reconhecida como o receptor da célula hospedeira através do qual ocorre a ligacdo e a
entrada das particulas de SARS-CoV-2 nas células, essa enzima também € apontada como
tendo um importante papel protetor contra danos pulmonares (45). Portanto, por mais
paradoxal que possa parecer, a diminuicdo basal da expressdo dessa enzima em pacientes

com DM esta diretamente ligada a uma perda mais expressiva do efeito protetor da ECA-
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2, 0 que pode explicar o0 aumento da prevaléncia de SDRA e danos pulmonares graves
nesses pacientes (46). Assim, o balanco entre todos esses fatores pode explicar o pior
desfecho respiratorio dos pacientes com DM quando acometidos por COVID-19.

Em pacientes com DM e COVID-19 internados na UTI, um dos tantos desafios
urgentes é manter o controle glicémico adequado e a dose ideal de insulina (41). Novas
pesquisas em controle glicémico serdo necessarias também para entender o papel da
predisposicdo genética e os principais processos fisiopatoldgicos implicados na evolucao
clinica de pacientes com DM e infeccdo por SARS-CoV-2, visando a alvos terapéuticos
mais precisos e individualizados.

Além dos efeitos agudos da infeccdo por COVID-19, tem sido descrita a
cronificacdo desta doenca. Se 0s sintomas continuam além de quatro semanas apds a
infeccdo, o termo COVID longa tem sido utilizado, enquanto a persisténcia dos sintomas
por mais de doze semanas define a sindrome pds-COVID (47). Os sintomas podem variar
desde tosse, cefaleia, mialgia e dispneia, até dor articular, disfuncdo neuroldgica e
cognitiva e fadiga crénica (48), implicando enormemente na piora da qualidade de vida
desses pacientes (49).

Considerando que o desenvolvimento de DM tipo 1 tem sido associado com
infeccdes virais prévias (50,51), pode-se destacar o0 aumento nos casos de DM relacionado
a pandemia de COVID-19, sugerindo um efeito diabetogénico da infeccdo por COVID-
19 (52). Se por um lado héa evidéncias de que a presenca de DM seja um fator de risco
para o desenvolvimento da forma grave de COVID-19, ha estudos que sugerem que a
infeccdo por SARS-CoV-2 desencadeie estados hiperglicémicos levando a dano
pancreatico (45). O mecanismo preciso pelo qual ocorre o desenvolvimento de DM
(denominado “new-onset” DM) em pacientes com COVID-19 ainda é incerto, mas é

provavel que processos complexos interligados estejam envolvidos, incluindo estado preé-
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diabetico, hiperglicemia de estresse, hiperglicemia induzida por corticoterapia e efeitos
diretos e indiretos do virus sobre as células beta pancreaticas (53). Alguns estudos
demonstraram que o SARS-CoV-2 pode infectar o tecido pancreatico através da
expressdo da ECA-2 nas ilhotas pancreaticas, levando a lesao das células beta em 17%
dos casos de COVID-19 grave (54), podendo evoluir com DM tipo 1 (55). No entanto,
estudos com tecido pancreatico humano sugerem que seja pouco provavel que a infeccéo
de células pancreéticas pelo SARS-CoV-2 tenha um papel central no desenvolvimento de
DM (56). Alternativamente, sugere-se que proteinas de fase aguda e citocinas
inflamatdrias liberadas pela infeccdo por COVID-19 possam causar inflamacéo e dano
direto as células beta pancreéaticas (57). Postula-se que a downregulation da ECA-2
localizada nas células beta ocasionada pelo virus aumente a intensidade da tempestade de
citocinas e a fibrose do pancreas, o que pode contribuir para a alteracdo do funcionamento
pancreatico com reducéo da liberacdo de insulina e progressdo para doenca mais severa
(41). De fato, ainda ha muitas questdes a serem compreendidas, entre elas qual tipo de
DM ¢é desencadeado (tipo 1, tipo 2 ou até mesmo um novo subtipo complexo), se esses
pacientes realmente estdo sob maior risco de desenvolver DM e se a infec¢do por COVID-

19 em pacientes com DM altera seu curso fisiopatologico natural (52).

1.3.Hiperglicemia e alteracdes génicas
A glicose é amplamente utilizada pelos tecidos como fonte de energia. A sua
captacdo celular é mediada por transportadores de glicose presentes na membrana
plasmatica das células, denominados GLUTSs, que facilitam o transporte da glicose para
o interior da célula (58). O GLUT-1 é amplamente distribuido pelos tecidos, sendo
responsavel pelos niveis basais de glicose (59) e tem uma alta afinidade com a molécula

de glicose de forma independente da insulina (60). O GLUT-4, por sua vez, é regulado
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pela insulina e expressa-se de forma abundante nos tecidos adiposo e musculoesquelético
(61). O estresse agudo e a resposta inflamatdéria parecem resultar em reducdo da
translocacdo do GLUT-4 do sarcolema para a membrana celular, devido a acdo de
citocinas inflamatorias, como TNF-a e IL-6 (17), culminando em resisténcia muscular a
captacdo da glicose.

O gene INSR (do inglés, insulin receptor), por sua vez, codifica uma proteina da
familia das tirosina-cinases. A ligacdo de insulina a este receptor ativa uma via de
sinalizacdo intracelular, culminando com a ativacdo de segundos mensageiros, como o
IRS1 e IRS2, que regulam a absorcdo e a liberacdo da glicose, bem como a sintese e o
armazenamento de carboidratos, lipideos e proteinas (62). Alteracbes no gene INSR
podem levar a resisténcia a acdo da insulina e a hiperglicemia crénica. A analise da
expressao desses genes pode esclarecer, em parte, 0 mecanismo relacionado as alteracdes

da glicemia e do controle glicémico em pacientes criticamente doentes.

1.4. Consequéncias em longo prazo da doenca critica

O numero cada vez maior de pacientes que sobrevivem a doenca critica aguda tem
levado ao aparecimento de novas condi¢es clinicas. Os sobreviventes de uma internacao
prolongada em UTI tém apresentado danos fisicos, cognitivos e mentais em longo prazo
apos a alta hospitalar (63). Em 2010, a Society of Critical Care Medicine criou o termo
pos-intensive care syndrome (PICS) para englobar tais alteracdes, sendo definida como o
“surgimento ou agravamento de danos em saude fisica, mental e/ou cognitiva apds
internacdo na UTI e que persistem ap6s a alta hospitalar” (63). Um estudo holandés
encontrou uma incidéncia de PICS em torno de 43% em pacientes internados por cirurgias
eletivas, 58% por condi¢des clinicas e 64% por cirurgias de urgéncia (64). Os principais

sintomas incluem fadiga, dor cronica, sintomas depressivos e de ansiedade, fragilidade e
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sindrome do estresse pos-traumatico. Uma revisdo sistematica identificou cerca de 60
fatores de risco para o seu desenvolvimento (65), incluindo idade avancgada, sexo
feminino, historia prévia de doenca mental, delirium e experiéncias negativas na UTI.
Mais estudos sdo necessarios para avaliar potenciais intervencdes que possam melhorar
e reduzir a ocorréncia de PICS (66).

Um dos componentes principais da PICS e uma das consequéncias mais graves
em curto e longo prazo da doenca critica é a fraqueza muscular adquirida na UTI (FA-
UTI), a qual consiste na fraqueza muscular generalizada que se desenvolve no curso da
internacdo na UTI e para qual nenhuma outra causa pode ser identificada além da doenca
aguda e dos seus tratamentos. Ela pode ocorrer tanto por polineuropatia quanto por
miopatia, ou pela combinacdo de ambas (67). Sua incidéncia é alta, variando de 26 a 67%
dependendo do momento da avaliacdo e da gravidade da populacdo estudada. No
momento da alta hospitalar, cerca de 36% dos pacientes apresenta FA-UTI (68). A
polineuropatia e a perda de musculatura esquelética, que acometem tanto a musculatura
apendicular quanto a axial, ttm impacto negativo no tempo de ventilacdo mecanica (69-
71), na mortalidade em cinco anos de pacientes com SDRA (72) e nos custos hospitalares
(67).

A patogénese da FA-UTI é complexa e pouco compreendida. A hiperglicemia
parece desempenhar um papel importante, principalmente quando relacionada a
inflamacao sistémica. Efeitos toxicos diretos (glicotoxicidade), disfun¢do mitocondrial e
prejuizos a autofagia evocados pela hiperglicemia podem contribuir para o dano muscular
(70,73,74). A glicotoxicidade leva a apoptose das células beta, um dos mecanismos de
morte celular no DM (75). Além disso, altas concentragdes de glicose resultam em
estresse oxidativo, disfungdo mitocondrial com reducédo da capacidade de sintese aerobica

de adenosina trifosfato (ATP), ativagcdo de caspases e apoptose em neurdnios (76). A
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hiperglicemia também foi descrita como um fator de risco independente para a
identificacdo de sinais clinicos (77) e eletrofisiologicos (78) de FA-UTI, enquanto doses
maiores de insulina relacionaram-se a sua reducdo (79). Tais achados sugerem que o
controle glicémico por meio do uso da insulina pode contribuir para a reducdo da FA-
UTI. Outro fator de risco conhecido para o desenvolvimento de FA-UTI é a presenca de
inflamacéo sistémica (80) que, por sua vez, predispde a hiperglicemia, produzindo um
ciclo vicioso entre hiperglicemia e inflamacgdo, que promove a perda proteica musculo-
esquelética, potencializando o risco de fraqueza muscular (67).

Além da severidade da doenca critica, outros fatores de risco tém sido implicados
no desenvolvimento de FA-UTI. Além da hiperglicemia, a presenca de sepse (81), a
ocorréncia de disfuncdo de maltiplos 6rgdos e a imobilizacdo prolongada parecem ser
bem estabelecidos. Por outro lado, o uso de medicamentos, como corticoides,
aminoglicosideos e bloqueadores neuromusculares, ainda é controverso. Tais achados
sugerem que a relacdo entre a doenca e as medicacdes utilizadas no seu tratamento e
alteracdes neuromusculares sdo extremamente complexas e dependem de muitos fatores,
como dose, tempo de uso e controle glicémico concomitante (70).

Especificamente com relacdo ao uso de bloqueadores neuromusculares, seu uso é
indicado na UTI para facilitar a intubacdo orotraqueal por sequéncia rapida e manter o0s
pacientes em ventilacdo mecanica prolongada, reduzindo as assincronias ventilatérias e o
trabalho respiratorio, especialmente em pacientes com graves prejuizos as trocas gasosas,
como na SDRA e na COVID-19 grave, por exemplo (82-84). O uso de tais medicac¢oes
tem sido sugerido como um fator preditor independente para FA-UTI em diferentes
patologias (81,85-89), mas ndo h& evidéncias definitivas que corroborem a associagdo

entre o uso de bloqueadores neuromusculares e o desenvolvimento de FA-UTI (90-93).
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Dessa forma, o intrincado mecanismo que associa hiperglicemia, inflamacéo, uso
de medicacdes e FA-UTI deve ser melhor estudado, a fim de se compreender os
mecanismos fisiopatologicos e moleculares pelos quais a lesdo muscular esquelética se
desenvolve. Como ndo ha opgdes especificas de tratamento da FA-UTI, esforcos devem
ser feitos para identificar, controlar e prevenir os seus fatores de risco, a fim de reduzir

sua incidéncia e suas consequéncias em longo prazo.
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2. JUSTIFICATIVA

A doenga critica retine inumeras sindromes clinicas com aspectos em comum.
Entre esses aspectos, pode-se incluir a hiperglicemia de estresse e suas acOes
potencialmente benéficas e deletérias. A compreensdo das bases fisiopatoldgicas e
genéticas pelas quais a hiperglicemia pode levar a danos celulares na doenca critica é de
suma importancia para definir estratégias adequadas para 0 manejo de pacientes que
apresentam essa condicdo. Populacbes especificas de pacientes criticamente doentes
parecem responder de forma diferente frente a hiperglicemia de estresse. Nesse cenario,
0 estudo de pacientes criticamente doentes com pneumonia por SARS-CoV2 faz-se
necessario, tendo em vista que, conforme aponta a literatura, essa populacéo parece nao
apresentar o “paradoxo do diabetes”, como acontece em outros pacientes internados na
UTI. Ainda, o estudo de expressdo génica do tecido muscular de pacientes criticamente
doentes com e sem DM ou hiperglicemia de estresse contribui para o entendimento dos
mecanismos moleculares envolvidos no desenvolvimento dessa condicao clinica. Por fim,
a identificacdo de fatores associados a FA-UTI, uma sindrome multifatorial associada a
graves consequéncias a curto e longo prazos em sobreviventes da doenca critica, tem o
potencial de influenciar o manejo mais adequado desses pacientes.

Na presente tese, procuramos avaliar as particularidades de pacientes criticamente
doentes com insuficiéncia respiratoria aguda por COVID-19 e se ha alguma diferenca
progndstica de acordo com a presenca ou ndo de DM, pesquisamos a expressdo de genes
relacionados ao controle glicémico no musculo esquelético de pacientes criticos e
avaliamos a relacdo entre o uso de bloqueadores neuromusculares e o desenvolvimento
de FA-UTI. Acreditamos que a intrincada inter-relacéo entre a hiperglicemia de estresse,

a inflamagéo, a presenca ou ndo de DM e outros fatores de risco deva ser melhor estudada,
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a fim de focar na prevencdo dessa patologia tdo incidente e ainda sem tratamento
especifico que é a FA-UTI. Dessa forma, uma medicina de precisdo pode ser

implementada, melhorando os desfechos clinicos nessas populagdes.
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OBJETIVOS

2.1. Investigar a associacdo entre DM e hiperglicemia de estresse com mortalidade e
desfechos clinicos em pacientes criticamente doentes internados por pneumonia

por COVID-19.

2.2. Investigar a associacdo entre DM e hiperglicemia de estresse com a expressao
dos genes IRS1, IRS2, INSR, SLC2A1 e SLC2A4 na musculatura esquelética de

pacientes criticamente doentes.

2.3. Realizar uma revisdo sistematica da literatura e sintetizar as evidéncias

disponiveis relacionadas ao uso de bloqueadores neuromusculares e sua

associacdo com o desenvolvimento de FA-UTI em pacientes criticamente doentes.
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ABSTRACT

Background: Diabetes mellitus (DM) is not associated with increased mortality in
critically ill patients, a phenomenon known as the “diabetes paradox”. However, DM is a
risk factor for increased mortality in patients with COVID-19. This study aims to
investigate the association of DM and stress-induced hyperglycemia at intensive care unit

(ICU) with mortality in this population.

Methods: This is a retrospective study. Electronic medical records from patients admitted
from March 2020 to September 2020 were reviewed. Primary outcome was mortality.
Secondary outcomes were ICU and hospital mortality and stay, and need for mechanical

ventilation and renal replacement therapy.

Results: 187 patients were included. Overall mortality was 43.2%, higher in patients with
DM (55.7% vs. 34%; p=0.007), even after adjustment for age, hypertension, and disease
severity. When patients were separated into groups, named normoglycemia (without DM
and glycemia <140 mg/dL), stress-induced hyperglycemia (without DM and glycemia
>140mg/dL), and DM (previous diagnosis or HbAlc >6.5%), the mortality rate was
25.8%, 37.3%, and 55.7%, respectively (p=0.021). Mortality was higher in patients with
higher glycemic variability. No statistical difference related to secondary outcomes was

observed.

Conclusions: DM, hyperglycemia, and glycemic variability associated with increased
mortality in critically ill patients with severe COVID-19, but did not increase the rates of
other clinical outcomes. More than stress-induced hyperglycemia, DM was associated

with mortality.
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ABBREVIATION LIST

DM: diabetes mellitus

ICU: intensive care unit

HbAlc: glycates hemoglobin

MV: mechanical ventilation

ICU-AW: ICU-acquired muscular weakness

LOS: length of stay

SAPS 1lI: Simplified Acute Physiology Score |11

ADA: American Diabetes Association

RRT: renal replacement therapy

SD: standard deviation

HR: hazard ratio

BMI: body mass index
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INTRODUCTION

During the COVID-19 pandemic, several studies have reported that patients with
diabetes mellitus (DM) have a higher risk of severe SARS-CoV-2 infection [1]. These
patients have a greater likelihood of hospitalization, intensive care unit (ICU) admission,
and need for mechanical ventilation [1]. Interestingly, prior to the pandemic, DM was not
associated with increased mortality in ICU patients [2], contrary to what might be
anticipated based on the known complications and risks associated with DM in other
settings. In general, DM is recognized as a chronic condition that predisposes individuals
to various health complications, including cardiovascular disease, renal dysfunction,
infections, retinopathy, and neuropathy [3]. These complications can contribute to higher
morbidity and mortality rates in the general population [4]. However, within the ICU, the
impact of DM on mortality appears to be different. This phenomenon is known as the
"diabetes paradox”. It suggests that in the ICU setting other factors such as the severity

of the acute illness may overshadow the direct impact of DM on mortality.

While stress-induced hyperglycemia is linked to higher mortality, the literature
does not clarify whether hyperglycemia is a marker of disease severity or a determinant
of prognosis [5,6]. Furthermore, other altered glycemic parameters like hypoglycemia,
glycemic variability, and glycemic gap [7,8] are related to worse outcomes [9]. In a
general population of critically ill patients, Bellaver et al. [9] demonstrated that
hypoglycemia and hyperglycemia on ICU admission were independently associated with
increased mortality, whereas a higher glycemic gap and a higher glycemic variability
were associated with other negative clinical outcomes, such as need for renal replacement
therapy and shock incidence. In patients with COVID-19, Bhatti et al. [10] found that a

more strict metabolic control, with random blood glucose levels lower than 160 mg/dL
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and fasting blood glucose levels lower than 126 mg/dL, is associated with a considerably

lower risk of mortality.

Chronic hyperglycemia may trigger protective mechanisms against cell
damage, which may explain the diabetes paradox and why patients with poor chronic
glycemic control have worse outcomes when treated with intensive glycemic control in
ICU [11]. By measuring the glycemic gap preexisting chronic hyperglycemia can be
distinguished from stress-induced hyperglycemia [12]. Although the unfavorable effects
of dysglycemia on critically ill patients are well known, the impact of stress-induced
hyperglycemia in ICU patients with COVID-19 and the diabetes paradox are still unclear.
Therefore, this study aims to explore the association of acute and chronic glycemic
parameters with clinical outcomes in critically ill patients with severe acute respiratory

failure due to SARS-CoV-2 infection.

MATERIAL AND METHODS

Ethical Considerations

The study was approved by the Ethics Committee at the Hospital de Clinicas de

Porto Alegre (project number 2020-0218) and adhered to the Helsinki Declaration.

Study population

This is a retrospective study. Informed consent was obtained. The study assessed
critically ill adults (aged >18 years) admitted to the ICU from March 2020 to September

2020. The inclusion criterion was patients admitted to ICU with SARS-CoV-2 infection
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with one HbAlc measurement available at ICU admission or with the possibility to
measure it by using blood stored at the COVID-19 Collection in the Biobank. Exclusion
criteria were diabetic  ketoacidosis, hyperosmolar  hyperglycemic state,
hemoglobinopathies, and ICU length of stay (LOS) less than 24 hours. Clinical and
laboratory data were recorded for all patients. The Simplified Acute Physiology Score 3
(SAPS 3) was used to score disease severity [13]. Data referring to demographic
characteristics of the study population, as well as coexisting medical conditions, reasons
for ICU admission, origin before ICU admission, nutrition and insulin therapy were
extracted from the review of the electronic medical record. SAPS 3 and other variables
related to disease severity, such as use of vasopressor, need for MV and RRT, were also
extracted from medical records. Routine laboratory tests provided data related to
biochemical measurements. Especially regarding HbAlc, it could be available at ICU
admission or measured from blood sample stored ate the Biobank. All data extracted from
electronic medical records were independently reviewed by two researchers. Outcomes

were adjudicated by two researchers independently.

Diabetes was defined based on previous diagnosis or whenever HbAlc was
>6.5%. Hyperglycemia was defined according to the American Diabetes Association
(ADA) proposed threshold for in-hospital hyperglycemia, and severe hyperglycemia as
any blood glucose measurement >200 mg/dL. Patients without previous history of DM,
HbAlc <6.5%, and glycemia <140 mg/dL were classified as the normoglycemia group.
Those without previous history of DM, HbAlc <6.5%, and glycemia >140 mg/dL were
classified as stress-induced hyperglycemia group [14]. Hypoglycemia was defined as any
glycemic level <70 mg/dL [11,14], and serious hypoglycemia was defined as <54 mg/dL
during the first day in the ICU [14]. Glucose variability was calculated as the absolute

difference in capillary blood glucose during the first ICU day [15,16]. The glycemic gap
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was calculated as the difference between the ICU admission serum blood glucose and the
estimated mean blood glucose, estimated by the HbAlc [12, 17]. Patients were separated
by a cutoff value of 80 mg/dL for glycemic gap and 40 mg/dL for glycemic variability

based on Bellaver et al. [9] and Liao et al. [18].

The outcomes of interest were mortality (primary endpoint) and ICU and hospital
mortality, need for mechanical ventilation (VM), need for renal replacement therapy
(RRT), length of stay at the ICU and at the hospital, and ICU readmission (secondary

endpoints).

Statistical analysis

Statistical analysis included the use of the Student’s t-test, Mann—-Whitney U test,
or chi-square test, as appropriate. Univariate linear regression or logistic regression
models were constructed depending on the characteristics of the outcomes of interest.
Kaplan-Meier method was used to perform time-to-event analyses. Time-to-event effect
size (hazard ratios, HR) was estimated by Cox proportional hazard analyses with
mortality as outcome and variables adjusted for age, presence of hypertension, and
disease severity using SAPS 3 score and need of vasopressors. A sample size of 182
patients was calculated for this study. Values were considered statistically significant if
p<0.05. Statistical analyses were conducted in the software program SPSS 20.0 (Chicago,

IL, USA).

RESULTS

Figure 1 shows the summary of the study.
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Patient characteristics

A total of 556 patients admitted to the ICU with SARS-CoV-2 infection were
evaluated for eligibility. Then, 187 patients had HbAlc results available and were
included in this study. Table 1 shows their main characteristics. Briefly, 60% were male,
mean age was 60 £ 15 years, and SAPS 3 score was 62 = 16. The most common primary
coexisting condition was hypertension (61.6%), which was more frequent in non-
survivors than in survivors (70.4% vs. 50.4%, p=0.029). Presence of DM was based on
previous diagnosis in 62 patients (33.2%) and on HbAlc quantification in additional 17
patients (9%), totalizing 79 patients with DM (42,7%). Acute respiratory failure was the
main reason for ICU admission (96%), with 74.1% of patients requiring invasive MV.
Most patients received antibiotics for presumed sepsis from pulmonary origin (87%) and

71.2% received corticosteroids.

Metabolic parameters and mortality

Table 2 shows that the overall mortality rate was 43.2% (n=80), which was
higher in critically ill patients with severe COVID-19 pneumonia with DM than in those
without DM (55.7% vs. 34%; p=0.007). This association persists even after adjustment
for age, hypertension, and disease severity estimated by the need for vasopressors
(p=0.033). Figure 2 shows the probability of survival according to the presence or absence
of DM, after adjusting for age, hypertension, SAPS 3 score, and vasopressors use. When
patients were separated into the normoglycemia, stress-induced hyperglycemia, and DM
groups mortality rate was 25.8%, 37.3%, and 55.7%, respectively, with significant

difference of mortality between patients with DM and those with normoglycemia
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(p=0.021). Figure 3 shows the individuals’ time until death in the three groups. The mean
HbAlc was 6.8 + 2% and the mean blood glucose was 174 + 106 mg/dL, different among
patients with normoglycemia, stress-induced hyperglycemia, or DM, as expected (Table
1), but no difference was found between survivors and non-survivors (Supplementary
Table 1). Hyperglycemia (glucose >140 mg/dL) was present in 80% (n=149) of patients
and severe hyperglycemia (glucose >200 mg/dL) in 43% (n=81) within the first 24 hours
of ICU admission. Patients who had hyperglycemia >140 mg/dL and hyperglycemia >200
mg/dL in the first 24h of ICU admission had higher mortality rates compared to those
who presented lower glycemic parameters (47% vs. 26%, p=0.048) and (56% vs. 34%,

p=0.003), respectively.

The median glycemic variability was 67 mg/dL (38 to 149 mg/dL) and the
glycemic gap varied from —16 to 65 mg/dL, with a median of 14 mg/dL. In critically ill
patients with severe COVID-19 pneumonia, mortality rate was higher in those with
glycemic variability >40 mg/dL compared to those with <40 mg/dL (48.4% vs. 26.7%,
p=0.011). No differences in mortality rates were detected between patients with a

glycemic gap below or above >80 mg/dL (42.3% vs. 48.6%, p=0.484) (Table 3).

Hypoglycemia was a rare event. Glycemic values <70 mg/dL occurred in five
patients (2.7%) and severe hypoglycemia <54 mg/dL occurred in one patient (0.5%), not

affecting mortality (p=0.45 and p=0.38, respectively).

Mean body mass index (BMI) was 30.7 + 7.2 kg/m?, similar between patients
with normoglycemia, stress-induced hyperglycemia, or DM (Table 1), but higher in

survivors than in non-survivors (31.8 £ 7.6 vs. 29.2 + 6.4, p=0.012).

Glycemic parameters and other outcomes
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Table 2 shows that the need for MV, need for RRT, ICU and hospital length of
stay, and ICU readmission rate were similar between patients with normoglycemia,
stress-induced hyperglycemia, or DM. Table 3 shows the impact of glycemic gap,
glycemic variability, and hypoglycemia <70 mg/dL on secondary outcomes. All these
glycemic parameters were not different for secondary outcomes. Mean glycated
hemoglobin was not different between survivors and non-survivors (6.2 £ 1.9 vs. 7 £ 2,
p=0.131), between patients who need RRT or not (6.7 £ 1.5 vs. 6.8 +2.1, p=0.736), and

between patients who need MV or not (6.7 £ 1.8 vs. 7.1 + 2.5, p=0.275).

DISCUSSION

In this retrospective cohort study of 187 critically ill patients with severe COVID-
19 pneumonia, DM and hyperglycemia at ICU admission were independently associated
with increased mortality, but not with increased need for supportive therapies, ICU and
hospital length of stay, and ICU readmission. Most interestingly, more than stress-
induced hyperglycemia, DM was associated with mortality, contrary to the “diabetes

paradox” in ICU patients.

Throughout the SARS-CoV-2 pandemic, people with chronic diseases, including
DM and hypertension, have been disproportionately affected, with an increased risk of
hospitalization and mortality [19,20]. The prevalence of DM in our sample was 42.7%,
1.5-fold higher than the general population of critically ill patients [9] and the prevalence
of hypertension was 61.6%. This high prevalence confirms DM and hypertension as risks
factor for ICU admission during COVID-19 [21], in agreement with a systematic review
of 18 studies that reported a high risk of severe COVID-19 in patients with DM compared

with those without DM [22]. The mortality rate in our study was significantly higher in
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patients with hyperglycemia >140 mg/dL and severe hyperglycemia (>200 mg/dL), as
expected. However, and most importantly, the mortality was higher in patients with DM
than in those without DM, even after adjustment for age, hypertension, and disease
severity, a new aspect for ICU patients, specifically associated with COVID-19.
Accordingly, a meta-analysis of 33 studies conducted by Kumar et al. demonstrated that
patients with DM faced increased odds of developing a composite endpoint of severe
COVID-19 or death (2.49 [95% CI: 1.98-3.14], p <0.01) [23]. DM associates with
increased risk of developing complications during critical illnesses, but the presence of
DM was not independently associated with increased risk of death in critically ill patients
before the COVID-19 pandemic [2]. The “diabetes paradox™ [2] suggests that chronic
hyperglycemia before the acute insult may be associated with favorable outcomes in
critical illnesses [24,27]. Cellular adaptations to chronic hyperglycemia of DM would
“prepare” the cellular antioxidant apparatus to deal with a subsequent hyperglycemia
during an acute illness [28]. Thus, acute hyperglycemia would be more deleterious in
critically ill patients without DM, who have no previous cellular conditioning against
glucose toxicity. Additionally, patients with DM receive more insulin than those without
DM, but with in-hospital hyperglycemia. Insulin has many beneficial non-glycemic
effects, including modulation of inflammation, reduction of circulating free fatty acids,
regulation of apoptosis, prevention of endothelial dysfunction and hypercoagulation,
decrease in neutrophil chemotaxis and leukocyte adhesion, attenuation of the catabolic
state of critical illness, and prevention of excessive nitric oxide generation, reducing
oxidative stress [29]. In our sample, DM chronic hyperglycemia, rather than stress-
induced hyperglycemia, was associated with higher mortality. We demonstrated this
phenomenon by two separate analyses. First, by Cox-regression, in which we separated

the sample into three groups (normoglycemia, stress-induced hyperglycemia, and DM),

57



and second by the glycemic gap analysis. Thus, our results were consistent, robust, and
presented a new aspect of critically ill patients with COVID-19, in which the diabetes

paradox cannot be identified.

This population of critically ill patients with SARS-CoV-2 infection clearly
presents particularities compared to other ICU patients, especially regarding metabolic
pathways of glycemic control and inflammatory mechanisms. In SARS-CoV-2 infection,
excessive production of inflammatory mediators leads to a condition known as “cytokine
storm [30]”. DM is also a chronic pro-inflammatory state characterized by an exaggerated
cytokine response, where patients with DM had significantly higher levels of interleukin-
6 (IL-6), ferritin, and C-reactive protein compared to individuals without DM [31]. The
“cytokine storm” condition results in an increase of oxidative stress and cellular damage,
including muscle and liver tissue, which play a central role in the regulation of glucose
metabolism, leading to insulin resistance [32]. This suggests that individuals with
uncontrolled blood glucose levels may be more vulnerable to cytokine production
outbursts, which consequently may lead to rapid exacerbation of COVID-19, with the
development of ARDS and shock [33]. Furthermore, previous research found that
COVID-19 subjects with DM had higher D-dimer levels than those without DM, probably
indicating hemostatic system over-activation [31]. This preexisting pro-thrombotic
hypercoagulable state of COVID-19 [34] exacerbated by the presence of DM may result

in severe thromboembolic outcomes and eventually higher mortality.

Our sample of critically ill patients with severe COVID-19 pneumonia showed an
extremely high rate of hyperglycemia (80%). Hyperglycemia is deleterious to the
microvasculature, which may facilitate the mechanisms by which viral replication
damages the cells, leading to a vicious circle of inflammation and hyperglycemia [35]. In

addition to the severity of the pulmonary disease and inflammation, resulting in stress
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hyperglycemia as an adaptive response, high doses of corticosteroids used in many
patients at the time of ICU admission may have contributed to high glucose levels. In our
sample, 28.8% of patients were using corticosteroids before hospital admission. Besides,
the high incidence of sepsis (89.7% on admission) probably had a role in inducing

hyperglycemia [6].

Glycemic parameters that distinguish the effect of stress-induced hyperglycemia
from chronic hyperglycemia did not affect clinical outcomes of these patients. In our
sample, glycemic gap and glycated hemoglobin levels were not associated with the
outcomes, whereas high glycemic variability was associated with a higher mortality rate.
Interestingly, a low rate of severe hypoglycemia was evidenced, despite the high use of
short-acting insulin therapy to control acute hyperglycemia on admission. Two main
interpretations can be explored: 1) the severity of the disease evolving with stress-induced
hyperglycemia, and 2) the high number of patients already using corticosteroids at
admission. We believe both explanations are complementary, although corticosteroids

were used more frequently and at higher doses than they usually are in ICU patients.

DM s strongly associated with obesity and hypertension. According to the
diabetes paradox, obesity is also protective during critical illnesses, with reports of better
outcomes in patients with obesity with ARDS [36] and sepsis [37-40]. The chronic low-
grade inflammation status observed in patients with obesity could modulate the sepsis
host response, resulting in an attenuated cytokine response, thus leading to lower
mortality rates compared to individuals with normal weight [41]. In our sample, the mean
BMI was 30.7 + 7.2 kg/m?, which was higher in survivors than in non-survivors
(p=0.012), corroborating the protective effect of moderate obesity in critically ill patients.

Besides, hypertension has also been associated with poorer outcomes in patients with
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COVID-19 [42]. Our results align with this observation, as we observed a higher

prevalence of hypertension in in non-survivors.

The findings of our study provide new insights regarding the concept of the
“diabetes paradox”. Traditionally, DM is not associated with increased mortality rates in
critically ill patients. However, our results reveal that in the context of COVID-19, DM
emerges as a significant risk factor for mortality. This observation introduces a new
hypothesis-generating concept, suggesting that the impact of DM on mortality may vary

in different population of critically ill patients.

This study has limitations. First, due to the retrospective design, some information
may have been overlooked. However, the outcomes of interest were decided by two
researchers. Second, our analysis revealed no significant differences in the secondary
outcomes among the different glycemic groups under investigation. These findings
suggest that factors other than glycemic control might influence these outcomes, or that
the sample size might have been insufficient to detect subtle differences, as the sample
size calculations was estimated for the primary outcome (mortality). Third, glucose
monitoring was not continuous, increasing the possibility that some extreme glucose
values may have gone unrecorded. Fourth, the assessment of glycemic variability was
performed based on capillary measurements, which is a less reliable method in
hemodynamic unstable patients. However, this is the most common method for glucose
measurement worldwide. Lastly, the glycemic control during all ICU length of stay was

not evaluated.

In summary, this retrospective cohort study showed that DM — more than stress-
induced hyperglycemia — was associated with higher mortality rates compared to
normoglycemia. Although patients with DM have more comorbidities, they do not have

higher mortality rates than patients without DM when admitted to the ICU before the
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COVID-19 pandemic. However, our results suggest that the “diabetes paradox™ is not
present in critically ill patients with COVID-19. DM seems to be “unprotective” in this

population, presenting a new aspect of COVID-109.
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FIGURES

QUESTION: Are DM and stress-induced hyperglycemia at ICU associated with mortality in critical ill patients with COVID-19?

POPULATION FINDINGS

o Primary outcome: overall mortality = 43.2%
|a_l| Mortality

Normoglycemia 25.8%

No statistical difference related to

111 Men 76 Women
secondary outcomes (ICU and

Inclusion criteria: adult ICU patients with O Stress-lnducetd 37.3% hospital mortality, need for MV,
COVID-19 and with a HbAlc measurement hyperglycemia need for RRT, LOS at the ICU and at

the hospital, and ICU readmission)

Exclusion criteria: diabetic ketoacidosis, Diabetes mellitus cc 7%

hyperosmolar hyperglycemic state,
hemoglobinopathies, ICU LOS < 24h =T
Mean age: 60 years * Mortality was higher in patients with higher glycemic variability (> 40mg/dL)
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Figure 1. Flow chart of the study. DM: diabetes mellitus; ICU: intensive care unit; LOS:

lenght of stay; MV: mechanical ventilation; RRT: renal replacement therapy.
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Figure 2. Probability of survival according to the presence or absence of DM after
adjusting for age, presence of hypertension, and disease severity using SAPS 3 score and
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Table 1. Baseline characteristics of patients.

Characteristics All Patients with Patients with Patients with p
patients normoglycemi  stress- induced DM
a hyperglycemia n=79
n=31 n=75

Demographycs

Age (years) 60 + 15 53+16° 59+ 15 63 +12° 0.03
Men (n, %) 111 (60) 17 (54.8) 48 (64) 46 (58.2) 0.623
BMI (kg/m?) 30.7+7.2 30.8+7 29.7+6.6 31.7+7.8 0.226

Coexisting conditions

Hypertension (n, %) 114 (61.6) 13 (41.9) b 41 (54.7)° 60 (76)°-¢ 0.001
Diabetes (n, %) 79 (42.7) 0 0 79 (100) -
Cancer (n, %) 16 (8.6) 3(9.7) 6 (8) 7(8.9) 0.958
Chronic kidney disease (n, 16 (8.6) 2 (6.5) 6 (8) 8(10.1) 0.799
%)

Ischemic heart disease (n, 20 (10.8) 1(3.2) 7(9.3) 12 (15.2) 0.166
%)

Heart failure (n %) 15 (8.1) 1(3.2) 7 (9.3) 7 (8.9) 0.548
COPD (n, %) 18 (9.7) 2 (6.5) 6 (8) 10 (12.7) 0.495
Asthma (n, %) 21 (11.4) 4(12.9) 7(9.3) 10 (12.7) 0.774
Transplantation (n, %) 6(3.2) 0 4 (5.3) 2(2.5) 0.331
Immunosuppresion (n, %) 10 (5.4) 1(3.2) 6 (8) 3(3.8) 0.433
Previous use of 51 (28.8) 7 (23.3) 22 (31) 22 (28.9) 0.74

corticosteroids

Reasons for ICU admission 0.814
Acute respiratory failure (n, 177 (96) 29 (93) 72 (96) 76 (96)

%)

Other (n, %) 8 (4) 2(7) 3(4) 3(4)

Place before ICU admission 0.228
Emergency room (n, %) 54 (29) 8(26) 18 (24) 28 (35)

Medical unit (n, %) 46 (25) 11 (35) 21 (28) 14 (18)

External transfer (n, %) 85 (46) 12 (38) 36 (38) 37 (47)

Disease severity

SAPS 3 score 62116 57+16 61+ 15 64 + 16 0.15
Presence of sepsis (n, %) 166 (89.7) 28 (90.3) 68 (90.7) 70 (88.6) 0.9
Pulmonary (n, %) 161 (87) 26 (83.4) 65 (86.7) 70 (88.6)
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Other (n, %) 5(2.7) 2(7.1) 3(4.4) 0
Need for vasopressors (n, 99 (53.5) 10 (32.3)¢ 43 (57.3) 46 (58.2) 0.034
%)
Need for renal replacement 60 (32.4) 11 (35.5) 21 (28) 28 (35.4) 0.568
therapy (n, %)
Need for invasive mechanic 137 (74.1) 22 (71) 56 (74.7) 59 (74.7) 0.912
ventilation (n, %)
Prone position (n, %) 71 (38.4) 13 (41.9) 30 (40) 28 (35.4) 0.764
ECMO (n, %) 2(1.1) 1(3.2) 1(1.3) 0 0.326
Use of corticosteroids (n, %) 126 (71.2) 19 (70.4) 54 (74) 53 (68.8) 0.781
Nutrition 0.876
None (n, %) 30 (16) 5 (16) 11 (37) 14 (47)
Oral or enteral (n, %) 155 (84) 26 (84) 64 (85) 65 (42)
Insulin therapy
Long-acting insulin, first 24h 28 (15.3) 0 2(2.7) 26 (33.3) <0.0001
from admission (n, %)
Short-acting insulin, first 89 (51.4) 4(13.8) 29 (41.4) 56 (75.7) <0.0001
24h from admission (n, %)
Biochemical measurements
Hematocrit (%) 37.1+59 36.6+5.7 3756 36.9+6 0.723
Hemoglobin (g/dL) 12.3+2.1 12.2+2 12.4+2.2 12.2+2.1 0.788
Leukocytes (103/mm3) 10.9+5.8 9+39 11.4+6.7 11.1+54 0.135
Lymphocytes (%) 94+7 10.3+6.5 79+58 104+8 0.071
Platelets (103/uL) 230 (164 -284) 203 (148-250) 233 (167-278) 229 (159 -306) 0.315
Creatinine (mg/dL) 1.1(0.8-1.7) 09(0.7-19) 1.1(0.8-1.8) 1.1(0.8-1.6) 0.715
Potassium (mEq/L) 44+0.6 43+0.5 44+0.7 44+0.6 0.668
CRP (mg/dL) 151 (86-220)  142(77-216)  146(86-219) 152(95-225)  0.316
Lactate (mmol/L) 19+04 12+0.5 23+0.7 19+0.3 0.54
Blood glucose (mg/dL) 174 + 106 104+12° 125 +44¢ 245 + 122 ¢ <0.0001
HbA1C (%) 6.8+2 5.6+0.4° 57+04°¢ 83+2.2%¢ <0.0001

DM: diabetes mellitus; BMI: body mass index; SAPS 3 score: Simplified Acute Physiology 3 score; COPD: chronic obstructive pulmonary disease;
ECMO: extracorporeal membrane oxygenation; ICU: intensive care unit; CRP: C-reactive protein; HbAlc: glycated hemoglobin. Values are mean
+ SD or median and interquartile range.

a e yalues are statistically different between groups, ANOVA with Bonferroni post-hoc test.

b c:values are statistically different between groups, chi-square test.

d:values are statistically different from other groups, chi-square test.
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Table 2. Effects of hyperglycemia on clinical outcomes in critically ill patients with severe Covid-19.

Outcomes All Patients with Patients with stress- Patients with DM P
patients normoglycemia induced hyperglycemia

Mortality (n, %) 80 (43.2) 8(25.8) =" 28(37.3)® 44 (55.7) =" 0.021
Need for RRT (n, %) 60 (32.4) 11(35.5) 21(28) 28(35.4) 0.568
Need for VM (n, %) 137 (74.1) 22(71) 56 (74.7) 59 (74.7) 0.912
ICU readmission (n, %) 4(22) 0 2(2.7) 2(2.5) 0.662
Time on VM (days) 16 (9-26) 17.5(8.3-26.3) 15 (6.5-23.8) 17 (10.3-28) 0.685
LOS, hospital (days) 19 (10-36) 22 (10-35) 21(9-37) 17 (10-29) 0.708
LOS, ICU (days) 14 (6-26) 19 (8-27) 14 (6-26) 14 (6-23) 0.839

RRT: renal replacement therapy; MV: mechanical ventilation; LOS: length of stay; ICU: intensive care unit. Values are mean = SD or median and
interquartile range.
&b valyes are statistically different between groups, chi-square test.

Table 3. Effects of glycemic gap and glycemic variability on clinical outcomes in critically ill patients with severe COVID-19 pneumonia.

Glycemic gap Glycemic variability
<80 mg/dL >80 mg/dL <40 mg/dL =40 mg/dL
Outcomes P P
n =149 n=37 n=45 n=128
Mortality (n, %0) 63 (42.3) 18 (48.6) 0.484 12(26.7) 62(48.4) 0.011
Need for RRT (n, %) 47 (31.5) 13(35.1) 0.676 13(28.9) 43 (33.6) 0.562
Need for MV (n, %) 109 (73.2) 30 (81.1) 0.321 32(71.1) 95(74.2) 0.685
ICU readmission (n, %) 4(2.7) 0 0.314 0 4(3.1) 023
Time on MV (days) 16 (9-26) 17 (8-27.3) 0.969 16.5(9.3-26.8) 15 (8-26) 0.594
LOS, hospital (days) 24 (14-39.5) 19.5(12.5-37) 0.757 28.5(16-39.8) 21(13-37) 0.415
LOS, ICU (days) 20(20-31.5) 18 (9-28) 0.613 21 (11.2-35) 17 (9-29) 0.406

RRT: renal replacement therapy; MV: mechanical ventilation; LOS: length of stay; ICU: mntensive care umt. Hypoglycemia was defined as any blood or capillary
glucose <70 mg/dL during the first ICU day. Hyperglycemia was defined as any blood glucose =140 mg/dL at ICU admission. Values are mean = 5D or median and
interquartile range.
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Material suplementar:

Supplementary Table 1. Glycated hemoglobin and clinical outcomes in patients with severe COVID-19 pneumonia.

Mortality Need for RRT Need for MV ICU readmission
Yes No p Yes No P Yes No p Yes No p
HbAle (%) 7+2 6219 0.131 6.7+ 1.5 6.8£2.1 0736 6.7+1.8 7.1+£25 0.275 571 6.8+£2 0.255

HbAle: glycated hemoglobin RRT: renal replacement therapy; MV: mechanical ventilation: ICU: intensive care unit. Values are mean + SD.
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Abstract

Background: To systematically review the literature and to synthesize evidence
concerning the effects of the use of neuromuscular blocking agents (NMBA) regarding
the development of intensive care unit-acquired weakness (ICU-AW).

Methods: This study was registered in the PROSPERO database CRD42020142916. We
performed a systematic review in PubMed, Embase, and the Cochrane Central Register
of Controlled Trials. Randomized clinical trials (RCTs), and cohort studies with adults
that reported the use of NMBA and the development of ICU-AW were included. Two
reviewers independently screened citations, conducted data extraction, and assessed risk
of bias using the Newcastle-Ottawa scale for cohort studies and the Cochrane
Collaboration tool for RCTs. Pre-specified subgroup analyses were performed for
presence of sepsis and type of NMBA used. Exploratory subgroup analyses were
performed for study design (RCTs vs cohort studies), and cause of respiratory failure
(acute respiratory distress syndrome and severe asthma), and studies with concomitant
use of NMBA and corticosteroids. The quality of evidence for intervention effects was
summarized. Certainty of evidence was assessed using the GRADE approach.

Results: We included 30 studies, four RCTs, 21 prospective and five retrospective
cohorts, enrolling a total of 3,839 patients. Most of the included studies were
observational with high heterogeneity, whereas the RCTs had a high risk of bias. The use
of NMBA was associated with risk for the developing ICU-AW (OR 2.77; 95% CI 1.98-
3.88, 12 =62%). An exploratory subgroup analysis of RCTs vs observational studies
showed an effect size not significantly related to the incidence of ICU-AW (OR 1.44;
95% C10.61-3.4, 1> =75%). A trial sequential analysis showed the need to include 14,023

patients in order to provide evidence for either beneficial or harmful intervention effects.

76



In subgroup analysis, the effect of NMBA was more pronounced in patients with sepsis,
patients with asthma and with the use of corticosteroid drugs.

Conclusions: This meta-analysis suggests that the use of NMBA might be implicated in
development of ICU-AW. However, there is not enough evidence to definitively conclude
about the association between the use of NMBA and the development of ICU-AW, as

these results are based mostly on observational studies with high heterogeneity.

Keywords: Neuromuscular blocking agents; intensive care unit-acquired weakness;

meta-analysis; critical illness; trial sequential analysis.
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Abbreviation list

ARDS: acute respiratory distress syndrome

aOR: adjusted odds ratio

ClI: confidence intervals

ICU-AW: intensive care unit-acquired weakness

MD: mean differences

MV: mechanical ventilation

MRC: Medical Research Council

NMBA: neuromuscular blocking agents

OR: odds ratio

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses

RCT: randomized clinical trial

ROB: risk of bias

TSA: trial sequential analysis
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1. Introduction

Intensive care unit-acquired weakness (ICU-AW) is a devastating neuromuscular
condition that aggravates the course of critical illness (1), which, in the pathophysiology,
includes both peripheral nerve alterations, called critical illness polyneuropathy (2, 3, 4),
and myopathic injuries, named critical illness myopathy (2, 5, 6, 7). A combination of
inflammatory and toxic factors, including nutritional deficits, and prolonged
immobilization, leads to ICU-AW (1, 8). The incidence of ICU-AW is associated with
difficulties in weaning from mechanical ventilation (MV) (9, 10, 11, 12, 13), increased
mortality and hospital costs (9, 13, 14), as well as prolonged functional disabilities in

survivors (1, 15).

Several risk factors are involved in the development of ICU-AW namely: sepsis,
multiple organ dysfunction, severity of the disease, need for renal replacement therapy,
and hyperglycemia (8, 16). Furthermore, medications are meticulously implicated,
especially aminoglycoside antibiotics, corticosteroids, and neuromuscular blocking

agents (NMBA) (9, 17, 18).

NMBA are commonly used to facilitate rapid sequence intubation and to maintain
patients on prolonged MV, reducing patient-ventilator asynchrony, and decreasing the
work of breathing, notably in patients with severe gas exchange impairments, as in

critically ill patients with acute respiratory distress syndrome (ARDS) (19, 20, 21).

The use of NMBA has been suggested as an independent predictor of ICU-AW in
several diseases (6, 9, 22, 23, 24, 25), leading to both myopathic (22, 23) and
polyneuropathic (24) components of the syndrome. However, evidence does not

corroborate the association between NMBA use and ICU-AW development (26, 27, 28,
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29). Additionally, most studies were conducted in selected patient populations, such as
patients with ARDS (26, 27, 28, 30), severe asthma (6, 22, 23, 24), septic shock (9), and
Sars-CoV-2 infection (31, 32). The heterogeneity of the studies in terms of the type of
NMBA used, total dose and duration of use, and the cause of respiratory failure, results

in unclear conclusions.

ICU-AW is a very common condition with deleterious consequences for patients
admitted to the ICU. Understanding its pathophysiological mechanisms can be useful to
implement measures capable of reducing its incidence. Therefore, this study aims to
systematically review the literature and to synthesize evidence concerning the use of

NMBA compared to nonuse in the development of ICU-AW in critically ill adult patients.

2. Material and methods
This study was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses: the PRISMA statement. This study was

registered in the PROSPERO database CRD42020142916.

2.1 Search strategy

We aim to identify all studies evaluating the use of NMBA and its association
with the development ICU-AW. We defined the comparison of the following pre-
specified subgroups: sepsis and type of NMBA used (benzyl quinolinic NMBAs or
others). Study design (RCT or cohort studies), cause of respiratory failure (ARDS or non-
ARDS, and severe asthma or non-severe asthma) were analyzed a posteriori. A systematic
review of the literature of studies restricted to English language was undertaken in
PubMed, Embase, and Cochrane Central Register of Controlled Trials from inception to

November 2022. Search terms are available in Supplementary Appendix 1. Moreover, a
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manual search of references cited by the selected articles and relevant reviews was

performed.

2.2 Eligibility criteria

We included randomized clinical trials (RCT) and prospective or retrospective
cohort studies that evaluated the use of NMBA and the development of ICU-AW in adult
critically ill patients. The studies selected describe the primary outcome of interest (ICU-
AW) as follows: ICU-AW clinically diagnosed by the use of Medical Research Council
(MRC) scale for muscle strength, electrophysiological results, or histopathology of
muscle or nerve tissue analysis. We excluded studies involving patients with previous
diagnosis of myopathy or polyneuropathy, reported insufficient data, exclusively enrolled
pediatric patients, and experimental studies. The most complete report with the longest

follow-up was included if duplicate papers were identified.

2.3 Study selection and data abstraction

Two reviewers (PB and AFS) independently screened titles and abstracts and
selected studies for full-text analysis based on inclusion criteria. Data were extracted
independently by each researcher using a standardized form. The following data were
collected from each study: author, year of publication, country of origin, study design,
the number of subjects who received or not received NMBA, and the number of outcomes
of interest in each group. When available, the type of intensive care unit (ICU), the cause
of respiratory failure, and data about dose, type, and the duration of use of NMBA were
recorded. The outcome of interest was ICU-AW. Disagreements were resolved by

consensus or by a third-party decision (WN).
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2.4 Study Quality Assessment

Two reviewers (PB and AFS) independently assessed risk of bias (ROB) of each
study using the Newcastle-Ottawa scale (33) for cohort studies and the Cochrane
Collaboration tool for RCT (33). Level of certainty was assessed using the GRADE

approach.

2.5 Data synthesis and analysis

This meta-analysis was in accordance with the Cochrane Collaboration guidelines
(33). The outcome of interest evaluated was ICU-AW (primary outcome). No secondary
outcomes were analyzed. All statistical analyses were performed in Review Manager
version 5.4 (Nordic Cochrane Center, Copenhagen, Denmark). The number of events in
each group was presented as absolute numbers. Characteristics of population in each
study was tabulated in a Microsoft Excel spreadsheet in order to define which studies
were eligible for each synthesis. This material can be provided to interested parties
through direct contact with the main investigator (PB). We expressed the pooled effect
estimates for binary and continuous variables using odds ratio (OR) and mean differences
(MD) with 95% confidence intervals (Cl). The Cochran Q and 12 test were used to
evaluate heterogeneity between studies. Substantial heterogeneity was defined as |2
>50%. A random-effect model with Mantel-Haenszel weighting was used for all analyses.
Heterogeneity was explored using subgroup analysis. Interaction between subgroups
were evaluated based on Cochrane Handbook recommendations (33), and meta
regressions using subgroups as dichotomous variables were performed. The goal of the
interaction test is to understand if the magnitude of the effect of the intervention differs
within categories of a subgroup. If the effect is different within subgroups we call this

effect modification of the intervention on the outcome due to the additional presence of
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the subgroup variable. Funnel plot asymmetry was used to assess potential publication
bias. We performed two a priori subgroup analyses based on the type of NMBA used and
the presence of sepsis. We also performed five exploratory analyses: study design (RCT
or observational study), of studies with adjustment for potential confounders (by adjusted
OR), studies with patients with severe asthma, studies with patients with ARDS, and
studies with concomitant use of NMBA and corticosteroids.

We performed the trial sequential analysis (TSA) using TSA version 0.9.5.10
Beta (Centre for Clinical Intervention Research Department, Copenhagen, Denmark) to
determine whether sufficient data from RCTs were available to draw definitive
conclusions (34). We also performed the analysis with 80% power, 5% type | error, and
the expected difference between groups as 20% and 40% to create a Z-curve and
boundaries to identify benefit, harm or futility. If the curve crosses one of the boundaries
or reaches the optimal sample size line, definitive conclusions can be assumed (35, 36).
The proportion of ICU-AW in controls was set at 40%, as it varies widely in the literature.
The choice of this cutoff was based on a systematic review including 31 studies that
reported a median prevalence of 43% (interquartile range 25-75%) (37). The TSA was
adjusted for diversity (model variance based). Inconsistency (1?) and diversity (D?) were
calculated and results were adjusted for diversity (38). TSA analysis was not pre-specified

in PROSPERO and, as a protocol deviation, should be interpreted as exploratory.

3. Results

3.1 Search and selection of studies
Search terms are available in Supplementary Appendix 1. The initial electronic

search yielded a total of 23,315 potentially relevant citations. The manual search did not
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result in any additional studies. After removing duplicates and screening titles and
abstracts, 83 articles were selected for full-text review, out of them, 53 were excluded for
the reasons presented in Figure 1, whereas 30 articles met the inclusion criteria and were
included. Figure 1 shows the search strategy. Supplementary Appendix 2 shows the 53

articles excluded from meta-analysis.

3.2 Study characteristics and quality

The main characteristics of the studies included in this systematic review are
presented in Supplementary Table 1. The search identified four RCT (26, 27, 28, 30) and
26 cohort studies.

Supplementary Table 2 presents the methodological quality assessment of the
studies. According to the Cochrane Collaboration Tool, ROB was high in three RCT (27,
28, 30) due to lack of blinding. Newcastle-Ottawa scale evaluated the overall quality of

prospective studies as acceptable.

3.3 Use of NMBA and the development of ICU-AW

The 30 studies included in data synthesis enrolled a total of 3,839 patients, 1,725
patients who received NMBA and 2,114 patients who did not receive. Ten studies (3, 12,
14, 17, 39, 40, 41, 42, 43, 44) did not provide information on the type of NMBA used.
The most commonly used NMBA was vecuronium in 13 studies (4, 5, 6, 7, 9, 10, 22, 23,
24, 45, 46, 47, 48), followed by atracurium in seven studies (4, 6, 9, 10, 22, 23, 48),
cisatracurium in seven studies (22, 26, 27, 28, 29, 30, 32), and pancuronium in four
studies (6, 22, 23, 46). The use of more than one type of NMBA was described in eight
studies (4, 6, 9, 10, 22, 23, 31,46, 48), whereas seventeen studies (3, 4, 6, 10, 14, 17, 22,

23, 31, 39, 40, 41, 42, ,43, 44, 45, 48) did not report the dose of NMBA and 14 studies
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did not report the duration of use (5, 6, 9, 10, 17, 29, 39, 40, 41, 42, 43, 44, 45, 46). All
RCT used cisatracurium with a bolus dose followed by a continuous infusion for
approximately 48 hours. Supplementary Table 3 shows the type of NMBA used, dose,
and duration of use in each study.

The incidence of ICU-AW ranged from 0 to 90% among patients who received
NMBA and from 0 to 100% in the control group. The timing of evaluation of the
development of ICU-AW varied widely between studies, whereas eight studies did not
report this information (4, 7, 22, 23, 31, 39, 42, 48). Supplementary Table 4 shows the
ICU-AW assessment time in each study, as well as the muscle strength assessment by the
MRC scale.

Figure 2 shows the forest plot for the 30 studies pooled together. The size of the
effect indicated that the use of NMBA was associated with risk of developing ICU-AW
(OR 2.77; 95% CI 1.98-3.88). According to GRADE approach, there is a low level of
certainty of evidence, as demonstrated in Supplementary Table 5. Data were pooled using
a random effects model considering the observed heterogeneity (12 =0.36; ¥2 =73.55, df

=28 (P < 0.00001); 12 =62%). Publication bias was not identified.

3.4 A priori subgroup analyses

Patients with sepsis

Three studies (9, 10, 41) included patients with sepsis (68 patients in the NMBA
group and 169 in the control group). In this population, the use of NMBA increased the
odds of developing ICU-AW (OR 14.79; 95% CI 1.19-183.84). Data were pooled using

a random effects model considering the observed heterogeneity (12 =4.03; x2 =10.96, df
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=2 (P =0.004); 1°= 82%) (Supplementary Figure 1). Publication bias was not identified.

The p-value for the interaction test for subgroups analysis (sepsis vs non-sepsis) was 0.16.

Type of NMBA

Taking into account the type of NMBA, there was no difference in relation to the
development of ICU-AW among patients who received benzyl quinolinic NMBA
(atracurium and cisatracurium) (26-30, 32) (OR 1.79; 95% CI1 0.9 - 3.6) 2 =11.36, df =4
(P =0.02); 12=65%) (Supplementary Figure 2). This analysis included 728 patients in the
NMBA group and 653 in the control group. The p-value for the interaction test for
subgroups analysis (cisatracurium use vs non-cisatracurium use) was 0.13.

However, risk to develop ICU-AW was detected among patients who received
amino-steroid NMBA (vecuronium and pancuronium) (5, 7, 24, 45, 46, 47) (OR 3.68;
95% CI 1.51-9) (12 = 0.42; y2 = 7.88, df = 5 (P = 0.16); 1>= 37%) (Supplementary Figure
3). This analysis included 109 patients in the NMBA group and 143 in the control group.
Publication bias was not identified. The p-value for the interaction test for subgroups

analysis (aminosteroid use vs non-aminosteroid use) was 0.73.

3.5 Exploratory analysis

RCT versus cohort studies and ARDS versus non-ARDS studies

When we separate the studies according to the study design, cohort studies, that
included a total of 1,082 patients in NMBA group and 1,486 in the control group, it
demonstrated an effect size pointing to increased odds of developing ICU-AW (OR 3.27,
95% CI 2.19 - 4.88) (Supplementary Figure 4). However, when RCT (coincidentally all

ARDS studies are RCTSs), including a total of 643 patients in the NMBA group and 628

88



in the placebo group, were analyzed separately, the effect size was not significant (OR
1.44; 95% CI 0.61-3.4) (Figure 3). The data were pooled using a random effects model,
considering the observed heterogeneity (12 =0.36; 2 =7.93, df =2 (P <0.02); 1> =75%).
Publication bias was not identified. The p-value for the interaction test for subgroups

analysis (RCT vs non-RCT / ARDs vs non-ARDS) was 0.08.

Patients with severe asthma

Five cohort studies (6, 7, 22, 23, 48) evaluated patients with severe asthma (233
patients in NMBA group and 160 in the control group), one prospective (7) and four
retrospective (6, 22, 23, 48). Among them, the effect size analysis indicated that the use
of NMBA was significantly associated with risk of developing ICU-AW (OR 7.91; 95%
Cl 1.76-35.66). Data were pooled using a random effects model considering the observed
heterogeneity (12 =1.39; y2 =7.77, df =4 (P <0.1); 1> =48%) (Supplementary Figure 5).
Publication bias was not identified. The p-value for the interaction test for subgroups

analysis (asthma vs non-asthma) was 0.16.

Other exploratory analysis

We conducted other exploratory analyses of studies with specific populations
of patients, presented in Supplementary Table 6.

In studies where all patients received corticosteroids concomitantly with
NMBA (n =328) (5, 6, 7, 22, 43), NMBA use was associated with increased risk of ICU-
AW (OR 4.14, 95% CI 1.29 — 13.30, p =0.02, 1> =30%). The p-value for the interaction
test for subgroups analysis (corticosteroids plus NMBA use vs non-corticosteroid plus
NMBA use) was 0.6. Similarly, when only studies that included more than 50% of

patients receiving corticosteroids (n = 999) (5, 6, 7,
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14, 22, 44, 46, 48) were evaluated, there was an increased risk of ICU-AW with the use
of NMBA compared to nonuse (OR 2.88, 95% Cl 1.41 —5.85, p =0.04, 12 =53%)).

When studies that included more than 50% of patients with sepsis were
evaluated in separate (n = 1,986) (4, 9, 14, 27, 39, 41, 44), the use of NMBA was
associated with increased risk of ICU-AW (OR 2.47, 95% CI 1.34 — 4.54, p =0.004, |2
=78%), but when studies that included exclusively patients with sepsis (n =173) (9, 41)
were evaluated, there was no association with increased risk of ICU-AW with NMBA use
(OR 32.4, 95% CI 0.78 — 1343.61, p =0.07, 1> =84%).

We also performed an exploratory analysis, evaluating only observational studies
that performed analyses adjusted for potential confounders. In an analysis for adjusted
OR (aOR) of three studies (9, 23, 43) (n =322 patients), the use of NMBA was associated
with an increased ICU-AW risk: aOR 2.31 (95% CI 1.38 — 3.86, p =0.001, 12 =20%).

In our study, we did not identify any significant interaction between subgroups,

as evaluated by a random effects model.

3.6 Trial sequential analysis for RCT

Although not included in the initial protocol, exploratory analysis of specific
patient populations and TSA were performed. TSA was carried out in order to determine
whether the question under study was already definitively answered based on the
evidence of RCTs available to date.

The TSA analysis calculated an optimal sample size of 14,023 patients
considering an increase in risk of 20% and 3,310 patients for a risk of 40%. So, the optimal
sample size, harm boundary, and futility boundaries were not reached for the association

of the use of NMBA with the incidence of ICU-AW (Supplementary Figure 6). TSA
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analysis indicated a high heterogeneity (12 = 71% and D2 = 92%) and the pooled effect)
was 1.25 (CI adjusted for diversity 0.13 — 12.41).
The study review protocol according to the PRISMA 2020 checklist can be found

in Supplementary Appendix 3.

4. Discussion

The main safety concern of NMBA use is its association with the development of
ICU-AW. The present meta-analysis, which includes 30 studies, shows that the use of
NMBA is associated with an increased risk of developing ICU-AW. This finding is
especially supported by cohort studies with high heterogeneity and provides a low level

of certainty based on GRADE approach.

The four placebo-controlled RCT included in this meta-analysis enrolled
exclusively patients with ARDS and used cisatracurium for myorelaxation lasting for 48
hours. When polled together, a high heterogeneity was observed and no statistical
difference for the use of NMBAs and the development of ICU-AW was demonstrated.
The Cochrane Risk of Bias Toll classified three of the RCT (27, 28, 30) as having high
ROB due to the absence of blinding. Also, three RCTs were conducted by the same
research group. Particularly, the RCTs did not use electromyography examination, and
ICU-AW diagnosis was based on clinical evaluation, suggesting that cases of ICU-AW
may have gone undetected, since Gainnier et al (30) did not report any cases of ICU-AW.
Besides, the RCTs did not assess the effectiveness of the neuromuscular blockade with
train-of-four stimulation, raising a question about adequate blockade. Moreover, the short
duration of NMBA use (48 hours) may explain the low incidence of ICU-AW.
Furthermore, the early assessment (5 days) of ICU-AW incidence of the studies by Forel

et al. (28) and Gainnier et al. (30) might have been insufficient to recognize muscle
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weakness in patients requiring prolonged mechanical ventilation, particularly when they

are sedated.

Regarding the pre-specified subgroup analysis of studies enrolling patients with
sepsis, we showed an association between the use of NMBA and the development of ICU-
AW in this population, but the result has a very wide IC and high heterogeneity.
Moreover, most studies that enrolled patients with sepsis evaluated the incidence of ICU-

AW after 28 days, but did not specify the duration of NMBA use.

One interesting finding of our meta-analysis is the type of NMBA and the
development of ICU-AW. Unlike the amino-steroid class of NMBA (vecuronium and
pancuronium), the benzyl quinolinic class (cisatracurium and atracurium) was not
associated with an increased risk of ICU-AW; however the high heterogeneity of the
studies should be considered. Changes in body composition and hepatorenal function led
to changes in NMBA pharmacokinetics (49). In this sense, cisatracurium and atracurium
have a particular metabolization mechanism. Hofmann clearance is an elimination
reaction that leads to spontaneous inactivation of the agent in the bloodstream, dependent
on temperature and pH (50), accounting for 77% of total body clearance of cisatracurium
and atracurium, whereas organ-dependent clearance accounts for only 23% (51). We
hypothesized that this special feature of drug kinetics might explain the rapid metabolism
of this type of NMBA, preventing its accumulation and potential side effects in critically
ill patients with multiorgan dysfunction, as the varying degrees of renal and liver failure

do not significantly affect its metabolism and elimination.

The exploratory analyses of studies that evaluated patients with severe asthma
showed an association between NMBA use and ICU-AW. None of the studies with
patients with severe asthma clearly stated the timing of the assessment of ICU-AW,

despite these pitfalls, their results are in line with its pathophysiology. Patients with severe
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asthma and sepsis are at high risk of developing ICU-AW, as many risk factors for the
development of muscle weakness, such as hyperglycemia, systemic inflammation, and

the use of corticosteroids and antibiotics, are concomitantly present in these diseases.

We used TSA to verify our results from RCT, as this is the appropriate study
design to analyze a drug benefit or risk. Our TSA showed that there was insufficient data
to reach numerical conclusions about the association between NMBA use and ICU-AW

development.

This review has some strengths. Updated searching in several databases avoided
the bias of excluding potential articles, while broad search terms led to a large initial
screening. The TSA analysis, despite being an exploratory analysis, demonstrated that
numerical conclusions cannot be reached at this time for RCT, and further studies are

necessary.

However, there are also limitations. First, the search for articles was restricted to
the English language. Second, the time for muscle weakness assessment, the diagnostic
methods, and the choice and doses of NMBA used varied widely among studies; most of
the included studies were observational with high heterogeneity, whereas the RCT had a
high ROB. Third, the subgroup analysis of study design (RCT versus observational study)
was not pre-specified, and as a protocol deviation, should be interpreted as exploratory.
Finally, the substantial statistical heterogeneity remained, despite the outcome being
analyzed in pre-specified subgroups, in an effort to reduce methodological and clinical

heterogeneity.

5. Conclusion
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The pathophysiology of ICU-AW is complex and poorly understood. Isolating the
role of each risk factor that contributes to its development is difficult. This meta-analysis
suggests that the use of NMBA might be implicated in development of ICU-AW.
However, this conclusion is based on observational studies with high heterogeneity. The
use of NMBA for short periods, especially the benzyl quinolinic class, seems to be safer,

but the TSA analysis indicates the need for further RCT to better answer this question.
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TITLE AND LEGENDS

Title: Association between neuromuscular blocking agents and the development of
intensive care unit-acquired weakness (ICU-AW): a systematic review with meta-

analysis and trial sequential analysis
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Figure 1. Flow chart of the study selection process.
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1. Randomized clinical trials

NMB Control 0Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Forel 2006 * 1 18 1 18 7.8% 1.00[0.06, 17.33]

Gainnier 2004 * 0 28 0 28 Not estimable

Moss 2019 * 234 501 139 505 51.1% 2.31[1.77, 3.00] L

Papazian 2010 * 28 96 25 77 41.1% 0.86 [0.45, 1.64] 1

Total (95% CI) 643 628 100.0% 1.44[0.61, 3.40]

Total events 263 165

Heterogeneity: Tau? = 0.36; Chiz = 7.93, df = 2 (P = 0.02); I = 75% =U o1 n: p ] 1=0 ] oo=

Test for overall effect: Z=0.83 (P = 0.41) ’ Fa.vours NMB  Favours Control
2. Observational studies

NMB Control Odds Ratio 0Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Adnet 2001 10 55 1 46 2.5% 10.00 [1.23, 81.40] T

Ali 2008 8 28 27 108 5.8% 1.20 [0.47, 3.04] D

Amaya-Villar 2005 4 7 5 14 3.0% 2.40[0.38, 15.32)] -1

Behbehani 1999 9 30 0 56 1.6% 49.93 [2.78, 895.59] _
Brunello 2009 7 10 6 29 3.5% 8.94 [1.76, 45.37] - -
Coakley 1993 14 15 8 8 1.2% 0.57 [0.02, 15.58]

Coakley 1998 28 33 9 1 3.1% 1.24 [0.20, 7.56] -

De Jonghe 2002 15 44 9 51 5.7% 2.41[0.93, 6.26] -

De Letter 2001 16 34 20 62 6.0% 1.87 [0.79, 4.40] T

Douglass 1992 9 22 0 3 1.4% 4.93 [0.23, 106.88] 4
Frithiof 2021 1 56 0 55 16% 28.05[1.61, 489.11] g
Garnacho-Montero 2001 9 10 41 63 2.5% 4.83 [0.57, 40.63]

Garnacho-Montero 2005 10 13 24 51 4.1% 3.75[0.92, 15.24] I

Gupta 2016 36 45 1 55  2.5% 216.00[26.22, 1779.10] —
Hermans 2007 34 53 47 155 6.8% 4.11[2.13, 7.94] -

Hermans 2014 130 191 g7 224 7.7% 2.79[1.86, 4.17] -

Hund 1997 6 17 1 27 2.3% 14.18 [1.52, 132.08] »
Kesler 2008 8 57 2 17 3.4% 1.22[0.23, 6.40] - 1

Kupfer 1992 7 10 0 18 1.4% 79.29 [3.64, 1729.03) —_—*
Leatherman 1996 20 69 0 38 1.6% 31.89 [1.87, 544.08] >
Leijten 1996 1 19 7 19 4.4% 2.36 [0.64, 8.68] -1

MNanas 2008 15 61 29 124 6.6% 1.07 [0.52, 2.19] -

Nguyen 2015 53 83 20 50 6.6% 2.65[1.29, 5.45] -
Nlfez-Seisdedos 2022 44 61 2 9 3.4% 9.06 [1.71, 48.03] - -
Weber-Carstens 2010 14 24 8 16 4.5% 1.40 [0.39, 5.00] e

Wieske 2014 17 35 86 177 6.6% 1.00[0.48, 2.06] - r

Total (95% Cl) 1082 1486 100.0% 3.27 [2.19, 4.88) <

Total events 545 450

Heterogeneity: Tau? = 0.50; Chi? = 63.95, df = 25 (P < 0.0001); I = 61% =0.01 ofl1 ] 140 100“
Test for overall effect: Z = 5.79 (P < 0.00001) Favours [experimantal] Favours [contral]
3. All studies
Total (95% CI) 1725 2114 100.0% 2.77 [1.98, 3.88] ‘
Total events 808 615
Heterogeneity: Tau? = 0.36; Chi? = 73.55, df = 28 (P < 0.00001); I* = 62% =0.01 0?1 ; 1=0 100:

Test for overall effect: Z = 5.93 (P < 0.00001) Eavours NMB  Favours Control

Figure 2. Forest plot for the 30 studies evaluating the effect of NMBA use and the
development of ICU-AW. ICU-AW: intensive care unit-acquired weakness; NMBA:
neuromuscular blocking agents; *: randomized clinical trial.
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Table 1
Summary of studies evaluating the use of NMBA in the incidence of ICU-AW.

Study Country of origin  Study design Study setting  Population ICU-AW diagnosis NMBA Control  ICU-AW
(n) (n) incidence

Adnet, 2001 [22] France Retrospective cohort  MICU Severe asthma + MV Clinical + ENMG 55 45 18% ws, 2%

Ali, 2008 [37] United States Prospective cohort ~ MICU MV = 5 days Clinical 28 108 28% vs. 25%

Amaya-Villar, 2005 [5] Spain Retrospective cohort  MICU COPD + MV =48 h + high Clinical + ENMG 7 19 S57% ws, 36%

dose corticosteroids

Behbehani, 1999 [23]  Canada Retrospective cohort 7 Severe asthma + MV Clinical 30 56 30% vs 0%

Brunello, 2010 [38] Switzerland Prospective cohort  MSICU SIRS + MV Clinical 10 29 70% vs 21%

=48 h

Coakley, 1993 [3] United Kingdom  Prospective cohort MSICU ICU LOS = 7 days + organ  Biopsy 15 B 3% ws 100%

dysfunciion

Coakley, 1998 [4] United Kingdom  Prospective cohort MSICU ICU LOS = 7 days + MV ENMG 33 11 B9% ws B2%

De Jonghe, 2002 [10] France Prospective cohort  MICU + SICU MV = 7 days Clinical + ENMG 44 51 34% vs 18%

+ biopsy
De Letter, 2001 [44] Metherlands Prospective cohort 7 MV = 4 days Clinical + ENMG 31 66 43% vs 30%
Douglass, 1992 [43] Australia Prospective cohort ~ MICU Severe asthma + MV Clinical + ENMG 22 3 A41% vs O
+ hiopsy

Forel, 2006 [ 36] France RCT MICU + MSICU ARDS Clinical 18 18 5% vs. 5%

Frithiof, 2021 [29] Sweden Prospective cohort MSICU SARS-CoV-2 infection ENMG 56 55 19.6% ws. 0%

Gainnier, 2004 [ 28] France RCT MICU + MSICU  ARDS Clinical 28 28 0% vs, 0%

Gamacho-Montern, Spain Prospective cohort MSICU Sepsis + multiorgan Chinical + ENMG 10 63 O0% vs, 6%

2001 [12] dysfunction + MV = 10
days
Gamacho-Montern, Spain Prospective cohort MSICU Severe sepsis/seplic ENMG 13 51 T7E vs, 47%
2005 (8] shock + VM = 7 days

Gupta, 2016 [39] India Prospective cohort MSICU Sepsis ENMG 45 55 BO% ws ¥

Hermans, 2007 [16] Belgium Prospective cohort  MICU + SICU ICU LOS = 7 days ENMG 53 155 B4% vs. 30%

Hermans, 2014 [11] Belgium Prospective cohort  MICU + SICU  ICU LOS = 8 days Clinical 191 224 BB% vs 43%

+ CICU

Kesler, 2009 [47] United States Retrospective cohort MICU Severe asthma + MV Clinical 57 17 14% vs, 12%

Kupfer, 1992 [24] United States Prospective cohort 7 Need for NMBA = 6 h Clinical + ENMG 10 18 70% vs 0%

Leatherman, 1996 [6]  United States Retrospective cohort  MICU Severe asthma + MV Clinical + ENMG 69 38 20% vs O

+ hiopsy

Leijten, 1996 [46] Metherlands Prospective cohort  MSICU MV = 7 days ENMG 19 19 S58% v 37%

Moss, 2019 [26] United States RCT MICU ARDS Clinical 501 505 41% ws 31% at
D7 47% ws. 27%
at D28

Manas, 2008 [40] Greece Prospective cohort  MSICU ICU LOS = 10 days Clinical 61 124 25% vs 23%

Mzuyen, 2015 [41] Vietnam Prospective cohort  MSICU ICU LOS = 10 days Clinical + ENMG 83 50 63% vs 40%

MNifez-Seisdedos, 2022 Spain Prospective cohort  MSICU SARS-CoV-2 infection Clinical 61 9 721% vs. 22.2%

[30]

Papazian, 2010 [25] France RCT MSICU ARDS Clinical 178 162 29% vs 32% at
D2B 36%vs 31%
at ICuU
discharge

Weber-Carstens, 2010  Germany Retrospective cohort  SICU MV with SAPS = 20 for ENMG 24 16 S8% v 50%

[27] 3 consecutive days in the
first week of ICU stay
Wieske, 2014 [42] Metherlands Prospective cohort MSICU MV = 48 h Chinical 35 177 ABE ws 4B

NMBA: neuromuscular blocking agents; ICU-AW: intensive care unit-acquired weakness; ARDS: adult respiratory distress syndrome; CICU: cardiovascular intensive care
unit; COPD: chronic obstructive pulmonary disease; ENMG: eletroneuromyography; ICU: intensive care unit; LOS: length of stay; MICU: medical intensive care unit; MSICU:
medical-surgical intensive care unit; MV: mechanical ventilation; RCT: randomized controlled trial; SAPS: simplified acute physiology score; SICU: surgical intensive care
unit; SIRS: systemic inflammatory response syndrome.
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Material suplementar do Artigo 3:

Supplementary Table 1. Methodology and reporting assessment.

Chocrane Collaboration tool for assessing risk of bias

Sequence Allocation Blinding of Other potential

Study - = e Risk of bias
- generation concealment participants assessment outcome data threats to validity
Forel, 2006 . . . . . . High
Gainnier, 2004 . . . . . . High
Moss, 2019 (@) O O O @ Q High
Papazian, 2010 . . . . . . Low
Newcastle-Ottawa quality assessment scale for cohort studies
Stud; Out T A Ci leten i Sci
i repfexsp;:te:fﬁve r;prese; tative Ax :xp;nsure e inte‘;?:tn 1:0(: Comparability As s:‘slscl‘:'l;:t of dura';on of fc:l.low—up * -
present at start follow-up
Adnet, 2001
Ali, 2008
Amaya-Villar, 2005 6-7
Behbehani, 1999
Brunello, 2009
Coakley, 1993 7-8
Coakley, 1998
De Jonghe, 2002 8-9
De Letter, 2001

Douglass, 1992

Frithiof, 2021

Garnacho-Montero,
2001

Garnacho-Montero,
2005

Gupta, 2016
Hermans, 2007
Hermans, 2014
Hund, 1997
Kesler, 2008
Kupfer, 1992
Leatherman, 1996
Leyjten, 1996
Nanas, 2008

Nguyen, 2015

Nuiiez-Seisdedos,
2022

‘Weber-Carstens,
2010

00000000000 000000000000000
©0000000000000000000000000
00000000000000000000000000
©0000000000000000000000000
$888238888888888 888388888888
©00000000000000 00000000000
0000000000000009090000000000
©00000000000000°0000000000

Wieske, 2014

T @ Townskofbias () Incertriskofbias () Highrisk of bias
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Supplementary Table 2. Details about NMBA use in each study.

Study
Adnet, 2001

Ali, 2008
Amaya-Villar, 2005

Behbehani, 1999

Brunello, 2009

Coakley, 1993

Coakley, 1998

De Jonghe, 2002

De Letter, 2001

Douglass, 1992

Forel, 2006

Frithiof, 2021

Gainnier, 2004

Garnacho-Montero,
2001
Garnacho-Montero,
2005
Gupta, 2016

Hermans, 2007

Hermans, 2014
Hund, 1997

Kesler, 2008

NMBA

Cisatracurim 5.4%

Atracurium 3.6%

Pancuronium 41.8%

Vecuronium 49%
Not available

Vecuronium

Atracurium
Pancuronium
Vecuronium
Not available
Not available

Atracurium
Vecuronium

Not available

Vecuronium

Vecuronium

Cisatracurium

Atracurium

Rocuronium

Cisatracurium

Atracurium
Vecuronium
Atracurium
Vecuronium

Not available

Not available

Not available
Pancuronium
Vecuronium
Atracurium

Vecuronium

NMBA dose

Not available
Not available
ICU-AW group: 13
Without ICU-AW group: 11

(it does not mention the units)

Not available
Not available

Not available

Not available
ICU-AW group: 13.3 mg
‘Without ICU-AW:16 mg
(vecuronium-equivalent dosage)
Registered, but not available in the article
Overall media 402 + 674 mg
ICU-AW group: 1065 £ 674 mg
‘Without ICU-AW group: 231 + 163 mg
0.2 meg/kg bolus + initial infusion 5 meg/kg/min and
titrated after

Continuous use, dose not available
50 mg bolus + initial infusion 5 mecg/kg/min and titrated
after
Vecuronium 95-708 mg
Atracurium 1520-5040 mg
Not available
Not available
Not available
Not available, but included single dose for intubation
ICU-AW group: 85.7 mg/kg (0.37 £ 0.3)

Without ICU-AW group: 29.7 mg/kg (0.52 + 0.6)

Not available

Duration of use
Overall median 46 h (20-91)
ICU-AW group: 101 h (70-148)
Without ICU-AW group: 22 h (46-70)

Not available

Not available

2-7 days
Not available
=48 h in continuous infusion
ICU-AW group: use of NMBA for more than 24 h in 45.9%
Without ICU-AW group: use of NMBA for more than 24 h in 71%
ICU-AW: 3.3 days (4 patients received continuous infusion)
‘Without ICU-AW group: 2.1 days (2 patients received continuous
infusion)
Registered, but not available in the article
Overall media: 2.5 £2.5 days
ICU-AW group: 5.4 + 2 days
Without ICU-AW group: 1.3 + 0.9 days

48h
MV free days
ICU-AW group: 22 (0-23)
Without ICU-AW group: 25 (21-27)
48 h
Not available
Not available

Not available

Not available, but it was extended (continuous infusion)

Overall media: 0 days (0-1)
Not available, but they applied repeated cycles of 4-8 mg bolus

ICU-AW group: 3.5 h+6.2
Without ICU-AW group: 1.5h+ 3.5
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Kupfer, 1992

Leatherman, 1996

Leijten, 1996

Moss, 2019

Nanas, 2008

Nguyen, 2015
Nuilez-Seisdedos, 2022

Papazian, 2010
‘Weber-Carstens, 2010

Wieske, 2014

ICU: intensive care unit; ICU-AW: intensive care unit-acquired weakness; NMBA: neuromuscular blocking agents.

Vecuronium

Atracurium
Pancuronium
Vecuronium

Vecuronium

Cisatracurium

Not available

Not available

Cisatracurium

Cisatracurium

Cisatracurium

Not available

Overall media: 31-3799 mg
ICU-AW group: 1352 mg
Without ICU-AW group: 528 mg

Not available, but included single, intermittent, or
continuous infusion
0.1 mg/kg for intubation + maintenance at 0.03 mg/kg/h
or more (discontinued daily)
15 mg bolus + 37.5 mg/h; cumulative: 1807 mg (1706-
1815)
Not available
Not available
Overall media: 744mg (288.5-1501)
ICU-AW group: 941mg (392-1977)
Without ICU-AW group: 493mg (10-1089)
(cumulative dose bolus and continuous infusion)
15 mg bolus + 37.5 mg/h
Cumulative dose in first 8 days:
ICU-AW group: 27.5 mg
Without ICU-AW group: 10 mg
More than one administration of any NMBA in the first
2 days of ICU stay

7 h -13 days
ICU-AW group media: 7.2 days
Without ICU-AW group media: 3.8 days

Not available
ICU-AW group media: 2 days (0-17)
Without ICU-AW group media: 0.5 day (0-16)

47.8h (43.848h)
Not available, but it was for a short period

Not available

Overall media: 5 days (2-8)
ICU-AW group: 6 days (3-9)
Withou ICU-AW group: 3 days (0-6)
48h

Not available

Not available
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Supplementary Table 3. Time and MRC scale assessment of ICU-AW development in each study included in the systematic review.

Study
Adnet, 2001

Ali, 2008

Amaya-Villar, 2005

Behbehani, 1999

Brunello, 2009

Coakley, 1993

Coakley, 1998

De Jonghe, 2002

De Letter, 2001

ICU-AW assessment time MRC in control group

Not available Not available
Not available (awake patient) MRC assessment in patients who developed
ICU-AW or not and not in the groups that
used or did not used NMBA
Mean of 6 days (2-12) between MV start

and evaluation Not available

Not available Not available
‘Within 48 hours of ICU admission, at day MRC assessment in patients who developed
7, and at ICU discharge ICU-AW or not and not in the groups that

used or did not used NMBA

Biopsy performed around day 10 of ICU
admission (3-37 days)
Not available
Not available Not available
Day 7 after been awake, weekly for | MRC assessment in patients who developed
month, and monthly for 9 months until ICU-AW or not and not in the groups that

muscle weakness regression or death used or did not used NMBA

Clinical criteria 2x/week in the ICU +

Ix/week in the ward; ENMG days 4, 11,

Douglass, 1992

Not available (clinical reassessments from

and 25 after starting MV Not available

Not available

admission throughout hospitalization)

Forel, 2006

Frithiof, 2021

Gainnier, 2004

Garnacho-Montero, 2001

Days 10 and 21 after starting MV

120 hours Not available
Not available Not available
120 hours Not available

Not available

Garnacho-Montero, 2005 At the beginning of weaning: mean of 16.4

days after starting MV in patients with
ICU-AW and 11.3 days in patients without

Gupta, 2016

Day 14, 21, or 28 after ICU admission

Hermans, 2007

Day 7 after ICU admission

ICU-AW Not available

Not available

Not available

MRC in NMBA group
Not available
MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA
Not available
Not available
MRC assessment in patients who

developed ICU-AW or not and not in the
groups that used or did not used NMBA

Not available

Not available
MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available

Not available
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Hermans, 2014 Time between waking up and first MRC:
12 days (9-20) in the group with ICU-AW
and 9 days (8-12) in the group without

ICU-AW

MRC assessment in patients who developed
ICU-AW or not and not in the groups that
used or did not used NMBA

Hund, 1997 ENMG 5-7 days after starting MV,
repeated weekly for one month, every 15
days for the next 2 months and every 21
days until discharge from ICU Not available
Kesler, 2008
Not available Not available
Kupfer, 1992 24 hours after stopping NMBA and, if
abnormal, followed by reaching stability;
control group were submitted to serial
neurological assessment during and after
MV (time not specified) Not available
Leatherman, 1996
Not available Not available
Leijten, 1996 7-9 days from starting MV, after 3 weeks,

and 2 months (if still in ICU) Not available

Moss, 2019 Days 7 and 28 49.5 +-12.3 at D7 | 49.8 +- 10.6 at D28
Nanas, 2008
Not available Not available
Nguyen, 2015 Days 15, 30, 60, and 90 after ICU
admission Not available

Nuifiez-Seisdedos, 2022 MRC assessment in patients who developed

ICU and hospital discharge ICU-AW or not and not in the groups that
used or did not used NMBA
55 (39-60) at D28 | 55 (44-60) at ICU

Papazian, 2010 Day 28 after ICU admission and on ICU

discharge discharge
Weber-Carstens, 2010 MRC assessment in patients who developed
Day 8 from ICU admission ICU-AW or not and not in the groups that
used or did not used NMBA
Wieske, 2014 Mean of 9 days from ICU admission in = MRC assessment in patients who developed
group with ICU-AW and 7 days in group

without ICU-AW

ICU-AW or not and not in the groups that
used or did not used NMBA

MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA

Not available

Not available

Not available

Not available

Not available
46.7 +- 14.4 at D7 | 45.7 +- 13.9 at D28

Not available

Not available

MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA

55 (46-60) at D28 | 55 (43-60) at ICU
discharge

MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA

MRC assessment in patients who
developed ICU-AW or not and not in the
groups that used or did not used NMBA

ENMG: electroneuromyography; ICU: intensive care unit; ICU-AW: intensive care unit-acquired weakness; MRC: Medical Research Council, MV: mechanical ventilation;

NMBA: neuromuscular blocking agents.
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Supplementary Table 4. Quality of evidence assessment based on GRADE approach.

N° of studies / Risk Inconsistency Indirectness Imprecision Publication | Overall quality
N° of participants of bias bias of evidence
4RCTs, n=1271 Serious? Serious® Unlikely Serious® Unlikely ++,
26 observational low
studies, n = 2568

? Risk of bias was rated serious because of no blinding in three out of four RCTs; because inadequate duration of follow-up in eleven out of
26 cohort studies: and because impaired comparability between groups in eight out of 26 cohort studies

b Inconsistency across studies based on 12 was considered serious (high heterogeneity)

¢ Imprecision was considered serious, considering that studies have wide confidence intervals around the effect. which does not allow a clear

estimate of its magnitude

GRADE: grading of reconmnendations assessment. development and evaluation

Supplementary Table 5. Exploratory analysis of studies with specific populations of patients.

Exploratory analysis Number of n NMBA n control OR (95% CI) p value P Results
studies
included

Entire population of patients 2 55 118 32.4(0.78 — 1343.61) 0.07 84% | NMBA use was not associated with ICU-

with sepsis AW in this population

>50% of patients with sepsis in 7 843 1143 2.47 (1.34 - 4.54) 0.004 78% | In studies that included more than 50% of

the population the patients with sepsis. NMBA use was
associated with an increased incidence of
ICU-AW

Entire population receiving 5 210 118 4.14(1.29 - 13.3) 0.02 30% | In studies that analysed exclusively

corticosteroids patients with concomitant use of
corticosteroids, NMBA use was associated
with an increased incidence of ICU-AW

>50% of patients receiving 8 453 546 2.88 (1.41 —5.85) 0.004 53% | In studies that analysed a population

corticosteroids in the population mostly composed of patients using
corticosteroids, NMBA use was associated
with an increased incidence of ICU-AW

Entire population receiving 5 667 644 1.45 (0.74 —2.88) 0.28 63% | In studies that analysed a population

cisatracurium composed exclusively of patients using
cisatracurium. the use of this NMBA was
not associated with ICU-AW

ICU: intensive care unit: ICU-AW: intensive care unit-acquired weakness: NMBA: neuromuscular blocking agents: OR: odds ratio: I* heterogeneidade.
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NMB Control Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Garnacho-Montero 2001 9 10 41 63 31.7% 4.83 [0.57, 40.63] =
Garnacho-Montero 2005 10 13 24 51 36.4% 3.75[0.92, 15.24] i |
Gupta 2016 36 45 1 55 31.9% 216.00[26.22, 1779.10] E—
Total (95% CI) 68 169 100.0%  14.79 [1.19, 183.84] -
Total events 55 66

ity 2= - Chiz = = = -2 = 829 I f t {
Heterogeneity: Tau? = 4.03; Chi? = 10.96, df =2 (P = 0.004); I> = 82% 0.01 01 1 10 100

Test for overall effect: Z =2.10 (P = 0.04)

Favours NMB Favours Control

Supplementary Figure 1. Forest plot for the effect of NMBA use and the development
of ICU-AW of studies enrolling patients with sepsis. ICU-AW:

acquired weakness; NMBA: neuromuscular blocking agents.

1. Benzyl quinolinic

intensive care unit-

NMB Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 85% CI M-H, Random, 95% CI
Forel 2006 * 1 18 1 18 52% 1.00 [0.086, 17.33)
Gainnier 2004 * 0 28 0 28 Not estimable
Moss 2019™ 234 501 139 505 369% 2.31[1.77,3.00) =
Nunez-Seisdedos 2022 44 61 2 9 12.0% 9.06 [1.71, 48.03)
Papazian 2010 * 28 96 25 77 291% 0.86 [0.45, 1.64) -
Weber-Carstens 2010 14 24 8 16 16.9% 1.40 [0.39, 5.00] R B R
Total (95% Cl) 728 653 100.0% 1.79 [0.90, 3.60] -
Total events 321 175
Heterogeneity: Tau® = 0.32; Chi* = 11.36, df = 4 (P = 0.02); I* = 65% I t t |
Test for overall effect: £Z=1.65 (P =0.10) 0.01 ;Jélcurs NMB1 Favours C:)gm}l 100
2. Amino-steroid
NMB Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 85% CI M-H, Random, 95% CI
Amaya-Villar 2005 4 7 5 14 15.8% 240[0.38, 15.32) —
De Letter 2001 16 34 20 62 33.8% 1.87[0.79, 4.40) T
Douglass 1992 9 22 0 3 7.2% 4.93 [0.23, 106.88) M *
Hund 19897 6 17 1 27 121% 14,18 [1.52, 132.06] . —
Kupfer 1992 7 10 0 18 7.2%  79.29[3.64, 1729.03) _—
Leijten 1996 1 19 719 240% 2.36 [0.64, B.68] B L
Total (95% CI) 109 143 100.0% 3.68 [1.51, 9.00] i
Tolal events 53 33
Heterogeneity: Tau® = 0.42; Chi” = 7.88, df = 5 (P = 0.16); F = 37% :0.01 0=1 H 1=0 100’

Test for overall affect: Z = 2.86 (P = 0.004)

Favours NMB Favours Centrol

Supplementary Figure 2. Forest plot for the effect of benzyl quinolinic and amino-
steroid NMBA use and the development of ICU-AW. ICU-AW: intensive care unit-

acquired weakness; NMBA: neuromuscular blocking agents; *: randomized clinical trial.
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NMB Control Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Adnet 2001 (1) 10 55 1 46 23.2% 10.00 [1.23, 81.40] =
Behbehani 1999 9 30 0 56 16.6% 49.93 [2.78, 895.59] - =
Douglass 1992 9 22 o] 3 153% 4.93 [0.23, 106.88] = >
Kesler 2008 8 57 2 17 28.0% 1.22[0.23, 6.40] o
Leatherman 1996 20 69 0 38 16.9% 31.89 [1.87, 544.08] [ —
Total (95% CI) 233 160 100.0% 7.91 [1.76, 35.66] el
Total events 56 3

- 2 = . Chiz = = = S22 = 480 I } } |
Heterogeneity: Tau? = 1.39; Chi2=7.77, df =4 (P = 0.10); |12 = 48% 0.01 01 1 10 100

Test for overall effect: Z = 2.69 (P = 0.007)

Favours NMB Favours Control

Supplementary Figure 3. Forest plot for the effect of NMBA use and the development

of ICU-AW of studies enrolling patients with severe asthma. ICU-AW: intensive care

unit-acquired weakness; NMBA: neuromuscular blocking agents.
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Supplementary Figure 4. Trial sequential analysis for the RCTs. (A) TSA considering

an increase in the risk for the development of ICU-AW of 20% with NMBA use. (B)

TSA considering an increase in risk for the development of ICU-AW of 40% with

NMBA use. ICU-AW: intensive care unit-acquired weakness; NMBA: neuromuscular

blocking agents; RCTs: randomized clinical trials; TSA: trial sequential analysis.
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CONSIDERACOES FINAIS

Com os dados apresentados nessa tese podemos afirmar que DM, hiperglicemia
de estresse e variabilidade glicémica associaram-se a mortalidade em pacientes
criticamente doentes internados por COVID-19, mas ndo houve relacdo com demais
desfechos clinicos. Mais do que a hiperglicemia de estresse, a presenca de DM associou-
se a mortalidade neste grupo de pacientes. Esses achados sdo contrarios aos encontrados
nos demais pacientes criticamente doentes, onde existe o “paradoxo do DM”, ou seja,
pacientes com DM internados na UTIl ndo apresentam aumento de mortalidade,
provavelmente por adaptacdo a hiperglicemia cronica, a qual seria capaz de gerar um
acondicionamento celular protetor contra o dano mediado pela hiperglicemia aguda
durante a doenca critica.

No que diz respeito ao estudo molecular realizado em bidpsias musculares de
pacientes criticos com e sem DM, ndo foram identificadas mudancas na expressdo dos
genes IRS-1, IRS-2, SLC2A1 e SLC2A4. No entanto, o gene INSR apresentou sua
expressao reduzida em pacientes com hiperglicemia de estresse, sugerindo uma provavel
ligacdo causal entre essa anormalidade e a patogénese da hiperglicemia em doentes
criticamente doentes.

Por fim, a patogénese da FA-UTI € complexa e pouco compreendida. Da mesma
forma, isolar o papel de cada fator de risco que contribui para o seu desenvolvimento é
extremamente dificil. A metanalise parte dessa tese sugere que o uso de blogueadores
neuromusculares pode estar implicado no desenvolvimento de FA-UTI, porém essa
conclusdo deriva de estudos observacionais com alta heterogeneidade. Possivelmente, o
uso de bloqueadores neuromusculares por curtos periodos, especialmente da classe dos

benzis-quinolinicos, parece ser seguro, mas a trial sequential analysis sugere a
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necessidade de mais ensaios clinicos randomizados para responder adequadamente essa
questao.

Os trés estudos apresentados nessa tese trazem contribui¢cdes importantes para o
melhor entendimento do papel da hiperglicemia de estresse e do DM na populacao
especifica de pacientes com COVID-19 e seu comportamento diferente daquele
apresentado pelos demais pacientes criticamente doentes, da relacdo entre o efeito da
hiperglicemia de estresse sobre a expressdo do gene INSR, sugerindo que a hiperglicemia
aguda possa causar danos maiores que as alteracdes metabdlicas crénicas em pacientes
criticos, e da associacdo entre uso de bloqueadores neuromusculares e o desenvolvimento
de FA-UTI, condicdo extremamente frequente, igualmente associada a presenca de
hiperglicemia, e com grande impacto deletério em pacientes criticamente doentes.

Embora estudos clinicos, genéticos e moleculares sejam dificeis de serem
realizados em ambiente de terapia intensiva, eles sdo cada vez mais necessarios, uma vez
que podem contribuir para a compreensdo dos mecanismos fisiopatoldgicos pelos quais
a doenca critica aguda pode levar a danos em longo prazo, permitindo a correcdo de
fatores de risco, a implementacdo de uma medicina de precisao e, consequentemente, a
obtencdo de melhores desfechos nessa populacéo.

Com base na fundamentacdo teérica e nos resultados apresentados nesta tese,
nossos objetivos seguem visando a uma melhor compreensdo dos mecanismos
subjacentes pelos quais a hiperglicemia causa danos ao organismo na fase de injdria
aguda. Com esse intuito, estd em desenvolvimento um novo estudo que se propde a
investigar a relacdo entre hiperglicemia de estresse, inflamacéo e alteragdes na expressao
génica e proteica da musculatura esquelética por meio de técnicas de analises histolégicas
e moleculares do tecido muscular esquelético. Portanto, mantendo a mesma linha de

pesquisa desenvolvida nessa tese, seguiremos investigando de que forma a hiperglicemia,
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as respostas inflamatdrias e as alteracGes genéticas e moleculares no tecido muscular
esquelético podem contribuir em conjunto para a ocorréncia da FA-UTI. Esperamos que
essa abordagem ampla em diferentes dominios (endocrino, metabdlico, inflamatorio,
molecular e genético) aprofunde nosso entendimento sobre a fisiopatologia implicada no
desenvolvimento dessa condicéo tao incidente e catastrofica e possa, eventualmente, levar
a estratégias terapéuticas mais eficazes para prevenir ou tratar os danos musculares em

pacientes criticamente doentes.
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