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RESUMO

A abordagem cientifica atual para a bioengenharia de 6rgaos € baseada na utilizacdo da
matriz extracelular natural do pulméo descelularizado como partida inicial para
posterior reconstrucdo do 6rgao por recelularizacdo em um biorreator. A técnica de
descelularizacdo pode ser realizada por duas vias de perfusdo, uma atraves da traqueia e
a outra pela artéria pulmonar. O objetivo deste estudo foi investigar em um modelo
experimental animal, através da técnica de oclusdo ao final da inspiracdo (OFI) e
equacdo do movimento (EM), o comportamento das propriedades mecénicas elésticas,
viscosas e viscoelasticas de pulmdes descelularizados de camundongos pelos métodos
de perfusdo através da traqueia e da artéria pulmonar. Foram utilizados 30
camundongos machos da raca C57BL/6, com peso de 17-18 g (7-8 semanas de idade),
anestesiados e eutanasiados por exsanguinagdo pela aorta abdominal. O protocolo de
descelularizagdo seguiu as etapas de coleta, limpeza, congelamento e descongelamento,
lavagem com dodecil-sulfato de sédio e tampéo fosfato-salino. Para a realizacdo dos
estudos | e Il, os pulmdes foram divididos em grupo controle (GC = 10), grupo
descelularizacdo pela traqueia (TDG = 10) e grupo descelularizacdo pela artéria
pulmonar (PDG = 10), sendo 5 pulmdes em cada grupo para o estudo | que teve a
andlise através da técnica de OFI e 5 pulmdes em cada grupo para o estudo Il com
analise através da EM. No estudo |, os valores de elastancia estatica (Eest = CG: 226,9
+4,1; PDG: 162,6 + 3,9; TDG: 154,8 + 1,7) e dinamica (Edyn = CG: 240,9 + 6,7; PDG:
176 + 5,4; TDG: 177,6 £ 1,6) foram significativamente menores em TDG e PDG
quando comparados com o CG. J& no estudo Il, o valor da resisténcia pulmonar
apresentado no TDG foi significativamente menor em relacdo aos outros dois grupos (R
= CG: 5,32 £ 0,26; PDG: 5,94 £ 0,24; TDG: 2,85 + 0,14) e o valor da elastancia de CG
apresentou-se maior de forma significativa em comparacdo com a TDG e PDG, e no
PDG a diferenga foi menor significativamente em relagdo a TDG (E = CG: 279 + 13,81;
PDG: 146 = 19,04; TDG: 209,6 + 12,06). Podemos observar gque, quando avaliadas
pelas técnicas de OFI e EM, as duas vias de descelularizacdo foram eficazes na geracao
de um scaffold pulmonar ideal para posterior recelularizacdo. Além disso, a técnica de
descelularizacdo atraves da artéria pulmonar mostrou-se eficaz para a obtencdo de um
scaffold pulmonar em menor periodo de tempo, uma vez que o protocolo pode ser

realizado em um dia, o que facilita o processo de obtencéo de pulmdes funcionais.

Palavras-chave: pulmdes, descelularizacdo, traqueia, artéria pulmonar, mecanica ventilatoria
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ABSTRACT

The actual scientific approach to bioengineering organs is based on the use of natural
extracellular matrix of decellularized lung as initial departure for subsequent
reconstruction of the organ for recellularization in a bioreactor. The decellularization
technique can be performed by two infusion ways, one through the trachea and other by
pulmonary artery. The aim of this studies was to investigate in an experimental animal
model, by the occlusion at the end of inspiration (OEI) and movement equation (ME),
the behavior of the elastic, viscous and viscoelastic mechanical properties, of mice lungs
after the process of decellularization through the trachea and the pulmonary artery.
Were used 30 male mice C57BL/6, weighing 17-18 g (7-8 weeks of age), anesthetized
and euthanized by exsanguination through the abdominal aorta. The decellularization
protocol comprised the following steps: collecting, cleaning, freezing and thawing,
rinsing with sodium dodecyl sulfate and phosphate buffered saline. For the studies | and
I1, the lungs were divided into the control group (GC = 10), the decellularization group
by the trachea (TDG = 10) and the pulmonary artery decellularization group (PDG =
10), 5 lungs in each group for the study I that had the analysis through the technique of
OEI and 5 lungs in each group for the study Il with analysis through the ME. In the
study I, the values of static elastance (Eest = CG: 226.9 + 4.1, PDG: 162.6 + 3.9, TDG:
154.8 + 1.7) and dynamics (Edyn = CG: 240, 9 + 6.7, PDG: 176 + 5.4, TDG: 177.6 £
1.6) were significantly lower in TDG and PDG when compared to CG. In study Il, the
value of lung resistance presented in TDG was significantly lower in relation to the
other two groups (R = CG: 5.32 £ 0.26; PDG: 5.94 + 0.24; TDG: 2.85 £ 0.14) and GC
elastance was significantly higher in comparison with TDG and PDG, and in PDG the
difference was significantly lower in relation to TDG (E = CG: 279 £+ 13.81; PDG: 146
+ 19.04, TDG: 209.6 + 12.06). We can observe in both the two-way decellularization
are effective to provide a scaffold ideal for pulmonary later recellularization when
evaluated by the OEI and ME. Furthermore, the decellularized lungs through the
pulmonary artery may be used to create a pulmonary scaffold in less time, because the
protocol can be performed in a day, which facilitates the process for obtaining
functional lungs scaffolds.

Keywords: lungs, decellularization, trachea, pulmonary artery, mechanical ventilatory
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1. CONTEXTUALIZACAO
1.1. Bioengenharia de 6rgaos

1.1.1 Transplante de érgaos

Doencas respiratorias significantes como a obstrucdo pulmonar crénica,
enfisema, fibrose pulmonar idiopética, hipertensdo arterial pulmonar primaria, doenca
intersticial pulmonar, fibrose cistica ¢ deficiéncia de a-1-antitripsina resultam em danos
pulmonares estruturais irreversiveis, tendo o transplante de pulmdo como a unica
indicacéo terapéutica quando a doenca atinge uma progressdo avancada’.

Infelizmente, o sucesso do transplante pulmonar é limitado, principalmente
devido a escassez do nimero de doadores de 6rgdos e incidéncia de bronquiolite
obliterante, 0 que resulta em uma resposta autoimune provocada pelas disparidades
entre o doador e o0s antigenos do receptor. Além disso, o envelhecimento progressivo da
populacdo aumenta a lista de espera de pacientes com doencas respiratorias graves e
diminui a disponibilidade de doadores?.

Os pacientes gue obtem sucesso na lista e recebem um érgdo do doador, sédo
obrigados a lidar com um tratamento imunossupressor ao longo da vida, além do risco
de rejeicdo cronica e morbimortalidade associada?. O indice de sobrevivéncia de 50%
apos o transplante de pulméo esta confinado a aproximadamente cinco anos?.

As atuais limitacdes em relacdo as doagdes requerem, portanto, estratégias para
aumentar a disponibilidade de 6rgdos para transplante. Neste contexto, a bioengenharia
de pulmdes € considerada uma alternativa terapéutica em potencial, porém as pesquisas
atuais encontram-se em estagios preliminares e esforgos cientificos mais intensos séo

necessarioss.

1.1.2. Técnicas de descelularizacédo pulmonar

A abordagem cientifica atual para a bioengenharia de 6rgdos € baseada na
utilizacdo da matriz extracelular (MEC) natural do pulmao descelularizado como partida
inicial para posterior reconstrucdo do 6rgdo por recelularizacdo em um biorreator. A
técnica de descelularizagdo foi anteriormente utilizada para a engenharia de uma
diversidade de tecidos, incluindo ossos, esdfago, artérias, bexiga, traqueia e coragio**2
e tem sido demonstrada que com a utilizagdo de protocolos adequados, o pulméo pode

ser completamente descelularizado para obter uma MEC intacta'®,



Os tecidos e orgdos sdo formados por células associadas a MEC, que por sua
vez, é sintetizada por células residentes Unicas e especificas do tecido.
Tradicionalmente, os tecidos foram considerados como células apoiadas por um estroma
estatico e em oposicao a esta ideia, a MEC é dinamica, agindo de forma recipocra as
células que a estdo formando®1°,

As células residentes da MEC sdo influenciadas pelas condigdes do
microambiente, tais como a concentracdo de oxigénio do meio, o potencial de
hidrogénio ionte (pH), as forcas mecanicas e a composi¢do bioquimica especifical?.
Estes fatores irdo direcionar o seu perfil genético, o proteoma e a sua funcionalidade.
Por sua vez, as células secretam componentes adequados e moléculas que podem
garantir a sua sobrevivéncia, funcdo e comunicacdo com outras células. Essa interacédo
reciproca assegura a manutencao de um estado de homeostase tecidual’-°.

A permanéncia de componentes da MEC é essencial no processo de
decelularizacdo. Entretanto, ainda € desconhecida qual combinacdo de proteinas deve
permanecer para manter a sinalizacdo para as funcBes celulares. O protocolo de
descelularizacao a ser utilizado, deve a0 mesmo tempo assegurar uma remocao eficaz
da populacdo de células nativas e garantir que todos estes componentes da matriz
tenham uma alteragio minima®.

Os protocolos de descelularizacdo baseiam-se na utilizacdo de diferentes
combinag6es de meios fisicos, ibnicos, quimicos e enzimatico e, diversas constantes de
tempo (horas ou semanas)®®. Além disso, a técnica de descelularizagio pode ser
realizada por duas vias de perfusdo, uma através da traqueia e a outra pela artéria
pulmonar. Estudos recentes demonstraram que controlando a resisténcia vascular
durante e ap06s o processo de descelularizacdo pela artéria pulmonar serd produzido um
scaffold apropriado para futura recelularizacdo. Entretanto ainda ndo foi verificado se ha

diferenca nas propriedades mecanicas pulmonares entre as duas técnicas?!?2.

1.1.3. Avaliacdo do comportamento das propriedades mecanicas
A interpretacdo de varidveis ventilatdrias do sistema respiratorio, como volume,
fluxo e press@o sob condigdes tanto fisioldgicas como patoldgicas, permitem avaliar o

comportamento mecanico do sistema e de seus componentes isoladamente??,



Vaérios estudos com modelos experimentais animais de mecanica pulmonar
mostraram que as propriedades mecanicas do sistema respiratorio podem ser estudadas
sob dois submodelos, pulmao e parede toracica, apresentando um arranjo em paralelo,
uma vez que sdo submetidos a mesma variacdo de volume.

Os tecidos dos pulmdes séo constituidos por fibras elasticas, cartilagens, células
epiteliais e endoteliais, glandulas, nervos, vasos sanguineos e linfaticos com
propriedades elasticas que permitem o retorno do sistema respiratorio a sua forma
original apos sofrer deformagao?.

A relacdo entre volume e pressao independe da velocidade com que o volume é
atingido (fluxo), sdo medidas em condicGes estaticas. A relacdo entre a variacdo de
volume (AV) gasoso mobilizado e a pressdo motriz, diferenga entre as pressdes na

abertura das vias aéreas e no ar ambiente, determina a complacéncia do sistema

AV
Felrs
Pel,rs, representa a pressdo elastica do sistema respiratério. Uma maior Crs indica maior

onde

respiratdrio (Crs), sendo esta, o inverso da elastancia (Ers). Logo, crs =

distensibilidade dos tecidos, assim como, a diminuigéo representa rigidez ou perda de
complacéncia pulmonar, da parede ou ambas?®*.

A complacéncia pulmonar (CL), que avalia a propriedade elastica do pulméo

AV
Pell
entre a pressdo na abertura das vias aéreas (Pao) e a pressdo intrapleural®. A resisténcia

como um todo, é determinada pela equagdo €I = sendo Pel,L, a diferenca

do sistema respiratorio ao fluxo de ar é muito importante na determinacdo do

comportamento mecanico do sistema®®, sendo representada por , _ Pres,rs

Va

Res
onde Pres,rs é a pressao resistiva do sistema.

A Rrs é determinada pela resisténcia das vias aéreas, pela resisténcia a
movimentacdo dos tecidos pulmonares (RL) e pela parede toracica (Rw). A resisténcia
pulmonar é constituida pela resisténcia das vias aéreas, que ¢ a relacdo entre o gradiente
de presséo total ao longo das vias aéreas e o fluxo, e pela resisténcia tecidual (Rti)?.

A resisténcia tecidual é determinada pelas perdas energéticas geradas pela
viscosidade (atrito) pertinente a movimentacdo dos pulmdes e depende da velocidade de
deslocamento do ar, sendo importante na inspiracdo e na expiracdo. Quanto maior a
forca dissipada para vencer a resisténcia ao atrito dos tecidos durante a expiracao,
menor serd a forca elastica disponivel para vencer a resisténcia pulmonar. Em
individuos normais, a resisténcia tissular corresponde a 20% da resisténcia pulmonar,

sendo o restante representado pela resisténcia de vias aéreas?’.



As propriedades viscoelasticas permitem que os tecidos, quando subitamente
deformados e posteriormente submetidos a deformagdo constante, apresentem reducdo
da tensdo (stress relaxation). Esse comportamento & observado tanto em tecido
pulmonar como em parede torécica, permitindo intercimbio de pressdo entre o
componente elastico e resistivo®2°,

Segundo Kochi et al.*, durante uma pausa inspiratoria, a energia potencial
acumulada nos componentes elésticos pode ser dissipada na forma de calor nos
componentes resistivos. Afinal, a dissipacdo de energia por parte dos tecidos

pulmonares ndo cessa nNo mesmo momento em que se interrompe o fluxo?.

1.2. Jutificativa

O scaffold pulmonar deve ser obtido com a preservacdo de sua estrutura e
propriedades mecanicas. No entanto, dados sobre a diferenca entre as vias para a
realizacdo da técnica de descelularizacdo, como traqueia e artéria pulmonar, avaliados
pela oclusdo ao final da inspiracdo e equacdo do movimento sdo atualmente
desconhecidas.

Diante do exposto, este estudo foi dividido em dois momentos para caracterizar
0 comportamento das propriedades mecénicas do pulmédo descelularizado de
camundongos. Inicialmente, foi realizado um estudo que comparou a técnica de
descelularizacdo através da traqueia e da artéria pulmonar com avaliacdo das
propriedades mecanicas pela oclusdo ao final da inspiracédo e das estruturas da via aérea
pela microscopia eletrénica de varredura (MEV). O segundo estudo, determinou a
comparacdo das duas vias de descelularizagdo com avaliagdo das propriedades
mecanicas pela equacdo do movimento. Dessa forma, buscou-se um protocolo e método

de avaliacdo mais eficaz no processo de descelularizagéo.

1.3 HipOteses
A hipétese do estudo é que ndo ha diferenca nas estruturas das vias aéreas e no
comportamento das propriedades mecéanicas de pulmdes de camundongos apés o
processo de descelularizacdo pelos métodos de perfusdo através da traqueia e da artéria

pulmonar.



2. OBJETIVOS
2.1 Objetivo geral

Investigar em um modelo experimental animal, o comportamento das
propriedades mecénicas elasticas, viscosas e viscoelasticas de pulmdes de camundongos
apos o processo de descelularizacdo pelos métodos de perfusdo através da traqueia e da

artéria pulmonar.

2.2 Objetivos Especificos
- Avaliar a resisténcia, a elastancia dindmica e a elastancia estatica pulmonares apos o
processo de descelularizagéo;
- Comparar através da microscopia eletdnica de varredura as estruturas das vias aéreas

dos pulmdes descelularizados.

3. METODOS
3.1. Escopo do estudo

Inicialmente, um primeiro estudo experimental foi realizado para verificar se
existe diferenca nas estruturas de vias aéreas de pulmdes descelularizados pelo
detergente dodecil-sulfato de sddio (SDS) por meio da traqueia e da artéria pulmonar,
avaliados através do método de oclusdo ao final da inspiracdo e MEV (Estudo 1).

Posteriormente, um segundo estudo foi realizado para avaliar as diferengas entre

0S grupos através da equacao do movimento e MEV (Estudo 2).

3.2. Caracterizacao do estudo

Trata-se de um estudo controlado experimental animal, realizado no Laboratério
Experimental de Mecanica Cardiorrespiratoria do Programa de Po6s-Graduacao
Mestrado e Doutorado em Ciéncias da Reabilitacdo da Universidade Nove de Julho
(UNINOVE).

3.3. Caracterizacdo da amostra

Foram utilizados 30 camundongos machos da raca C57BL/6, com peso de 17-18
g e 7-8 semanas de idade, acondicionados no biotério da UNINOVE e mantidos em
ambiente limpo e seco, com luminosidade natural, respeitando o ciclo claro/escuro de

12h, temperatura e umidade relativa do ar adequadas.



A racdo e a 4gua permaneceram ad libitum e monitoramento diario para troca de
palha e &gua, até 0 momento do experimento. Os animais foram distribuidos em grupos,

conforme fluxograma da figura 1.

Pulmdes frescos

(n=30)
\ 4 \ 4 \ 4
Grupo Controle Grupo perfusao pela artéria pulmonar Grupo perfuséo pela traqueia
(n=10) (n=10) (n=10)
Protocolo

descelularizagao

e

Mecénica Pulmonar
Ocluséo (n=15) e
Movimento (n=15)

A 4

Andlise dos dados
(n=230)

Figura 1. Fluxograma dos estudos.

3.4. Aspectos Eticos e Legais.

O protocolo deste estudo foi aprovado pelo Comissdo de Etica no Uso de
Animais (CEUA) da Universidade Nove de Julho (UNINOVE), sob protocolo de
nimero 0038/2011. Foram seguidos os Principios Eticos na Experimentacdo Animal,
editados pelo Colégio Brasileiro de Experimentacdo Animal — COBEA/Junho de 1991

para 0s experimentos a serem realizados no Brasil.



3.5. Protocolo experimental

3.5.1 Descelularizacéao dos pulmdes

Para a obtencao dos pulmdes, os camundongos foram anestesiados com Xilazina
e Quetamina (1 mg/kg, intraperitoneal) e eutanasiados por exsanguinacdo pela aorta
abdominal. O protocolo de descelularizagdo compreendeu as etapas de coleta, limpeza,
congelamento e descongelamento, lavagem com SDS e tampéo fosfato-salino (PBS)
(figura 2)31:%2,

[ Extragdo do pulmao ] [ PBS e agua deionizada ] [ PBS ]
1
l 2 ’ 4
Ciclos de congelamento e [ SDS 1% ]
descongelamento

Figura 2. Processo de descelularizagéo.
Legenda: PBS = tampéo fosfato-salino; SDS = dodecil-sulfato de sddio

O bloco traqueia, es6fago, pulmdes e artéria pulmonar foram retirados e limpos
para a remocao dos tecidos linfaticos e conjuntivos anexos. Os pulmdes foram isolados
e armazenados a -80 °C até que o processo de descelularizagdo fosse iniciado. Os
pulmdes foram, posteriormente, descongelados em banho-maria a 40°C e congelados
rapidamente em gelo seco, seguido por descongelamento. Este processo foi repetido
quatro vezes para induzir o dano celular e facilitar a perda de células.

O grupo descelularizado através da traqueia (n=5) foi perfundido com detergente
PBS 1X através de uma canula pela traqueia sendo injetado por uma seringa de 5ml, até
que se elimine a maior quantidade de células sanguineas. Ap6s o PBS 1X foram
perfundidos com H20 destilada autoclavada através da traqueia. Por ultimo, foram
perfundidos com o SDS 1%.

Os pulmdes foram inseridos em um frasco estéril com SDS 1% e entdo
colocados em agitacdo por 20 horas aproximadamente. No dia seguinte, repetiu-se a
lavagem com os detergentes colocando em novos frascos estéreis com SDS 1% porém

sem a agitacdo durante o0 mesmo periodo.



Na préxima etapa ocorreu a perfusdo do PBS 1X através da traqueia até que se
eliminasse a maior quantidade de detergente restante no pulméo. Ao finalizar os lavados
0s pulmd@es foram colocados em um frasco estéril com PBS 1x em agitacdo por
aproximadamente 20 horas. Apos esse periodo, o lavado com PBS 1X é repetido e os
pulmdes sdo novamente armazenados porém agora sem a agitagéo.

O grupo descelularizado atraves da artéria pulmonar (n=5) teve a canulagdo da
traqueia e da artéria pulmonar conectadas ao sistema experimental adotando a seguinte
sequéncia de meios descelularizantes, perfundidos através da artéria pulmonar, com
uma presséo constante de Ppa=20 cmH20, (1) PBS 1x, durante 30 minutos, (2) agua
deionizada durante 15 minutos, (3) 1% de SDS, durante 150 min e (4) PBS durante 30
minutos. A traqueia canulada foi conectada a um gerador de fluxo continuo de pressdo
positiva nas vias aéreas (CPAP) para fornecer uma pressédo traqueal (transpulmonar) de
10 cmH-0, insuflando os pulmdes a um volume fisioldgico e evitando atelectasias®t. A
figura 3 apresenta um dos pulmdes durante o processo de descelularizacéo.

Durante o processo de extracdo e descelularizagdo ndo houve perda da amostra,

verificado através da andlise da ventilacdo mecanica.

Figura 3. Pulmao durante o processo de descelularizagdo por artéria pulmonar.

3.6. Avaliacdo do processo de descelularizacéo
3.6.1. Avaliacdo da mecanica ventilatoria
A canula traqueal foi conectada a uma extremidade do pneumotacografo para
animais, seguindo recomendacfes de Mortola e Noworaj*® e a outra, ao ventilador
mecanico. Uma das saidas laterais € conectada a um transdutor de pressdo para
mensurar a pressdo traqueal (Ptr), e as outras duas contralaterais, a um transdutor de

diferencial de pressdo para mensurar fluxo das vias aéreas (V’).



Os transdutores de sinais foram conectados a um condicionador de sinais para
captacdo dos sinais através de um microcomputador, utilizando o software Windagq™
2.81 (DATAQ Instruments, Akron, Ohio, USA). O fluxo do ventilador é gerado atraves
de um cilindro de oxigénio comprimido, conectado ao ventilador por um redutor de

fluxo, conforme figura 434+3¢.

1-Cilindro de ar

2 —Valvula redutora de pressio

3 —Ventilador mecénico

4 - Pneumotacdgrafo

5—Canula traqueal

6 — Pulmdes

7 —Transdutor de pressdo (medida de
pressdo traqueal)

8 —Transdutor diferencial de pressio
(medida de fluxo aéreo)

® ® O O

= P o o o

— 9 — Condicionador de sinais (conversor

anélogo-digital)
10 - Microcomputador

Figura 4. Esquema do sistema de ventilacdo mecanica.

3.6.2 Método de oclusao ao final da inspiracao
A mecénica respiratéria foi avaliada pelas propriedades elasticas, viscosas e
viscoelasticas dos pulmdes, analisadas através de parametros obtidos pela ventilagdo
mecénica, utilizando-se o método da oclusdo ao final da inspiracdo, descrito por Bates
et al.". Apos conectar a traqueia ao ventilador, com volume corrente (VC), V’ e pressdo
expiratoria positiva final (PEEP) constantes, os pulmdes foram ventilados, sendo

submetidos a 10 pausas inspiratorias de 6 segundos, para a realizacdo das medidas.
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Conforme a figura 5 ap0s a oclusédo das vias aéreas ao final da inspiracdo, ocorre
uma queda subita da pressdo traqueal (Ptr), da pressdo maxima inicial (Pméx) até um
ponto de inflexdo (Pi), a partir do qual o decaimento da pressdo assume carater mais
lento, atingindo um plat6. Essa fase de plat6 corresponde a presséo de retracdo elastica
dos pulmdes (Pel). A diferenca de pressao (AP1) que caracteriza a queda rapida inicial,

representada pela diferenca entre a Pméax e Pi, corresponde ao componente viscoso.

OCLUSAO DA VALVULA
20 LIBERACAO DA VALVULA

INSPIRAGAD

FLUXO (mi.s")
|
—_—

. aP1
ap2
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|

|

|
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Ptr (cmH;0)
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8
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Figura 5. Curvas de fluxo e presséo traqueal em relacdo ao tempo.

A segunda variacdo de pressao (AP2), representada pela queda lenta, de Pi ao
Pel, reflete a pressdo dissipada para vencer o componente viscoelastico. A soma de AP1
e AP2 fornece a variagdo total de pressdo nos pulmdes (APtot). As elastancias estatica
(Est) e dindmica (Edyn) podem, entdo, ser obtidas dividindo-se Pel e Pi,
respectivamente, pelo volume corrente, sendo AE a diferenga entre Edyn e Est®.

Para obtencdo do Pi, serda utilizado um ajuste ndo-linear para decaimento
exponencial de duas curvas, determinando tempo de queda rapida e lenta, e a partir

deste, o valor da pressdo no momento da passagem de AP1 para AP2.

3.6.3 Equacao do movimento
No inicio do século XX, Rohrer analisou a influéncia dos componentes elastico,
resistivo e inertivo ao estudar os fendémenos fisicos envolvidos no movimento mecéanico

do sistema respiratorio.
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Modelou a equacdo do movimento [equacdo 1] pela soma da Pres, relacionada
com o V’, da pressdo inertiva (Plva), relacionada com a derivada temporal do fluxo e a
Pel, relacionada com o volume (V) acima da capacidade residual funcional (CRF), mais
uma pressdo residual ao final da expiracdo (Po), onde Ptr é a pressdo de abertura da via
aerea, R é a resisténcia, E é a elastancia, In é a inertancia do sistema respiratorio, V’ é

o fluxo e ¢ a derivada temporal do fluxo®.

Ptr:PO+ELXV+RLxV’

3.6.4 Microscopia eletronica de varredura

As amostras dos pulmdes descelularizados foram preparadas para analise em
MEV, seguindo um protocolo padrdo para a preparacdo de amostras de tecido. As
amostras de tecido sdo fixadas com glutaraldeido 2% e paraformaldeido 2,5% em
tampdo cacodilato 0,1 M por 2 horas em temperatura ambiente, em seguida, lavados em
tampdo cacodilato, cortados, e desidratados através de um gradiente de etanol. As
amostras sdo posteriormente desidratadas em hexametildisilizano por 10 minutos e
secas durante a noite, entdo revestidas (sputter coater) com ouro e analisados através do

microscopio eletrénico de varredura.

4. RESULTADOS

Os resultados dos estudos realizados serdo apresentados no formato de artigos
cientificos que foram enviados a publicacdo. O estudo I, intitulado ‘Effects of two
diferent decellularization routes on the mechanical properties of decellularized lungs.’
foi submetido para publicacdo no periddico Plos One e o estudo Il, intitulado “Lung
decellularization by trachea increase resistance in compared to decellularization by
pulmonary artery.” foi submetido para publicacdo no periddico Journal of Tissue

Engineering and Regenerative Medicine.

4.1 Estudo |
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Efeitos de duas diferentes vias de descelularizacdo nas propriedades mecanicas de

pulmdes descelularizados.

4.1.1 Introducéo

Vérias doencas pulmonares resultam em dano pulmonar estrutural irreversivel,
com o transplante de pulmédo como a Unica indicagdo terapéutica quando a progressao
da doenca é avancado®. Considerando o nimero limitado de doadores de pulmio®, o
tecido pulmonar descelularizado demonstrou ser uma alternativa potencial na
engenharia de pulmdes adequados para transplante®4!, Um scaffold adequado para uso
na engenharia de tecidos de pulmdo deve primeiro ser desprovido de células e
componentes celulares antes do processo de recelularizacdo®®*®. No entanto, alguns
protocolos de decelularizacdo tém demonstrado que a auséncia de células pode afetar a
estrutura, composicdo ou as propriedades mecanicas da MEC**, que podem afetar o
processo de recelularizagdo posteriormente.

Os agentes para descelularizacdo de pulmao podem ser aplicados usando duas
diferentes vias de infusdo: a vasculatura pulmonar e as vias aéreas*®. Um estudo anterior
mostrou que o processo de descelularizagdo por ambas as vias ndo induziu quaisquer
diferencas significativas na rigidez local, em micro-escala do pulmé&o descelularizado®’.
No entanto, ndo ha dados disponiveis sobre a forma como as diferentes vias podem
afetar as propriedades mecanicas (principalmente elastancia) de todo o pulmao acelular.

As propriedades mecénicas do pulméo descelularizado sdo importantes em
bioengenharia pulmonar devido a necessidade de ventilar o 6rgéo durante o processo de
recelularizacio®®. Portanto, o objetivo do presente estudo foi comparar a elastancia
estatica e dinamica do pulmdo por meio de duas vias diferentes no processo de

descelularizacdo, a traqueia e a artéria pulmonar.

4.1.2. Métodos

Este estudo foi realizado em pulmdes obtidos de quinze camundongos saudaveis
machos C57BL/6 de 7-8 semanas de idade (17-18 @), seguindo o procedimento
experimental aprovado pela Comissdo de Etica em Uso de Animais da Universidade
Nove de Julho (protocolo nimero 0038/2011).
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Foi realizado em conformidade com as recomendacdes do Guia para o Cuidado
no Uso de Animais em Laboratdrio dos Institutos Nacionais de Saude, onde todas as
cirurgias foram realizadas sob anestesia e todos os esforgos foram feitos para minimizar

o sofrimento.

Os animais foram divididos em trés grupos: decelularizacdo traqueal (TDG, n
5), decelularizacao por perfusdo pela artéria pulmonar (PDG, n = 5) e controle (CG, n =
5), conforme ilustrado na Figura 6. Os camundongos foram anestesiados com uretano
intraperitoneal (1 mg / kg) e sacrificados por exsanguinacgéo através da aorta abdominal.
Imediatamente apds a eutanasia, o diafragma foi retirado e a caixa toracica foi cortada
para revelar os pulmdes. No PDG, a artéria pulmonar foi canulada e os pulmdes foram
perfundidos com PBS contendo 50 U/mL de heparina (Sigma, St. Louis, Missouri,
EUA) e 1 pg/mL de nitroprussiato de sodio (SNP, Fluka, St. Louis, Missouri, EUA)
através do ventriculo direito para prevenir a formacdo de coagulos sanguineos nos
pulmdes. O bloco coragéo, pulmdes e traqueia foram removidos e armazenados em um

congelador a -80 °C até o processo de descelularizacao ser realizado.

Pulmdes ’

(n=15)
Grupo Controle Grupo de perfusdo pela arteria pulmonar; Grupo de perfusao pela traqueia
(n=25) (n=5%) (n=5)
> 4 t N\ Protocolo de
( Mecanica _— | «
"-\ Pulmonar descelularizacao

' Anahsc dos dados
(n~ 15)

Figura 6. Fluxograma do estudo.

O primeiro passo no processo de descelularizagdo do pulmdo envolve
descongelar em banho maria a 37 °C e congela-los novamente a -80 °C. Este ciclo foi
repetido quatro vezes. Apds este primeiro passo, seguiram-se dois processos de
descelularizacao diferentes, dependendo se os pulmdes foram previamente perfundidos

ou nao.
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Os pulmdes sem perfusdo prévia no TDG foram lavados entre 6 e 8 vezes por
instilacdo traqueal com 2 mL de PBS contendo estreptomicina (90 mg / mL), penicilina
(50 U / mL) e anfotericina B (25 mg/mL) até que o liquido extraido dos pulmdes
apresentasse um aspecto transparente. Este passo foi repetido com 2,5 mL de agua
desionizada vérias vezes, e subsequentemente 2,5 mL de SDS a 1%. Os pulmdes foram
mantidos em agitacdo durante 24 horas a temperatura ambiente em um tubo cénico de
poliestireno de 50 mL contendo 20 mL de SDS a 1%. Os pulmdes foram enxaguados
novamente com 2,5 mL de PBS (com os componentes antibidtico/antimicotico acima
descritos) e mantidos em 20 mL de PBS em agitacdo durante 24 horas para terminar o
processo de obtencéo do scaffold pulmonar®.

Os pulmdes do PDG, que foram perfundidos antes da excisao, tinham a traqueia
e a artéria pulmonar canuladaa e colocadaa em um sistema experimental. A traqueia foi
conectada a um dispositivo de pressdo positiva continua nas vias aéreas (CPAP) que foi
ajustado para proporcionar uma presséo traqueal (isto é, transpulmonar) de 10 cmH20
para inflar o pulmdo a um volume fisioldgico numa tentativa de prevenir atelectasia.
Seguiram-se o0s passos de descelularizacdo seguintes através da artéria pulmonar: 1)
PBS 1x durante 30 minutos, 2) dgua desionizada durante 15 minutos, 3) SDS a 1%
durante 150 minutos e 4) PBS durante 30 minutos, a uma pressdo de 20 cmH,0122,

Foi mensurada a elastancia pulmonar para avaliacdo das possiveis alteracoes
induzidas pelo uso de ambos os procedimentos de descelularizacdo nas propriedades
mecanicas de todo o pulmdo. As Edyn e Est foram determinadas nos 15 pulmdes (5 CG,
5 TDG e 5 PDG imediatamente apds decelularizacdo). Para caracterizar a relacdo
pressao-volume sob condi¢Ges mecanicas semelhantes as da respiracao fisiologicamente
normal, os pulmdes foram submetidos a ventilacdo mecanica convencional seguindo um
procedimento descritos em outros artigos®#“84°, Resumidamente, os pulmdes foram
intubados traquealmente, verticalmente suspensos por gravidade e colocados dentro de
uma camara (32 °C e 100% de humidade).

Um pneumotacdgrafo, com um transdutor do diferencial de presséo, foi ligado a
entrada da canula para medir o fluxo traqueal através da deteccdo da queda de pressao.
A pressédo traqueal foi medida ligando um transdutor de pressdao numa entrada lateral
colocada entre o pneumotacografo e a canula. A entrada do pneumotacografo foi entéo
conectada a parte Y de um ventilador mecéanico a volume projetado para ventilagéo

artificial com camundongos.
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Os pulmdes foram submetidos a ventilagdo convencional com um padrdo de
fluxo quase sinusoidal com volume corrente de 10 mL/kg de peso corporal do
camundongo, frequéncia de 100 respiracdes/min e pressdo expiratoria final positiva de 2
cmH20 para neutralizar a auséncia da pressao pleural negativa fisiolégica. Os sinais de
fluxo e de pressdo dos transdutores foram filtrados analogicamente, amostrados e
armazenados para analise subsequente.

As Est e o Edyn foram mensuradas pela ocluséo ao final da inspiragcdo obtida
pressionando o botdo de controle correspondente do ventilador mecanico. Ap6s uma
oclusdo inspiratdria final, a pressdo pulmonar acelular (DP1) diminuiu rapidamente do
valor de pré-oclusdo para o ponto de inflexdo (com pressdo Pi), seguida de um
decaimento da pressao lenta (DP2) até uma pressao de platd (Pel), correspondendo a
pressdo elastica de recuo do pulmdo. Considerando que DP1 estd associada com a
pressdo dissipada contra a resisténcia pulmonar, DP2 reflete as propriedades
viscoelasticas do tecido. Levando-se em conta o valor da pressao pré-inspiratéria (Po), a
Est pulmonar foi calculada como a pressdo de platd ajustada (Pel-Po) registrada apds a
oclusdo de 5 segundos dividida pelo VC. A Edyn foi calculada dividindo a pressao do
ponto de inflexdo ajustada (Pi-Po) pelo VC¥#4° Para cada pulmio nativo e
descelularizado, Est e Edyn foram obtidas com cinco oclusdes ao final das inspiragdes,
em que cada uma foi realizada ap6s 1 minuto de ventilacdo mecéanica normal.

Foram preparadas amostras dos pulmdes descelularizados e do controle para
formacdo de imagens. As amostras para MEV foram fixadas com glutaraldeido a 2% e
paraformaldeido a 2,5% em tampé&o cacodilato 0,1 M (EMD Biosciences, EUA) durante
2 horas a temperatura ambiente, lavadas em tampdo cacodilato e desidratadas através de
um gradiente de etanol. As amostras foram ainda desidratadas em hexametildissilizano
durante 10 minutos e secas de um dia para o outro, revestidas por pulverizacdo com
ouro e analisadas usando o microscopio eletrdnico de varredura Hitachi Analytical
Table Top Microscope TM3000 (Hitachi, Téquio, Japdo), com aceleracdo de 15 kVa.

Apbs o teste de normalidade (teste de Kolmogorov-Smirnov) foi realizado o
teste de homogeinidade das variancias (teste da media de Levene). As comparacdes
entre os valores obtidos para o Est e Edyn entre cada grupo foram realizadas pelo teste
one-way ANOVA e o teste de Tukey-Kramer para comparagcdes multiplas. Os dados
foram apresentados como média + erro padrdo. O valor de p foi considerado

estatisticamente significativo ao nivel de 5%.
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4.1.3. Resultados

Os scaffolds obtidos a partir do procedimento de descelularizagdo pulmonar
(usando a artéria pulmonar e a traqueia) em compara¢do com os pulmdes nativos (grupo
controle) tiveram suas estruturas pulmonares relativamente bem mantidas, como
observado pela MEV (Figura 7).

Pulmdes descelularizados de camundongos

Nativo Arteria pulmonar Traqueia

2mm
S —

Figura 7. Exemplos representativos de imagens MEV comparando se¢Bes de pulmd@es nativos e pulmdes

descelularizados através da artéria pulmonar e da traqueia.

Como mostrado na Figura 8, os valores de elastancia (EST e Edyn) medidos nos
pulmdes acelulares foram muito proximos, independentemente da via no qual foi
realizado o processo de descelularizacdo (Eest = CG: 226,9 * 4,1; PDG: 162,6 + 3,9;
TDG: 154,8 + 1,7, Edyn = CG: 240,9 + 6,7; PDG: 176 £ 5,4; TDG: 177,6 + 1,6), com
valores de elastancia menor do que dos pulmdes nativos, determinado pelo método de

oclusdo da via aérea ao final da inspiragao.
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Figura 8. Mecanica pulmonar. Elastancias (A) estatica (Est) e (B) dinamica (Edyn) em pulmdes nativos e
descelularizados (através da artéria pulmonar e traqueia) determinado pelo método de oclusdo da via
aérea ao final da inspiracdo. Os dados estdo em média £ SE. ***: p <0,01, ou seja houve diferenca

estatistica do grupo controle com os grupos de descelularizacéo.

4.1.4. Discusséo

A criacdo de um scaffold de pulmao acelular adequado para recelularizacdo é um
desafio. As propriedades mecénicas e a estrutura pulmonar ap6s processos de
decelularizacdo sdo parametros criticos susceptiveis ao definir scaffolds
descelularizados ideais. Portanto, foi demonstrado no presente estudo que a aplicagéo de
ambas as vias para decelularizagdo do pulmao, vascular e das vias aéreas, resultou em
uma diminui¢do significativa na elastancia pulmonar, aparentemente, mantendo as

estruturas pulmonares, tais como o septo alveolar e a pleura visceral.
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A abordagem baseada em uso de detergentes € um dos mais utilizados entre 0s
métodos de descelularizacdo pulmonar. Em varios estudos de nosso laboratorio, o
detergente SDS foi perfundido através da traqueia®**®“® e artéria pulmonar?-2247,
resultando em um pulmao acelular com retengdo de componentes da ECM especificas e
a remocdo das células do pulmdo nativo, que determina um processo de
descelularizagéo ideal.

Neste estudo foi utilizado o mesmo protocolo que foi anteriormente aplicada a
descelularizagio de pulmio com SDS através da traqueia® e da artéria pulmonar?.
Ambos o0s protocolos demonstraram preservacdo do septo alveolar e da pleura visceral,
que sdo estruturas pulmonares importantes que determinam os pulmdes descelularizados
ideais, semelhante aos resultados anteriores.

Wang et al.*®, comparou recentemente iguais vias para descelularizacio
pulmonar e demonstrou uma ECM preservada, mas a estrutura das vias aéreas e
arquitetura alveolar dos pulmdes descelularizados foram parcialmente destruidas. Isso
provavelmente ocorreu devido ao elevado fluxo aplicado na artéria pulmonar durante o
processo de descelularizacdo, ao contrario da presséo fisioldgica constante aplicada em
nosso protocolo, que manteve as estruturas pulmonares.

Utilizamos a nossa abordagem experimental para avaliar o comportamento das
propriedades mecénicas pulmonares, que fornecem novos dados sobre a relagcdo entre
Est e Edyn nos pulmdes acelulares ap6s a oclus&o no final da inspiracdo?--3*. Depois de
ambos os protocolos de decelularizacdo pulmonares, TDG e PDG, o sistema
viscoelastico do pulmao acelular foi reduzido em comparagdo com os pulmdes nativos,
isso ocorreu provavelmente devido a eliminagdo de células do pulmao (isto é, do tipo Il
das células epiteliais alveolares), que secretam surfactante pulmonar aumentando assim
a complacéncia pulmonar. Portanto, considerando que nenhum dano foi observado nas
estruturas pulmonares, a alteracdo na viscoelasticidade provavelmente sera restaurada

durante o processo de recelularizacéo, e pesquisas devem ser realizadas neste sentido.

4.1.5. Concluséao

Em conclusdo, ndo foram encontradas diferengcas no comportamento das
propriedades mecanicas e danos na estrutura dos pulmdes descelularizados utilizando a
traqueia e a artéria pulmonar como vias de aplicacdo das solucBes descelularizantes.
Portanto, este estudo fornece informag0es que podem ser relevantes para produzir um

scaffold pulmonar viavel para recelularizagdo e transplante de pulmao futuro.
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4.2. Estudo 11
Descelularizacdo de pulmdes pela tragueia em comparacdo com a artéria

pulmonar.

4.2.1 Introducéo

Desde o primeiro relato de descelularizacdo por perfusdo em coracdol!, muitos
grupos veem buscando estratégias semelhantes em outros 6rgdos, como pulmio* e
figado®, tornando a engenharia de tecidos uma area de investigacdo intensa para criagio
de Orgdos aptos a receber células tronco.

O processo de descelularizagdo de pulmdes busca remover as células e materiais
celulares, mantendo uma estrutura 3D intacta composta de MEC, preservando as vias
aereas nativas e estrutura vascular e fornecendo assim uma matriz acelular funcional
para recelularizacdo com células tronco®?.

Um grande desafio com a preparacdo de 6rgdos descelularizados € conseguir a
consisténcia do produto final, em termos de composicdo e propriedades mecanicas.
Devido a isso, uma série de protocolos veem sendo desenvolvidos e comparados, a fim
de se obter um modelo ideal para a obtencdo de scaffolds®.

Dentro dos protocolos de descelularizacdo pulmonar é possivel observar duas
rotas de perfusdo, uma através da traqueia e a outra pela artéria pulmonar. Para avaliar
as diferencas desses dois métodos deve-se observar as propriedades mecanicas dos
pulmdes, o que é de importancia também para futura recelularizacio*®*’. Por isso, o
objetivo desse estudo é comparar a resisténcia e a elastancia obtidas pela equacdo do

movimento, de pulmdes descelularizados por duas vias, traqueia e artéria pulmonar.

4.2.2. Métodos

Todos os procedimentos deste estudo seguiram as recomendac6es do Guia para
o Cuidado e Uso de Animais de Laboratdrio dos Institutos Nacionais de Saude e foram
aprovados pela Comisséo de Etica em Uso de Animais da Universidade Nove de Julho
(protocolo nimero 0038/2011).

Este estudo foi realizado em pulmdes obtidos de quinze camundongos saudaveis
machos C57BL/6 de 7-8 semanas de idade (17-18 g), divididos em trés grupos:
decelularizacéo traqueal (TDG, n = 5), decelularizacdo da perfuséo da artéria pulmonar
(n=5), e controle (CG, n=5).
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Os camundongos foram anestesiados com uretano intraperitoneal (1 mg/kg) e
sacrificados por exsanguinacdo atraves da aorta abdominal. Imediatamente apds a
eutandsia, os procedimentos foram iniciados para prevenir a formacdo de coagulos
sanguineos nos pulmdes, como previamente descrito por Melo et al.*’. O coracio, os
pulmdes e a traqueia foram dissecados e removidos em bloco, e armazenados em um
congelador a -80 °C até o processo de descelularizacéo ser realizado.

Ambos os protocolos de decelularizacdo compreendem as etapas de coleta,
limpeza, congelamento e descongelamento, e lavagem com dodecil sulfato de sdédio
(SDS; Sigma-Aldrich, St. Louis, Missouri, EUA) e tampéo fosfato salino (PBS; Sigma-
Aldrich, St. Louis, Missouri, EUA).

Os pulmd@es do TDG foram perfundidos com detergentes bioldgicos através de
uma canula na traqueia, inseridos por uma seringa de 5 ml, até que todas as células
sanguineas fossem eliminadas, de acordo com o protocolo descrito por Nonaka et al.*°.

O PDG tiveram artérias pulmonares e traqueias canuladas e conectadas a um
sistema experimental descrito por Palma et al.?!, e 0 meio decelularizante foi perfundido
através da artéria pulmonar com uma pressdo constante de 20 cmH.O.

A mecénica ventilatdria foi analisada com os valores de elastancia e resisténcia
obtidos pela equacdo de movimento. Para isso, a canula traqueal foi conectada a um
pneumotacdgrafo® que, por sua vez, estava ligado a um ventilador mecanico. Uma das
saidas foi conectada a um transdutor de pressdo para medir a Ptr, e as outras duas saidas
contralaterais a um transdutor de pressdo diferencial para medir o V.

Os transdutores de pressdo foram conectados a um condicionador de sinal para
gravacdo de sinais com um microcomputador usando o software WindaqTM 2,81
(DATAQ Instruments, Akron, Ohio, EUA). O fluxo do ventilador foi gerado usando um
cilindro de oxigénio comprimido conectado a um redutor de fluxo?*.

A equacdo do movimento [equacdo 1] foi obtida pela soma da Pres, relacionada
com o V’, da pressdo inertiva (Plva), relacionada com a derivada temporal do fluxo e a
Pel, relacionada com o volume (V) acima da capacidade residual funcional (CRF), mais
uma presséo residual ao final da expiragdo (Po), onde Ptr é a pressdo de abertura da via
aérea, R é a resisténcia, E é a elastancia, In é a inertancia do sistema respiratério, V’ é

o fluxo e ¢ a derivada temporal do fluxo®.

P.=P, + ELxV+R xV
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Apdbs o teste de normalidade (teste de Shapiro-Wilk) foi realizado o teste de
homogeinidade das variancias (teste da média de Levene). As comparagdes entre 0s
valores obtidos para 0 R e E entre cada grupo foram realizadas pelo teste one-way
ANOVA e o teste de Tukey-Kramer para comparacbes multiplas. Os dados foram
apresentados como média £ erro padrdo. O valor de p foi considerado estatisticamente

significativo ao nivel de 5%.

4.2.3. Resultados

O valor da resisténcia pulmonar apresentado no TDG foi significativamente
menor em relagdo aos outros dois grupos (R = CG: 5,32 = 0,26; PDG: 5,94 + 0,24,
TDG: 2,85 £ 0,14). Ja o valor da elastancia de CG apresentou-se maior de forma
significativa em comparacdo com a TDG e PDG, e no PDG a diferenca foi menor
significativamente em relacdo a TDG (E = CG: 279 + 13,81; PDG: 146 + 19,04; TDG:
209,6 = 12,06).

ERE

Controle Traqueia Arteria pulmonar

400+
E
= 3004
: —
5
g 200-
W 100
0 T
Contrale Traqueia Arteria pulmonar

Figura 9. Elastancia (E) e resisténcia (R) calculadas a partir da equagdo do movimento durante a
ventilagdo mecénica convencional. *p<0,05, ou seja houve diferenca estatistica entre 0 grupo artéria
pulmonar e o grupo traqueia; ***p<0,001, ou seja houve diferenca estatitica do grupo traqueia em relagéo

aos grupos controle e arteria para R e do grupo controle com os grupos de descelularizacdo para E.
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4.2.4. Discusséo

A busca por protocolos apropriados para o processo de descelularizagéo tornou-
se constante, uma vez que a recelularizacdo subsequente depende de propriedades
mecanicas adequadas e estruturas pulmonares intactas ap6s a descelularizacao. Portanto,
este estudo demonstrou que as vias da artéria e traqueia pulmonares sdo adequadas para
a descelularizacdo, uma vez que apresentaram diferencas significativas esperadas na
resisténcia e elastancia para cria¢do do scaffold pulmonar.

Detergentes mais comuns utilizados no processo de descelularizagcéo séo o SDS,
desoxicolato de sodio e Triton X-200. O SDS, em comparacdo com outros detergentes,
remove melhor os residuos nucleares e a proteina citoplasmatica e embora possa
desestruturar o tecido nativo ndo promove a remogéo de tecido de colageno®®>2,

Ott et al*® desenvolveram, para descelularizagdo de pulmdes de ratos, um
sistema de perfusdo arterial pulmonar utilizando um protocolo com 0,1% de SDS e
aplicando uma pressao de perfusdo fisioldgica no tecido pulmonar. O processo resultou
em estruturas com vasculatura intacta, vias aéreas e alvéolos acelular. Nesta
concentracdo de SDS (0,1%), residuos nucleares foram encontrados em anéis
cartilaginosos da traqueia e embora em concentracdes mais elevadas de SDS (0,5%)
produziu a descelularizacdo completa dos anéis, houve diminuicdo da arquitetura de
membrana em pequenos septos alveolares e vasos . Portanto, SDS a 0,1% foi usada para
experiéncias subsequentes.

Price et al** utilizaram duas vias de perfusdo para descelularizacio de pulmdes
de camundongos, com &gua destilada, Triton X-100 e SDS para remover 0 material
celular. A infusdo de solucdes através da traqueia e do ventriculo direito mostrou uma
descelularizacdo mais completa do que por uma via independente. Depois da
descelularizacdo os pulmdes foram ventilados de modo a avaliar os efeitos sobre a
estrutura da MEC. Apos avaliacdo da matriz dos pulmdes, incluindo colageno e elastina
estavam intactos. Esses dados conferem aos encontrados em estudos anteriores
realizados pelo nosso grupo®**° e também por Ott et al*°, uma vez que a mecanica foi
avaliada.

Neste estudo a elastancia no TDG apresentou-se maior que no PDG, isso pode
ser explicado pela via de introducdo do detergente, onde pela artéria pulmonar, como
apresentado em Palma et al?! ha extravasamento do liquido da artéria para os alvéolos,
desta forma acreditamos que ha perda de elastina, porém sem influéncia na mecanica

ventilatéria e na estrutura.
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Outra alteracdo demonstrada pela via de administragdo do detergente seria a
resisténcia, que apresentou-se menor no TDG, j& que o detergente foi inserido pela
traqueia a prépria pode ter sido descelularizada durante o procedimento.

4.2.5. Concluséo

Com este estudo pode ser concluido que ambas as vias de decelularizacdo sdo
eficazes para proporcionar um scaffold pulmonar ideal para posterior recelularizacéo,
quando avaliadas pela equacdo do movimento. Isto também demonstra que a técnica de
descelularizacao através da artéria pulmonar pode ser utilizada para criar um scaffold

pulmonar em menos tempo, uma vez que o protocolo pode ser realizado em um dia.
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5. CONSIDERACOES FINAIS

Como apresentado, a bioengenharia de 6rgdos é uma area cientifica em
crescimento com questdes fundamentais ainda em aberto. A descelularizagdo pulmonar
para a obtencdo de uma MEC intacta é o primeiro passo para futura recelularizacdo e
por isso existe a necessidade de protocolos automatizados que beneficiem o processo,
deixando-o mais rapido no preparo de scaffolds pulmonares.

A analise do comportamento das propriedades mecénicas elasticas, viscosas e
viscoelasticas dos pulmdes através da equacdo do movimento e da oclusdo ao final da
inspiracdo, ap0s o processo de descelularizacdo pelos métodos de perfusdo através da
traqueia e da artéria pulmonar, apresenta a qualidade dos protocolos realizados, além de
comparar as duas vias para futura recelularizacao.

O presente estudo contribui em dois momentos, primeiro na avaliacdo das
propriedades mecanicas elastancia estatica e dindmica pulmonar obtidas através da
técnica de oclusdo ao final da inspiracdo, ap6s o processo de descelularizacdo pela
traqueia e a artéria pulmonar. Em seguida, no segundo momento, na avaliacdo da
resisténcia e da elastancia pulmonar obtidas pela equacdo do movimento, também apds
a descelularizacdo pela traqueia e artéria pulmonar. Pode-se observar, em ambos
estudos, que as duas vias de decelularizacdo sdo eficazes para a geracdo de um scaffold
pulmonar ideal para posterior recelularizacdo, quando avaliadas pela oclusédo ao final da
inspiragéo e equacdo do movimento.

Quando comparamos as estruturas das vias aéreas dos pulmdes descelularizados
também foi possivel demonstrar que a técnica de descelularizacdo através da artéria
pulmonar pode ser utilizada para criar um scaffold pulmonar viavel em menor periodo
de tempo, uma vez que o protocolo pode ser realizado em um dia, 0 que facilita o

processo na obtencédo de pulmdes funcionais.
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deceliularization of the TDG and PDG. In conclusion, was demonstrated that no
significant dffersnce In tha bahaviour of mechanical propertias and axtraceliular matrx
of the deceuiarnzed lungs by using two diferent routes through the trachaa and
puknanaey urtery.
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Abstract

Considening the limited number of available lung donors. lung bioengmeermg using whole lung
scaffolds has been proposed as an alternative approach to obtamn lungs switable for
transplantation. However, some decellularization protocols c¢an cause alterations on the
structure, composition. or mechanical properties of the lung extracellular matrix. Therefore. the
aim of this study was to compare the acellular lung mechanical properties when using two
different routes through the trachea and pulmonary artery for the decellularization process. This
study was performed by using the lungs excised from 15 healthy male C37BL/6 mice, which
were divided into 3 groups: tracheal decellularization (TDG). perfusion decellularization (PDG).
and control groups (CG), Both decellulanized groups were subjected to decellulanzation
protocol with a solution of 1% sodium dodecyl sulfate. The behaviour of mechanical properties
of the acellular lungs were measured after decellularization process. Static (Est) and dynamic
(Edyn) elastances were obtained by the end-inspiratory occlusion method. TDG and PDG
showed reduced Est and Edyn elastances after lung decellulanizanon. Scanning electron
microscopy showed no structural changes after lung decellularization of the TDG and PDG. In
conclusion. was demonstrated that no significant difference in the behaviour of mechanical
properties and extracellular matrix of the decellulanzed lungs by using two different routes
through the trachea and pulmonary artery.

Key words: extraceliular matnx, mechanical properties, decellulanzation, lungs. elastance.
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Introduction

Several lung diseases result in nreversible structural lung damage. with lung
transplantation as the only therapeutic indication when the progression of the disease is
advanced [1]. Considering the limited number of lung donors [2]. decellularized lung tissue has
been shown to be a potential alternative in engineering whole lungs suitable for transplantation
[3.4]. A scaffold suitable for use i whole lung tissue engineering must first be devoid of cells
and cell components before reseeding [5.6], However. some decellularization protocols have
demonstrated that the absence of cells can affect the structure. composition. or mechanical
properties of the lung extracellular matrix (ECM) [7.8]. which can affect the recellularization
process,

The agents for lung decellulanization can be applied by usmg two different infusion
routes: the pulmonary vasculature and the airway tree [9]. A previous study from our group
demonstrated that decellularization process by both routes did not induce any significant
differences in the micro-scale local stiffness of the decellularized lung [10]. However. no data
are available on how the different routes affect the bulk mechanical properties (mainly
elastance) of the whole acellular lung. The mechanical properties of the decellularized hung are
important in lung bioengineering becanse the need of ventilating the organ during the
recellulanization process [11].

Therefore. the aim of the present study was to compare the lung static and dynamic
elastances by using two different routes through the trachea and pulmonary artery in the

decellulanization process.

37



81

82

83

85

86

87

91

92

93

95

97

98

100

101

102

103

104

105

106

Materials and Methods

Animals and lung extraction

This study was performed on lungs excised from fifteen 7-8 week old (17-18 g)
C57BL/6 male healthy mice, following experimental procedure approved by the Ethical
Commnuttee for Ammal Research of the Umiversidade Nove de Julho (protocol number
0038/2011). Was carried out in strict accordance with the recommendations m the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health and all surgery was
performed under anesthesia. and all efforts were made to minimize suffering. The animals were
divided into three groups: tracheal decellularization (TDG. n = 5), pulmonary artery perfusion
decellularization (PDG, n = 5), and conirol (CG. n = 5). as shown m Fig 1. The mice were
anesthetized with intraperitoneal urethane (1 mg/kg). hepannized (250 U/kg). and sacrificed by
exsanguination through the abdonunal aorta. Immediately after enthanasia. the diaphragm was
punctured, and the rib cage was cut to reveal the lungs. In the PDG. the pulmonary artery was
cannulated, and the lungs were perfused with phosphate-buffered saline PBS containing
50 U/mL heparin (Sigma, St. Louis, Missouri, EUA) and 1 pg/mL sodium nitroprusside (SNP.
Fluka. St. Lows. Missouri. EUA) via the right ventricle to prevent blood clot formation in the
lungs. Finally. the heart. lungs. and trachea were dissected and removed en bloc. and stored in a

—80 °C freezer until the decellularization process was performed.

Figure 1. Flowchart of the study.

Lung decellularization

The first step in the lung decellulanization process involves thawing the lungs in a water
bath at 37 °C and freezing them again at —80 °C: this cycle was repeated four times. After this
first step. two different decellulanzation procedures followed. depending on whether the lungs

were previously perfused or not.
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The excised lungs without previous perfusion in the TDG were washed 6-8 times by
tracheal mstillation of 2 mL PBS containing streptomycin (90 mg/mL). penicillin (50 U/mL).
and amphotericin B (25 mg/mL) uatil the liquid extracted from the lungs had a transparent
appearance. This step was repeated with 2.5 ml de-ionized water several times. and
subsequently treated with tracheal instillation of 2.5 mL 1% sodium dodecylsulfate (SDS)
detergent. The lungs were subsequently kept in agitation for 24 h at room temperature in a 50-
mL polystyrene conical tube with 20 mL of 1% SDS. The lungs were rinsed again with 2.5 mL
PBS (with the antibiotic/antimycotic components described above) and maintained in 20 mL
PBS m agitation for 24 h to fimsh the process for obtaming acellular lung scaffolds [12].

The PDG lungs. wherein the lungs were perfused before excision, had the trachea and
pulmonary artery cannulated and placed into the experimental system: the trachea was
cannulated and connected to a confinuous positive auway pressure (CPAP) device that was set
to provide a tracheal (ie.. transpulmonary) pressure of 10 cmH;O to inflate the lung at a
physiological volume in an attempt to prevent atelectasis. The following decellularizing steps
were followed through the pulmonary artery: 1) PBS 1+ for 30 min. 2) deionized water for

15 mun, 3) 1% SDS for 150 nun. and 4) PBS for 30 nun. at a pressure of 20 cm H,O [13.14]
Assessment of lung elastance

We measured lung elastance to assess the potential changes induced by using both
decellulanizanon procedures on the mechanical properties of the whole lungs. Dynamic (Egy)
and static (Eq) lung e¢lastances were determuned i the 15 lungs (3 CG. 5§ TDG. and 5 PDG
immediately after decellularization). To characterize the pressure-volume relationship under
mechanical conditions similar to those in physiologically normal breathing. the hmgs were
subjected to conventional mechanical vennlation following a procedure descnibed i detail
elsewhere [12.15.16]. Briefly. the lungs were tracheally intubated. vertically suspended by
gravity. and placed within a chamber (32 °C and 100% hunudity), A pneumotachograph was
connected to the cannula inlet to measure tracheal flow by sensing the presswre drop across the

preumotachograph with a differential pressure transducer. Tracheal pressure was measured by
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connecting a pressure transducer on a side port placed between the pneumotachograph and
cannula. The pneumotacograph nlet was then connected to the Y piece of a volumetric
mechanical ventilator designed for artificial rodent ventilation [17]. The lungs were subjected to
conventional ventilation with a quasi-sinusoidal flow pattern with 10-mIL/kg udal volume of
mouse body weight. 100-breaths/min frequency. and 2-cm H;O positive end expiratory
pressure, to counteract the absence of the physiological negative pleural pressure at rest. Flow
and pressure signals from the transducers were analogically low-pass filtered. sampled. and
stored for subsequent analysis.

The E, and Egp, were measured by using end-inspiratory airway occlusions achieved by
pushing the corresponding control button of the mechanical ventilator. After an end-inspiratory
occlusion, acellular lung pressure (DP1) rapidly decreased from the pre-occlusion value fo
inflection point (with pressure Pi), followed by a slow pressure decay (DP2) until a plateau
pressure (Pel). corresponding to the ¢lastic recoil pressure of the lung 1s reached. Whereas DP1
1s associated with pressure dissipated aganst pulmonary resistance. DP2 reflects tissue
viscoelastic properties or pendelluft. Taking mto account the value of pre-inspiratory pressure
(Po). lung Est was computed as the adjusted platean pressure (Pel-Po) recorded after S-s
occlusion divided by the tidal volume. Es, was computed by dividing the adjusted inflection
point pressure (Pi—Po) by the tidal volume [13.15.16). For each native and decellularized lung,
E. and Egy, were obtained as the means from five end-inspiratory occlusions, wherein each one

was performed after 1-min normal mechanical ventilation.

Scanning electron microscopy (SEM)

Slices of the decellularized lungs and control were prepared for imaging. The samples
for SEM were fixed with 2% glutaraldehvde and 2.5% paraformaldehyde in 0.1-M cacodylate
buffer (EMD Biosciences. USA) for 2 h at room temperature. rinsed in cacodylate buffer. and

dehydrated through an ethanol gradient. The samples were further dehvdrated in
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hexamethyldisilizane for 10 min and dried overmight. sputter-coated with gold. and analyzed by
using the scanning electron microscope Hitachi Analytical Table Top Microscope TM3I000

(Hitachi, Tokyo, Japan), with 15-kVa acceleration.

Statistical analysis

After applied normality test (Kolmogorov—Smirnov test). homogeneity test of variance
(average test Levene) was performed, Comparisons between the values obtained for Est and Eyy
measured in between each group were camried out by one-way analysis of variance and Tukey-
Kramer test for multuple comparisons. Data are shown as mean+SE. The p value was considered

statistically significant at a 5% level.

Results

Scaffolds obtamed from lung decellulanzation procedure (by using the pulmonary
artery and trachea) compared with native lungs showed that the lung structures were relatively

well maintamed m all groups. as observed by SEM (Fig 2),

Figure 2. Representative examples of SEM images comparing sections of native and

decellularized lungs (through pulmonar artery and trachea).

As shown mn Fig 3. the lung elastance values (Ey and Ege) measured mn the acellular
lungs were very close regardless decellulanization was carried out through the pulmonary artery
of the trachea (E,y = CG:226.9=4.1; PDG:162.6=3.9:.TDG:154.8+1.7, Egyy = CG:240.926.7;
PDG:176=54.TDG: 177.651.6), with these elastance values being lower than those

corresponding to the native lung, determined by the end-inspiratory amrway occlusion method.
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Figure 3. Lungs Mechanics. (A) Static (Est) and (B) Dynamic (Edyn) elastances in native
and decellularized lungs (through pulmonar artery and trachea) determined by the end-

inspiratory airway occlusion method. Data are mean = SE. **% p< 0,01,

Discussion

Creating an acellular lung scaffold that is a suitable substrate for recellularization is
known to be challenging, The mechanical properties and lung structure after decellulanzation
processes are likely cnrical parameters when defining optimal decellularized scaffolds.
Therefore, we demonstrate in the present study that applving both routes for hmg
decellularization. vascular and airway. resulted in a sigmficant decrease in lung elastance,
apparently maimntaming pulmonary structures such as the alveolar septum and visceral pleura.

The detergent-based approach 1s one of the most frequently used among the methods for
lung decellulanzation. In several studies from our laboratory. we perfused the SDS detergent
through the trachea [12,15,16] and pulmonary artery [10,13.14], which resulted i an acellular
lung with retention of specific ECM components and native cell population removal, which
deternunes an optimal decellularization process. In this study we used the same protocol that
was previously applied to lung decellulanization with SDS through the trachea [12] and
pulmonary artery [13], Both protocols demonstrated preserved alveolar seprum and visceral
pleura, which are important pulmonary structures that determine optimum decellulanized lungs.,
similar to the previous results. Wang et al.. 2016 [9]. recently compared the same routes for
Jung decellulanzation. the trachea and pulmonary artery, and demonstrated preserved ECM. but
the amrway structure and alveoli architecture of the pulmonary decellulanized lung was partiaily
destroyed. This probably occwrred because of the high flow applied in the pulmonary artery
during the decellulanization process, unlike the constant physiological pressure applied in our

protocol. which mamtained the lung structures.
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We used our experimental approach to measure the lung mechanical properties, which
would provide novel data on the relationship between E, and Ea, elastances measured in the
acellular lungs after end-inspiratory occlusion [12.13]. After both lung decellulanzation
protocols, TDG and PDG, the wviscoelastic system from the acellular lung was reduced
compared with the native lungs, which was probably due 1o the elimmnanon of lung cells (1.e.,
type II alveolar epithelial cells). which secrete hmg surfactant thereby increasing hing
complhiance. Therefore. considering that no damage was observed on the lung structures, this
alteration in viscoelasticity will probably be restored dunng the repopulation process. and future
research should be conducted in this regard.

In conclusion. we have demonstrated that no differences were found in the behavior of
mechanical properties and structure damage of the decellularized lungs by using the trachea and
pulmonary artery routes through to apply the decellularizing solutions. Therefore. this study
provides mnformation that could be relevant to produce a viable lung scaffolds for cell

repopulation and future lung transplantation,
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ABSTRACT

Since the first report of successful heart perfusion-decellularization i 2008, many
groups have sought to reproduce the results in other organs, focusing fissue engineering
research on the creaton of scaffolds able to support stem cells. The lung
decellulanization process aims to remove cells and cellular material while maintaining
an intact extracellular matnx 3D structure for recellulanzation. The aim of this study
was to compare the behavior of resistance and clastance, obtained by the movement
cquation. of lungs decellulanzed by two different routes: tracheal and pulmonary artery.
This study was performed on lungs excised from 15 C57BL/6 male. healthy mice.
which were divided into three groups: tracheal decellulanization (TDG), pulmonary
artery perfusion decellularization (PDG). and control (CG). For both techniques. the
decellulanization protocols comprised collection. cleaning. freezing and thawing, and
washing with sodium dodecyl sulfate and phosphate buffered saline. Ventilatory
mechanics were analyzed using the equation of motion. The lung resistance measured i
the TDG was significantly lower than that of the other two groups (CG: 5.32 = 0.26.
PDG: 5.94 = 0.24, and TDG: 2.85 = 0.14). The clastance value of CG was higher than
that of the TDG and PDG. and the PDG showed lower elastance than the TDG (CG:
279 =13.81. PDG: 146 = 19.04. and TDG: 209.6 = 12.06). It can be concluded that both
decellulanzation routes are effective for provision of an ideal lung scaffold. and the
decellularization techmque via the pulmonary artery may be used to give a lung scaffold

in less time.

Key words: decellularization, tracheal, pulmonary artery. ling, mechanical properties.

movement equation
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1. Introduction

Sine the first report of perfusion-decellulanzation of hearts (O et al. 2008).
many groups have undertaken sunilar strategies using other organs. mcluding lungs
(Price et al. 2010) and livers (Uygun et al, 2010), making tissue engineering an intense

area of research for the creation of scaffolds able to receive stem cells.

The lung decellularization process aims to remove cells and cellular material
while mamtainng an mtact 3D structure of the extracellular mamix (ECM) which
preserves the native airways and vascular structure and provides a functional acellular

matrix for recellularization with stem cells (Wagner et al, 2013),

A grear challenge in preparing decellularized organs 1s 1o achieve the ideal
scaffold in terms of mechanical properties. Therefore. a number of protocols have been

developed and compared in order to identify the best techmque (Pnice et al, 2015).

Among the pulmonary decellularization protocols there are two perfusion routes
described: one via the rrachea and the other through the pulmonary artery. To evaluate
the differences between these two methods it Is necessary to evaluate the behavior of
mechanical properties of the lungs. which are unportant for future recellulanzation
(Wang et al. 2016; Melo et al, 2014). Therefore. the aim of this study was to compare
the resistance and elastance, obtamed by the movement equaton. of lungs

decellularized by two routes, the trachea and the pulmonary artery.

http://mc.manuscriptcentral.com/term
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2. Materials and methods
All study procedures followed the recommendations in the Guide for the Care

and Use of Laboratory Animals of the Natnonal Institutes of Health and were approved
by the Ethical Committee for Animal Research of the Umiversidade Nove de Julho
(protocol number 0038/2011).

This study was perfonmed on hungs excised from fifteen 7-8-weck-old (17-18 g)
C57BL/6 male healthy mice, divided into three groups: tracheal decellulanzation (TDG.
n = 3), pulmonary artery perfusion decellularization (PDG, n = 5), and control (CG. n=
5).

The mice were anesthetized with intraperitoneal urethane (1 mg’kg), hepanmized
(250 U/kg). and sacnficed by exsanguination through the abdominal aorma. Immediately
after euthanasia, procedures were mitiated to prevent blood clor formation in the hwgs,
as previously described by Melo et al (2014). The heart. lungs. and wachea were
dissected and removed mn bloc, and stored n a —80 °C freezer until the decellularization
process was performed.

Both decellulanizanon protocols comprised the following steps: collection.
cleaning. freezing and thawing. and washing with sodnun dodecyl sulfate (SDS: Sigma-
Aldrich. St. Lows. Missouri, EUA) and phosphate buffered saline (PBS: Sigma-Aldnich.

St. Lows, Missoun, EUA).

TDG lungs were perfused with biological detergents through a cannula into the
trachea. mjected vsing a 5 ml syringe. until all blood cells were eliminated. according

the protocol described by Nonaka et al. (2014).

http://imc.manuscriptcentral.com/term
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PDG tracheas and pulmonary arteries were cannulated and connected to an
experimental system described by Palma et al, (2015), and decellularizing media was

perfused through the pulmonary artery with a constant pressure of 20 ¢cm H,O.

Ventlatory mechanics were analyzed using the elastance and resistance values
acquired using the equation of motion. For this. the tracheal cannula was connected 1o a
pneumotachograph (Mortola and Noworaj, 1983) which in tum was connected to a
mechanical ventilator. One of the outputs was connected to a pressure transducer to
measure the tracheal pressure (Ptr), and the other two contralateral outputs were

connected to a differential pressure transducer to measure airway flow (V')

The pressure transducers were connected to a signal conditioner for recording
signals with a microcomputer using WindaqTM 2.81 software (DATAQ Instruments,
Akron. Olio, USA). The flow from the ventilator was generated using a compressed

oxygen cylinder connected to a flow reducer (Palma. 2015).

The equation of motion [equation 1] was modeled by the sum of the resistive
pressure related to the flow (V") of the inertance pressure, with the time derivative of
the flow and the elastic pressure, and volume (V) above the functional residual capacity
plus a residual pressure at the end of expiration (P,). Py, is the airway opening pressire,
Ry 1s the resistance and E; is the elastance of the lungs. In is the inertance the

respiratory system, V' is the flow and s the time derivatve of the flow (Mead. 1961).

Pe=Ps+EL x V+ Ry x V' [1]
After a normality test (Shapiro-Wilk test) was applied. and the homogeneity test
of vanance (average test Levene) was performed. Comparisons between the values

obtained for Ry and E; measured from each group were performed by one-way analysis

http://mc.manuscriptcentral.com/term
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of vanance and Tukey-Kramer test for multiple comparisons. Data are shown as mean =

SE. The p value was considered statistically sigmificant at a 5% level.

3. Results and discussion

The lung resistance (R) value measured in the TDG was sigmificantly lower than
that of the other two groups (R = CG: 5.32 = 0.26, PDG: 5.94 = 0.24, and TDG: 2.85 =
0.14). Although the ¢lastance (E) value of CG was high compared to that of the TDG
and PDG. the PDG showed lower elastance compared to the TDG (E = CG: 279 =

[3.81. PDG: 146 = 19.04, and TDG: 209.6 = 12.06). Data are shown in figure 1.
Insert figure L.

The search for appropriate protocols for the decellulanzation process is
constantly ongoing, smce the subsequent recellularization depends on adequare
mechanical properties and pulmonary structures after decellularization process.
Therefore. this study demonstrated that the pulmonary artery and tracheal perfusion
routes are suitable for decellularizauon lungs, smce they presented the expected

significant differences in resistance and elastance for pulmonary scaffold,

Detergents most common used m the decellulanzation process are SDS. sodium
deoxycholate, and Triton X-200. SDS, compared to other detergents, more completely
removes nuclear residues and cytoplasmic protein. Although it can destroy the structure
of native tissue, SDS does not promote the removal of nssue collagen (Woods and

Gratzer, 2005; Nonaka et al. 2014).

For the decellularization of rat lungs. Ot et al. (2010) developed a pulmonary
arterial perfusion system using a protocol with 0.1% SDS and the application of

physiological perfusion presswre through the lung tissue, This process resulted in

http://mc.manuscriptcentral.com/term
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structures with intact vasculanure, airways. and acellular alveali. Ar this concenmation of
SDS. nuclear remnants were found in the cartilaginous rings of the trachea, and
although higher concentrations of SDS (0.5%) produced complete decellularization of
the rings. there was mmpainnent of membrane architecture in small alveolar septa and

vessels. Therefore 0.1% SDS was used for subsequent experiments,

Price et al. (2010) used two-way perfusion for mouse lung decellularization with
distilled water. Triton X-100. and SDS to remove cellular material. Infusion of solutions
through the trachea and the right ventricle showed a more complete decellularization
than by either route mndependently. After decellularization. lungs were ventilated in
order 10 evaluate the effects of the decellularization process on the extacellular matnix
and structure. The lung matnx. mcluding collagen and elastin, was found to be mtact.
These data corroborate those found in previous stuches performed by our group (Nonaka
et al. 2014: Uriarte et al, 2014), and those of Ot et al. (2010), in which the mechanical

properties were evaluated.

In this study elastance in the TDG was higher than that of the PDG. and this can
be explamed by the mtroduction route of the detergent. With the pulmonary artery. as
shown in Palma et al (2015). extravasation of fluid from the artery into the alveoli can
occur. causmg a loss of elastin. bur showing no effects on respiratory mechanics and
structure. Another vanable altered by detergent route of administration was resistance,
which was lower m the TDG. Since the detergent was inserted mto the trachea itself, 1t

may have been decellulanized during the procedure.

From the results of this study. 1t can be concluded thar both decellnlarizaton

rotites are effective for providing an ideal lung scaffold for later recellulanzation when

http://mc.manuscriptcentral.com/term
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evaluared by the equation of motion. We also show that the decellulanization rechnique
through the pulmonary artery may be used to give a lung scaffold in a shorter tme.

because the protocol can be completed in one day.
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FIGURE LEGENDS

Figure 1. Elastance (E) and resistance (R) computed from the movement equation
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Protocolo de Pesquisa referente ao Projeto n” 0038-2011

Titulo do Projeto: “Resisténcia e complacéncia de pulmdes descelularizados durante o
processo de recelularizagiio com células troneo™

Orientador:Luis Vicente Franco de Oliveira

' Aluno;

Objetivos: Investigar o comportamento das propriedades mecdinicas eldsticas, viscosas e
viscoelasticas de pulmdes descelularizados e durante o processo de recelularizagiio com célultas-tronco.
Os objetivos do trabalho estio cluros ¢ contemplam a legislagio.

Meétodo: Para a realizagdo do protocolo, inicialmente os animais serdio sedados com Diazepam
intraperitonial, Apds a sedaglio, os ratos serdo pesados em balangn de precisdo ¢ posteriormente
anestesiados com tiopental sédico € assim, submetidos & cutandsia. () torax serd sbherto e a parede
tordcica removide, os pulmdes dos animas serdo retitados sendo submetidos ao processo
descelularizacdo/tecelularizagao, posteriormente, de quantificagio de DNA, quentificagio dos
componentes da marriz extracelular, microscopia eletrdmica de varredura,microscopia multifocal de
duplo foton, avaliagio da diferenciagiio das células tronco por isolamento de RNA |, transcriglo
reverse, PCR e analise por PCR em tempo real, imunofluorescéncia, analise de citometria de fluxo e
analise por Westem blot,

Os pulmdes serdo submetidos a um biorreator para aplicar estimulos fisicos realistas sobre 0s mesmos
durante a bioengenharin com células tronco. Os pardmetros meednicos serdo coletados através do
método de oclusio ao final da inspiragio.

Metodologia de acordo com os procedimentos legais.

Grupo de 03 animais para controle.

Animais (procedéncia, raga, linhagem, niimero de animais, peso, sexo):. Seriio utilizados oito ratos
machos da raga Wistar, com peso de 250-300 g, provenientes do bioténio de criagdo da UNINOVE,

Condigdes de alojamento e nutri¢io: Os animais serdo acondicionados ¢ mantidos em ambiente limpo
€ seco, com luminosidade natural, respeitando o ciclo ¢laro/escuro de 12h, temperaturs ¢ umidade



relativa do ar adoquadas. A rago e & dgua permanecerio ad /ibitum ¢ monitoramento didrio para froca
de palhs e dgus.
Descricio clars ¢ de acordo com os procedimentos legais

Procedimento Anestésico e/ou Analgésico(incluir dose ¢ vias de administracio): Anestesiados com
tiopental sodico. 5mg, 20mg/Kg de peso corporal. i.p.

Eutandsia: Eutanisia por meio de exanguinagso, slternativa 20 protocolo padrio da UNINOVE, a

cimara de CO2, de modo a ndo haver interferéacia na integridade da estrutura pulmonar e assim. no

processo de descelulanizacio e recclularizacho.
Procedimento dentro do permitido pela legislagio

Pertinéncia e valor cientifico do estudo propesto: O cstado de propriedades mecinicas dos pulmbes
scria um importante determinante da fungdo pulmonar ¢ sus medida € fundamental para o estudo dos
mecanismos respiratorios. Com isso, este estudo visa investigar o comporiamento das propriedades
mecanicas clsticss, viscosss ¢ viscoclisticas de pulmbes descelularizados por diferentes técnicas de
descelularizagfio e durante o processo de recelularizagdo com células-tronco.

O autor descreve claramente 4 pertinéncia e valor cientifico de sen projeto.

Apresentado a este Comité para andlise ética, foi considerado:

(X) Aprovado, sendo que este projeto deveri permanecer arquivado por 03 (cinco) anos nesta
Secretaria.

( ) Com pendéncia (relacionar), devendo o Pesquisador encaminhar as modificagbes sugeridas, ¢
iniciar a coleta de dados somente apds & aprovacio do projeto por este Comité.

( ) Nao-Aprovado

S#o Paulo, 07 de dezembro de 2011

Presidente da Comissio de Etica no Uso de Animais da
Universidade Nove de Julho
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Behavior of vascular resistance undergoing various pressure
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Hoeeginecring of fusctional lung resue by wsieg wioke hang scaffolds has been proposed J4s 3 potentid
altermative for patients awading deg ransplant. Frewous studies have demorsirated that viscular
(m)mnumummumwmammmm. lullnldnmeufav
this work was amed at detenmining how hung infl { p Jand

acterial pressure) affect vascular resistance, This study was c.m-a out m the Yungs exud hum
5 healthy male Sprague-Dawiey rats. The trachea was dtoa positive
sirway poessure [CPAP) device (o provide a trachedl pressure rmm from O to 15 cmbi0L The puk-
monary avery was tannulaind and connectod 10 a controlled perfusion system with contisuoss pressure
(gravimetsic keved) ranging from S to 30 anH 0. Effective Rv was by vatio of pulmosary artery
pressire (P) by palmonary atery Bow (Wil Ry in the decelhfariaed lusgs scallobds decreased ol
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Decelalirond lung
Visulas resiilaoee
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areater than 20 om0, 00 the other hand,

e in the lung scaffolds after bemg subjected to pulmonary

artery pressure of 5 cmH Q. In conclusion, compdred to p

alrway p averial lung po

markedly infloences the medianics of ! in decel. d lusgs.
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1. Introduction

In 2012, more than 1300 patients were awaiting lung trans-
plantation n the United States of Amenica (Organ Procurement
and Teansplaration Network-0PTR) owing to the lemited supply
of donor lungs. Since lung transplantation is often complicated by
chronic rejection and adverse effects assockated with immuno-
suppressive treatment (Rarberd ot al, 1994 Lopes et al, 2006)
novel alternatives are reguined,

Recently, the engineering of bioartificial organs by using scaf-
folds with an aim to regerevate functional fung tissue bas been
proposed as a potential alternative for lung transplantation (Daly
et al, 2012}, However. for the proper functioning af the bloartifi-
clal organs. It Is imperative that these scaffolds preserve the hing's
structure and compesition to present an ideal macro- and micro-

¢ Sitg autiu at Cardh d M
o0y, Nove de Juba University - UNINOVE. S M (SPL Magl.
E-onad addivis! ol vesa Mibcstnow be LV Obwwica)

Ny e dutong! 010 et 201002040
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environment fxcilitating cedl attachment and engraftment for
eftective repopulation (Bacdylek ex gL, 20025 Hen et al. 2015)

Given that lung cells are exposed to different physical stirll
during breathing. the lung scaffold should be expased to ventilation
ad perfusion stimuli mimicking the ones mmg noomal buuhln(
to provide a physiologically appropri for g of
stem cells In the decelldarized hung. mmmﬁo«nwrm
demonstrated that effective vascudar resistance varies consklerably
during the process of decellulanzation (0a Palma et ol 2015),
However, data on crculatory resistance of scaffolds as a function of
arway and vascular pressures are unavailable.

This Information Is of considerable interest smce adequate
distribution of cells during scaflfold seeding and subsequent cell
homing could be modulated by vascular resistance. Monltoring
vascular resistance could also be a useful quality control tool for
future high-throughput production (da Palma ef al. zms)

Accordingly, this work aimed at d g the mech by
which lung inflation (tracheal pressure ) and pemuon [pulmonary
artery) pressure affect vascular resistance,

M*&Matmmdiwﬁ
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2. Methods

This study was cartied oo in ST accordance with the recoaunendations in
e Cuide for the Care and Uk of Laboratocy Anamals of the Nasonad instifutes of
Heakh by udag the lungs exdsod from 5 healthy make Sprague-Dawley rats (250~
300 g} The experimental grocedures were approved by the Brthical Committee For
Animal Resewch of the Usiversity of Barcelona, The rars wem aneshetizod with
Intvaperitonesl urethuane | 1 mg/Rg, bopanin 250 U/kg) and sacrificed by exsiogus
nation theough e xdomingl sorta b distely after euthanasia, the duphragm
was punctured and the rib cage was cut open 1o revial the leegs

The lumgs were perfused via the right vestricie wath phosphiate-buffered salne
(M5} containing SO Limi heparin (Sigma-Aldrich Co, LLC St Lowis, MO, USA} and
1 piml sodivm aropeusside - SNP (Flulkia Analygical, Sigma-Aldrich Co. LIC, S
Louks, MO, USA ) to prevent the Sormation of blood ciots in the lungs. After perfusion
wan compiete, the hoart, lungs, and traches were dissected and removed in bloc
and soovred I 80 C frorer uniil 1he decdisfurization (W ocess way Carried oul,

21 Lang decefiulorizoton

As described In & peeviows stody (Nooaka et sl 2004) pulmonary deceliubar-
lzation wis catried out by a combination of frezing/thwwing methods, and SDS
remwoved cebular debris while preserving the mechanical properties of the struc-
Ture, No significant changes in the resistance values and elistance of the lungs were
utserved duriog comventional mechasical ventilagion,

The first s4ep In leng decelilaraation involves (hawing the lungs in 4 water
bath at 37°C and freezing them again ot 30 °C ihis cycle was repeated four
tames Once the trachea and palm Yy antery were d and placed ;o the
experimental system, the trachea was canecied (o 4 conBnuous positive Arway
pressure {(PAP) device that was set © provide a trachesd (e, transpulmonary)
pressere of 10 om0 to intate the lung close to weal lung capacity in an -um-
1o avold stefectasts (da Palma of al .m:nm ng g of d
inng process. the kangs were perfused th h the puol ,merylll'ﬂl-
for 30 men, 2) deoalzed water for 15 min, 3) 1% sodaem dodecyd sulfate {SDS) for
150 muin and 4 PSS for 30 min at 2 pressure of 20 cmHL0.

22 Vescular mechanics

To amalyze 4 ch n the decell d lungs, the lated
traches was connected to a CPAP device that was st o provide tracheal (Le
Lranspuimonary | pressure ranging from 0 to 15 owdf 0. The cannulated psdmonary
artecy was connected @ & controlied perfusion system with conBinpous pressane
(wravimetoic level) ranging from 3 to 30 cmiA). A pressure transducer (011-01229-
01 XU Medical USA) and o dillerential essare transduces (5300§0005H2 ¥YS000:

Sensor Te USA) alk d e of
artery pressare {Ppa) and pdrmmm artesy How (Ve ) respectively, at the emun
of the pulmonacy anery. These transducer signals were analogically kw-pass k-
tered ampled. and soced for subsequent aralysis. Hence, contiaucus messure
ment of Vo and 'y, allowed for the assessent of effective vascular resistance (Rv)
BRV=PY m

23 Storoticol enmlysts

All values are exgwessed o8 mean » SE Values of vascular resestance [Ry) and
flow (Vi) at each pulmonary arteriad (5-30 omH,0) and racked pressure (0=
15 omH ) value were compared by means of paired t-tests.

3. Results

As shown in Fig 1, vascular resistance in the decellularized lungs
decreased from ~6-7 cmH,0 minml ' to ~3 emH,0O minml " ' in
response to an increase in pulmonary arterial pressure from 5 to
20 cmH 0, remaining steady at up to 30 anH ;0 at the entrance of
the pulmonary arterial system. Values of vascular resistance did not
depend on CPAP.

4. Discussion

According to our knowledge, this s the first study reporting
vascular resistance values In decellularized lungs as a function of
variations in pulmonary artery and alrway pressures. It is known
that the absence of surfactant in decellularized lungs may cause

- CPAPD
-s- CPAPS
- CPAP 10
- CPAP 15

| R T v T T v
5 10 15 20 25 30
Pressure artery (cmM,0)

2 CPAPD
Bl CPAPS
B CPAP 10
Wl CPAP 15

Resistance (cmH;0-minmi ') @

5 10 15
Pressure Artery{cmH ,0)
Fig. 1. Pressure () sond Bow (V) at the mﬁmm anery in the devefularized

leng undergone diverse vakses of pr P and ¢ ale
way Corme o vascular e (Rv) Duata are mean +SE

the alveolar walls to collapse; therefore, in a previous study, we
used a CPAP of 10 cmH,0 t keep the lungs inflated during the
decellularization process (da Palma et al, 2015} However, the
mfuence of CPAP on vascular resistance in aceliular lungs was not
known. In this study, vascular resistance in the acellular lung was
found to be almost constant at CPAP ranging from 0 to 15 cmH_ 0,
provided pulmonary arterial pressure > 15 amH 0.

Several studies have demonstrated successful transplantation
after re-building of the lungs with stem cells; however, the lungs
were capable of maintaining gas exchange for a maximum of
7 days (Petersen et al, 2000; Ot et al, 2010; Song et al, 2011 It
seems clear, however, that the differentiation and maturation of
cells in the reseeded graflt need to be improved. According to
Stabler et al, (2015), reconstitution of physiological pulmonary
vasculature in its entirety will significantly improve the generation
of whole lungs through bioengineening organs. Therefore, it could
be expected that variations in arterial and alveolar pressures could
Influence cell adhesion, considering that a reduced flow through
the lung circuit would decrease cell distribution. Hence, according
to this study, we can suggest that the optimal value of flow and
vascular resistance for oprimal dynamics is achieved at physiolo-
gical values of pulmonary arterial pressure (15-30 cmH,0)

The decellularization process eliminates lung cells, le., type 1l
alveolar epithelial cells. which secrete lung surfactant, thereby
increasing the lung compliance as described previously (da Palma
et al. 2015; Nonaka et al, 2054), Owing to low lung elastance, this
decellularzed lung can no longer increase the tension in the
alveolar walks to alter vascular resistance, thereby explaining the
slight influence of CPAP on vascular resistance.

In conclusion, we demonstrated that compared to positive
airway pressure, arterial Jung pressure markedly influences the
mechanics of vascular resistance in decellularized lungs excised
from healthy rats. This study provides information that could be

on decellularized lungs.

Please cite this article as: da Palma, R.K., et al, Behavior of vascular resistance undergoing various
Journal of Biomechanics (2016), hanMammmwmmmm

mnmmwm




64

R de Pulma ot ol / fournad of Bomechanics § (08e) sas-aes 3

relevant for future stem cell repopulation by using vascular
resistance as a facilitator of cell distribution throughout the pul-
monary circuit.
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Nocturnal oxyhemoglobin desaturation during
sleep in congestive heart failure patients

Dessaturacao da oxihemoglobina durante o sono em
pacientes com insuficiéncia cardiaca congestiva
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Abstract
Introduction: Sleep breathing disorders occur in 45% of patients with heart failure, with 369:-50% manifes-
ting Cheyne-Stokes respiration with central sleep apnea and 12% exhibiting obstructive sleep apnea. Several
studies have shown that sleep pathophyslology may negatively affect the cardlovascular system and that car-
diac dysfunction alters sleep and respiration. Objective: The aim of this study was to examine axyhemoglo-
bin desaturation during sleep In patients with congestive heart failure (CHF) using overnight pulse oximetry.
Methods: Overnight pulse oximetry was conducted In the patients’ homes with wrist pulse oximeters and
finger probes that were placed around the forefingers of 15 patients with CHF and ejection fractions less than
50%, who were classified as New York Heart Assoclation functional classes Il and 111. Results: The patients
were divided into two groups. The first group consisted of seven patients with oxyhemoglobin desaturation
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(o)

Resumo

Indices of over 5 events/h, and the second group contained eight patients with oxyhemoglobin desaturation
Indices of 5 or less events /h. Student’s t-tests did not show any significant differences between the groups. The
patients” body mass indices correlated positively with the total desaturation episodes and desaturation time
less than 90% and correlated negatively with the arterial oxygen saturation nadic Conclusion: Pulse oximetry
monitoring during sleep can be used 1o detect sleep breathing disorders In stable patients with CHE

Keywords: Sleep Disorders. Obstructive Sleep Apnea. Oximetry.

Introdugdo: 05 disnirbios respiratdrios do sono ocorrem em 45% dos pacientes com insuficiéncta cardiaca, com
369-50% manifestando resptragdo Cheyne-Stokes cont apnefa do sono central ¢ 12% exibindo apneia obstrutiva do
sano, Vidrios estudas tém demonstrado que a fistopatologia do sone pode afetar negativamente o sistema cardiovas-
cular e que a disfingdo cardiaca altera o sono e a respiragdo. Objetivo; Examinar a dessaturagdo da axthemoglobina
durante o sono em pactentes com Insuficténcia cardiaca congestiva (1CC), utilizando a oximenria de pulse durante a
nofte. Métodos: A aximetria de pulso noturna foi realizada nos cosas dos pactentes con aximetros de pulso acoplados
o redor dos dedos indicadores de 15 pacientes com ICC ¢ fragdo de ejegdo menor qute 50%, sendo classificados pelo
New York Heart Assocfation como classes funclonals [T [Tl Resultados: 0s paclentes foram divididos em dois grupos.
O primeiro gripo era composto por sete pacientes com indices de dessaturagdo da oxthemoglobing (IDO) mator
que S eventos/h e o segunde grupo continha ofto pacientes com DO [gual ou menos que 5 eventos/h, Testes t de
Stedent ndo apresentou diferengas significarivas entre os grupos. 0s indices de massa corporel das pacfentes foram
positivamente correlacionados cont o total de episodios de dessaturagéo e tempo de dessaturacdo inferior a 90% ¢
negativamente com @ saturagdo de exipénio arterial. Conclusdo: 0 monitoramento da oximetria de pulse durante o

sano pode ser usado para detectar distirbios respiratirios do soho em paclentes estdvess com ICC.

Palavras-chave: Transtorios do Sono. Apnela do Sono Tipo Obstrutive. Oximetrio.

Introduction

Over 180 years ago, irregular breathing patterns
were observed in patients with congestive heart fail-
ure (CHF). These breathing pattern disorders have
only been considered clinically significant sinee the
1980s, when sleep-disordered breathing (SDB) was
shown to be related to worsening heart function (1).
Is observed in patients with more severe SDB a higher
prevalence of left atrial enlargement (LAE), suggest-
ing that SDB may cause LAE. The SDB leads to noctur-
nal hypoxemia, excitement reactions and consecutive
repetitive bursts of sympathetic activity (2).

SDB occurs in approximately 60% of patients with
heart failure (HF), with 36% exhibiting Cheyne-Stokes
respiration (CSR), 12% demonstrating obstructive
sleep apnea {0SA), and the rest having a mixed form
(3). CSR is more common in male patients with HF
than in females patients with HF, and its pathophysi-
ology Is not yet understood.

0SA and CSR with central sleep apnea are the
two main types of SDB In patients with CHF (4). OSA,

which is characterized by repetitive episodes of com-
plete or partial closure of the upper alrway during
sieep, produces sleep fragmentation and oxygen de-
saturation (5), In contrast, central apnea is associated
with no respiratory efforts for at least 10s (4).

Curvently, HF is a major public health problem that
has an increasing incidence and prevalence due to the
Increased average life spans and improved theraples
of ischemic coronary artery disease and hypertension,
which are the most common risk factors for HE, It is
estimated that 1.5% - 29 of the population of the United
States has some form of HF and that its prevalence in-
creases to approximately 6% - 10% in individuals over
65 years of age. Ofthe patients with HF from ventricular
systolic dysfunction, at least 45% have an apnea-hypop-
nea index (AHI) of 10 or more events/h (6).

A study has shown that identification and treat-
ment of OSA may improve heart function and on the
other hand, central sleep apnea identification may
be indicative of heart failure with pulmonary edema,
with a need to increase the targeted therapy or with
drugs or devices (CPAP) (7).
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(0SA has several pathophysiologic effects on the after-
load, hypoxia, and activation of the sympathetic nervous
system. These effects can be presumed to result from the
cumulative influence of hundreds of obstructive apneas
that occur each night over a period of months to yearsand
that contribiute to the development and/or aggravation
of left ventricular dysfunction in patients with HF {8).

Oxygen desaturation from SDB contributes to the
worsening of CHF (9) and is associated with poor progno-
ses(10). Nakano et al. examined oxyhemoglobin desatu-
ration by monitoring nocturnal pulse oximetry (NPO)
during sleep in patients with suspected sleep apnea, and
they then proposed that NPO can be used as a low-cost
screening test of SDB (11).

A study on the use of the WristOx™ 3100 wrist pulse
oximeter has shown that monitoring the NPO of patients
with OSA is extremely important, especially in regions
where polysomnography (PSG) s difficulr 1o access. In
patients with suspected sleep apnea/hypopnea syn-
drome (SAHS), a negative oximeny result is defined as
an adjusted 0, desaturation index 2 (which is the mean
number of 0, desaturations of 2% or less/h of total re-
cording time) of 12.2 or less, with the exclusion of SAHS,
which is defined by an AHI of 5 or more, with a sensi-
tivity of 100%. A positive oximetry result is defined as
an adjusted 0. desaturation index 3 (which is the mean
number of 0, desaturations of 3% or less/h of total re-
cording time) of over 32 (SAHS is defined by an AHI of
15 or more), with a specificity of 100%: The results of
that study suggested that the WristOx™ 3100 might be
a valuable tool for the diagnosis or exclusion of SAHS.
However, additional studies are necessary to determine
if the results found in their study are applicable to the
use of the WristOx™ 3100 at home (12).

Few studies have examined the use of NPO to
screen for OSA in patients with CHE Thus, the aim of
this study was to examine oxyhemoglobin saturation
with NPO in patients with CHF who were classified
as functional classes Il or 1Il according to the New
York Heart Association during sleep. Our secondary
objectives were to examine the relationships of the
values obtained with the NPO with the anthropomet-
rics data and Epwaorth Sleepiness Scale scores and to
verify the possibility of using NPO as a screening test
of the presence of a sleep breathing disorder (SBD).

Methods

The present cross-sectional study was conducted at
the Sleep Laboratory of Nove de Julho University. The
protocol was approved by the Research Ethics Committee
of Nove de Julho University (protocol number 214896),
and informed consent was obtained from each patient.
Data collection started after the approval of the ethics
committee and was finalized in November/2015. The
subjects consisted of 15 patients with CHF (eight men
and seven women) from the Cardiology Service from
Sao Paulo. Figure 1 shows the study design,

The inclusion criteria were BMI < 35 kg/m®, and the
patients had been clinically stable for atleast one month.
Exclusion criteria were renal insufficiency, unstable an-
gina, myocardial infarction, cardiac surgery ar acute heart
failure decompensation within the previous 3 months,
Patients were instructed about the details of the study,
including the benefits and risks. All patients signed and
received a copy of the informed consent.

. £~ N
Elegible (= 22) Excluidos (n=4)
o Notmeetng incision
o,
. J
Assessment, administration of the
questionnaire Epworth Slecpiness Scale 4
Excluidos (n= 3)
4 '-——’ *  Nol mesting inchadon
rtans
o Dechre 1o porscpsin
Nocturmal pulse oxmetry m house (n= 15) \_ )

}

Data analyses (n= 15)

Figure 1 - Design of the study.
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Clinical Evaluation

The patients with CHF provided information on
their medical and surgical histories, including their
concomitant medications, demographic data, anthro-
pometric measures, and physical examinations. The
measurements included body weight (kg), height
(em), body mass index (BMI), heart and respiratory
rates, and peripheral blood pressure,

Epworth Sleepiness Scale

The patients completed the Epworth Sleepiness
Scale, which is a simple and self-administered ques-
tionnaire that is used to assess recent daytime sleepi-
ness with eight questions that refer to eight situations
that are based on their usual way of life. They were
asked to rate each situation on a scale of 0 - 3 (0,
nio chance of napping; 1, small chance of napping; 2,
moderate chance of napping; and 3, strong chance of
napping) accarding to their felt or estimated degree
of sleepiness. Total scores of 10 or more were used
to identify clinically relevant levels of sleep-related
daytime dysfunction (13).

Nocturnal pulse oximetry

NPO was monitored with a WristOx™ 3100 (Nonin
Medical, Inc., Plymouth, MN, USA) and a finger probe
that was placed around the patient's forefinger: The
equipment was setat 1 s/sample, which was the short-
est measurement time interval. Each desaturation epi-
sode was defined as a decline of the baseline oxygen
saturation (Sa0,) of 4% during a period of at least 10s.

In addition to the Sa0; data, the oxtmerer simul-
taneously recorded heart rate (HR). An HR variation
episode was defined as an HR alteration of at least
6 beats/min during a peried of 10 s or more. For
the data analysis, the patients were divided into two
groups. Patients with an oxyhemoglobin desatura-
tion index (ODI) of 5 or more events/h, which is con-
sidered abnormal, were assigned to Group 1, while
Group 2 consisted of patients with an ODI of less than
5 events/h, which is considered normal. The readings
will be performed manually by a specialized techni-
cian. A report of the results will be prepared by a
doctor specializing in sleep medicine at the Sleep
Laboratory of Nove de Julho University.

In general, abnormal ODI values have three lev-
els that appear to mirror the definition of abnor-
mal AHI (apnea/hypopnea events/sleep h) values.
The levels for abnormal ODI values are 5 or more
desaturation events/h, 10 or more desaturation
events/h, and 15 or more desaturation events/h
(14). For AHI an index of 5 or more events/h has
been used to define a significant number of SBD
events in OSA In population studies of subjects who
do not have HF (6).

Statistical Analysis

The Shapiro-Wilk test was used to test the nor-
mality of the data, which are described as mean ¢+
standard deviation. Student’s t-tests were used to
compare the means and identify significant differ-
ences between the groups. Pearson correlation coef-
ficients were used to assess the relationships among
the measures. P values less than 0.05 were considered
statistically significant in all of the analyses.

Results

Table 1 lists the anthropometric data of the pa-
tients, their medications, and their ejection fractions
that were verified with echocardiography.

Of all of the patients, seven (46.7%) had ODI val-
ues of 5 or more events/h, and these patients were
assigned to Group 1 (figure 2). Student's r-tests did
not find statistically significant differences between
the groups, except for the left atria systolic diameter
(LASD; Group 1: 41,50 + 4.20; Group 2: 50.57  6.95),
which was significantly decreased in Group 1. Some
of the echocardiographic values were collected from
the patient’s medical records with authorization of
the responsible doctor because of the lack of echo-
cardiography results. Thus, the LASD values were
missing for two patients, and the left ventricular end-
diastolic diameter (LVEDD) values were missing for
two patients.

The Pearson correlation coefficients showed that
BMI was positively correlated with the total episodes
of oxyhemoglobin desaturation (TOD) (figure 3A) and
Sa0, times less than 90% (figure 38) and negatively
correlated with the minimum Sa0, (figure 3C). Age
correlated positively with TOD (figure 3D) and nega-
tively with Sa0,, as shown in figure 3E,
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Table 1 - Anthropometric variables, type of neuralogical damage and classification of foot deformities in children with
chranic non-progressive encephalopathy, Jequié, Bahia, Brazil, 2014

Not: NYHA — New York Hearl Associabor: Kg — kloggam, cm = centaneter. Kaim? = Wlograms pe meers squared: €F — sechon fac-
tion: AGE = Angiotensin canversor enzyme.

—— —

4 7 12111 148 2 6 1 9 183 5 10

Figure 2 - Oxyhemoglobin desaturation index per hour during sieep of the 15 patients.
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Figure 3 - A = Correlation coefficient between BMI and total desaturation episodes (r = 0.419);

B = Correfation coefficient between BMI and Sa02 time < 90% (r = 0.522); C = Correlation coefficient between BMI and
$302 minimum (r = -0.522); D = Correlation coefficient between the age and total desaturation episodes (r = 0.327), € =
Correlation coefficient between the age and Sa02 minimum (r = -0.347).

Fisloter Mov. 2016 July/Sept;29(3):597-606



Nocturnal oxyh

The incidence and prevalence of HE, which has
become one of the main cardiovascular disorders,
have been increasing, which has resulted in excessive
morbidity and mortality. HF is therefore one of the
major risk factors for SDB, and it adversely affects
cardiovascular function and contributes to morbidity
and mortality. The different prevalence rates of SBDs
that have been reported in patients with systolic HF
can be attributed to differences in the studies, the
various thresholds used to define the disorders, and
the several definitions of hypopnea (6).

In our study, we observed that 46.7% of the pa-
tients with CHF had ODI values of 5 or more events/h,
which is considered abnormal. Thus, the ODI mir-
rored the presence of SBD. Our results were in ac-
cordance with the majority of studies that have been
performed on patients with CHF (15 - 18).

The ODI values of the seven patients that exhib-
ited a number of important desaturation episodes
varied from 6.4 to 37.7 events/h, witha mean of 15.8
events/h. These results for a sample of patients with
a severe number and degree of oxvhemoglobin de-
saturation episodes were similar to the results of a
number of previous studies, as described above.

These results do not dismiss the need for studies
of SDB in patients with CHF because the repetitive
oxyhemoglobin desaturations that accompany apnea
episodes contribute to the progression of myocardial
failure due to increased left ventricular afterload. The
arousals and increased sympathetic nervous system
activity, with the consequent increases in HR and
blood pressure, contribute to a greater need for car-
diac 0, supply, which is not avallable (19).

Chung et al. examined ODI in surgical patients who
were monitored with NPO and demonstrated strong
correlations with PSG parameters. The ODI levels of
over 5, over 15, and over 30 were good predictors of
AHI values of over 5, over 15, and over 30, respec-
tively, and ODI effectively identified surgical patients
with moderate and severe 0SA (20).

Tkacova et al (21) showed that patients with CHF
that is associated with CSR have greater left ventricular
volumes than patients with CHF without CSR, which is
consistent with a higher filling pressure. In addition,
Lanfranchi et al. (22) found an association of the area
ofthe left atria (LA) with greater mortality in patients
with CHF and CSR. The authors of that study verified
that the risk of cardiac death Increased gradually with

globin d during sleep in congestive heart failure patients
—
s,

Increases in the AHI values and LA areas. Patients who
were ata very high risk for a fatal outcome were identi-
fied by AHI values of 30 or more events/h and LAs of
25 or more cm®. Nevertheless, in patients with isolated
findings of enlarged LAs without SBDs and vice versa,
the risk was low for patients with AHI values of 30 or
more events/h and small LAs.

In the present study, the means + standard devia-
tions of the LASD and LVEDD were 46.39 + 7.3 mm
and 6692 £+ 8.22 mm respectively, which are both
considered abnormal, and that of ODI was 8.64
10.20, which suggested the existence of a group of
patients with a low to moderate risk of cardiac death,
except for one patient who presented an OD] of 37
events/h, an LASD of 44 mm, and an LVEDD of 79 mm
(19). However, in order to confirm these results, more
long-term studies on the prognostic value of SBD and
cardiac dysfunction, sleep architecture, and arousals
with PSG are needed.

The significantly greater LASD mean in Group 2
can be explained by the observations that two pa-
tients in Group 1 (one had a pacemaker) had normal
LASD values, even though they had more disturbed
sleep, as shown by their exhibiting more than 5 de-
saturarion episodes during sleep, and one patient in
this group did not have a LASD value.

Javaheri et al. studied 42 ambulatory patients with
stable CHF who had ejection fractions of 45% of less.
The patients underwent basic tests, pulmonary func-
tion tests, blood gas analyses, PSG, and Holter heart
monitoring, They found that 45% of the patients with
stable CHF who were subjected to the optimized treat-
ment conditions presented mean AHIs of approximately
44 events/h, and that the prevalence of severe occult
respiratory disorder was high in these patients with
stable CHF. In addition, they reported that the respira-
tory disorder was associated with excessive awakenings
and severe arterial oxyhemoglobin desaturation (23).

In a prospective study of 81 stable male patients
with HF due to systolic dysfunction and left ventricu-
lar ejection fractions of 45% or less, Javaheri et al.
found that 51% of the patients had moderate to se-
vere resplratory disorder. In addition, the patients
with HF and sleep apnea had a high prevalence of
atrial fibrillation, ventricular tachycardia, and low
ejection fractions compared with patients with no
SBD (24). Javaheri observed that an interaction be-
tween SDB and left ventricular dysfunction can result
in a vicious circle that increases the morbidity and
mortality of patients with HF (25),
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In contrast, in Group 2, all of the patients pre-
sented with abnormal LASD values, even though they
did not have desaturation episcdes and one patient
in this group did not have a LASD value. These results
suggested that cardiac remodeling might be unaf-
fected by the number of oxyhemoglobin desaturation
episodes during sleep and that it is therefore affected
by other factors. In addition, the degree of desatura-
tion in the patients in Group 2 could not have been
severe enough to cause greater overload in the heart.

Being overweight and obese are well-established
major risk factors for HE. The probable mechanisms
by which obesity increases the risk of HF include the
promotion of atherogenic risk traits, alterations in car-
diac loading conditions, the potentiation of structural
and functional changes, neurohormonal activation,
natriuretic handicaps, and predisposition to SBD (26).

We observed that EMI was positively correlated
with the TOD and Sa0, time less than 90% and nega-
tively correlated with the minimum Sa0.. Therefore,
our study found that the greater the BMI, the greater
was the damage from the Sa0, during sleep.

The most important risk factors for OSA in pa-
tients with HF are obesity and age over 60 in women
{27). The degree of desaturation in an apnea event is
correlated with the degree of obesity expressed by
the BMI. Nakano et al. have hypothesized that the
diagnostic sensitivity of oximetry for OSA is lower in
nonobese patients (9). Those authors classified 424
patients with OSA so that the 0SA was the dominant
type and then divided them into three groups accord-
ing to BMI: normal-weight (BMI < 25), overweight (25
< BMI < 30), and obese (BMI = 30). The AHI values
did not differ among the groups, but the parameters
related to Sa0, were worse In the overweight and
obese groups, which suggested a high sensitivity of
oximetry in the obese group.

This might have been related to the observation
that the ODI and AHI values were significantly greater
in the overweight and obese groups. The higher sen-
sitivity of the oximetry might be because the rate of
oxygen desaturation in an apnea event is exagger-
ated by a number of factors, such as low baseline
oxygen saturation, low lung volume, and high oxygen
expenditure, all of which are expected to be present
in obese subjects,

Javaheri et al. observed a positive correlation be-
tween BMI and obstructive AHI, but not with central
AHI, and age did not correlate with any episodes of
SBD, including the AHI (16). OF the seven patients

(46.79) with ODI values of 5 or more events /h in our
study, five had BMis of 25 or less. Nevertheless, it is
necessary to emphasize that these patients had CHE
and this characteristic differs from the patients with
0SA who were examined in the previous study (11).
In order to clarify if the patients with CHF having ODI
values of 5 or more events/h and BMls of 25 or more
were desaturated more because of the higher sensitiv-
ity of oximetry, PSG is required to confirm the AHI data.

The positive correlation between age and mini-
mum Sa0, that was found in this study was not in
accordance with the results of the study of Javaheri
etal. (16). However, Quan et al. (27) have suggested
that age is a risk factor for OSA and CSR in patients
with HF, and Kenchaizh et al. (26) have shown that
age and being male have consistently been identified
as risk factors for HE The increased incidence of HF
in men is due in part to the greater prevalence and
incidence of coronary heart disease in men.

Of the 15 patients examined in this study, seven
were women, and eight were men. Of the seven pa-
tients (46,7%) with ODI values of 5 or more events/h,
five were men. However, the anthropometrics values
and ejection fractions did not differ significantly be-
tween the groups. The TOD and the total episodes
of HR variations did not correlate. Moreover, four
patients had pacemakers for at least 5 years, Thus, a
lower average number of total episodes of HR varia-
tion was found in these patients compared to those
patients who did not have pacemakers. This did not
change the observation that the TOD average (116.25
+ 138.54) of the patients with pacemakers was great-
er than the TOD (49.82 + 55.86) of the patients who
did not have pacemakers, which suggested that the
oxyhemogiobin desaturation episodes did not depend
on HR variations during sleep.

HR varfability correlated positively and direct-
ly proportionally with ODI and AHI in a study by
Tateishi, but they did not find any correlations with
either desaturation time or mean Sa0,, which indi-
cated that HR variability can be regarded as a predic-
tor of oxyhemoglobin desaturation but that it does
not reflect its degree (28).

The Epworth Sleepiness Scale scores did not cor-
relate significantly with any of the analyzed param-
eters, This might have been because the treating of a
work group with desaturation degree minus severe
and due to the small number of patients examined
compared with other studies (16, 29). Pulse oxim-
etry is conducted as a component of PSA for OSA
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diagnostics. Recently, the urility of NPO as a screen-
ing tool for OSA has been newly recognized due to its
economic benefits, easy applicability, and automated
analysis, and because it could potentially satisfy the
great demand for home diagnostic testing. NPO can
be easily performed at home and repeated if neces-
sary, which is unlike PSG (11, 30 - 32).

Séries etal. evaluated the diagnostic value of noc-
turnal home oximetry in identifying SBD in patients
with CHF and in distinguishing central events from
obstructive events in 50 consecutive patients, The
patients underwent two oximetry recordings: one
at home and one during a PSG study. Home oximetry
had 85% sensitivity and 93% specificity (p < 0.001)
for detecting an SBD. The authors used the criteria
for an SBD as the presence of more than 15 apneas
and hypopneas/sleep h during PSG and an ODI of 10
evenrs/h during oximertry, and a 2% fall in the pulse
oximetry saturation was used as the criterion for
oxyhemoglobin desaturation and a signal-averaging
time of 8s (32).

However, studies that used NPO as an initial test
in the assessment of SBDs have verified that the oxy-
hemoglobin desaturation during sleep is worse ina
greater number of patients with CHE Studies that
are done in conjunction with PSG are necessary to
determine the best analysis parameters to use as the
criterion for oxyhemoglobin desaturation, signal-
averaging time, and BMI if more studies confirm its
influence on oximetry sensitivity and specificity.

Conclusion

In conclusion, 46.7% of the patients with CHF ex-
hibited QDI values of 5 or more events/h. In addition,
the results showed that the greater the age and BMI
of the patient, the greater the change in Sa0, dur-
ing sleep, which suggested that NPO can be used at
home as a screening test for the presence of SBD In
patients with CHE

NPO was useful as a tool for the prompt identi-
fication of the presence of a SBD, which is essential
for early diagnesis and intervention. It is important
that health professionals, especially physiotherapists,
understand when SBDs are detected with NPO In
patients with CHF because they can offer guidance
after the diagnosis of interventions with noninvasive
ventilation that improve the patients’ quality of life
and reduce morbidity and mortality.
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