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RESUMO

SILVA, Bruno Rangel Antunes da. Contribuicdo do teste de lavagem de nitrogénio e da volumetria
de vias aéreas em pacientes com esclerose sistémica. 2018. 147f. Tese (Doutorado em Ciéncias
Médicas) — Faculdade de Ciéncias Médicas, Universidade do Estado do Rio de Janeiro, Rio de
Janeiro, 2018.

Esclerose sistémica (ES) é uma doenca cronica de carateristicas heterogéneas que pode
acometer a pele e outros oOrgdos. Sua fisiopatologia envolve: disfungdo dos fibroblastos com
consequente fibrose, vasculopatia que leva a hipoxia tecidual e resposta imune alterada com
disfuncdo de linfocitos B e T e producgdo de autoanticorpos. As manifestacfes clinicas sdo diversas,
estando o sistema respiratorio dentre 0os mais acometidos, sendo a doenca intersticial pulmonar, a
principal causa de morbidade e mortalidade. A quase totalidade dos estudos se detém a analise do
paréngquima pulmonar e pouco se sabe sobre 0 acometimento das vias aéreas na ES. O objetivo geral
deste estudo foi identificar possiveis alteracdes morfoldgicas e funcionais nas vias aéreas inferiores
através da TC e TLN em pacientes com ES. Os objetivos especificos foram: correlacionar os achados
do TLN com outros parametros de funcdo pulmonar; determinar o acometimento das vias aéreas
inferiores; comparar valores da volumetria de vias aéreas dos pacientes ES com um grupo controle;
descrever as alteracGes traqueais observadas na volumetria de vias aéreas, correlacionando com dados
clinicos e parametros dos testes de funcdo pulmonar (TFP). Foram realizados dois estudos
transversais, em pacientes com ES. Estes pacientes realizaram TC e 0s seguintes TFP: espirometria,
pletismografia de corpo inteiro, capacidade de difusdo ao mondxido de carbono (DLCO), forca
muscular respiratoria e teste de lavagem de nitrogénio (TLN). As imagens da TC foram importadas e
analisadas, utilizando-se a plataforma MatLab para posterior realizagdo da esqueletonizagcdo e
volumetria das vias aéreas inferiores. O primeiro estudo envolveu 52 pacientes com ES, que foram
submetidos aos TFP e a analise subjetiva da TC de térax. Os pacientes foram divididos em dois
grupos conforme o valor de capacidade vital forgada (CVF) maior ou menor que 70% do predito.
Houve diferenca estatisticamente significativa nas médias de CVF, volume expiratério forcado em 1
segundo (VEF,), VEF/CVF, DLCO, capacidade pulmonar total (CPT), volume residual (VR),
relagdo VR/CPT, inclinacdo de fase Il e relacdo volume de fechamento/capacidade vital (VF/CV).
Foi encontrada associacdo com significancia estatistica entre inclinacdo de fase Il e as seguintes
variaveis: CVF, VEF;, VEF,/CVF, DLCO, CPT, VR, VR/CPT. A razdo VF/CV se correlacionou com
CVF, VEF;, VEF,/CVF, CPT, VRICPT e condutancia especifica de vias aéreas (SGva). O segundo
estudo envolveu 28 pacientes com ES e 27 individuos controles. O estudo buscou identificar
alteracbes morfoldgicas na traqueia de pacientes com ES através da técnica de volumetria de vias
aéreas em imagens de TC. O grupo ES apresentou maiores valores de area, excentricidade, maior e
menor didmetros e sinuosidade. A area e didmetro equivalente tiveram correlacdo negativa com a
relacdo do fluxo expiratdrio forgado/fluxo inspiratério forcado em 50% da CVF (FEFsy/FIFs09). A
sinuosidade da traqueia se correlacionou negativamente com o pico de fluxo expiratério (r=-0,51,
p=0,008). Como conclusdes, os pacientes com ES apresentam alteracdes funcionais e morfologicas
das vias aereas, que se expressam em exames de imagem e nos TFPs, havendo importantes relacfes
entre estrutura e fungdo nesses individuos. Assim, torna-se fundamental incorporar a avaliagdo das
vias aéreas no acompanhamento dessa populacdo de pacientes.

Palavras-chave: Esclerose sistémica. Vias aéreas. Testes de funcdo pulmonar. Tomografia

computadorizada.



ABSTRACT

SILVA, Bruno Rangel Antunes da. Contribution of nitrogen washout test and airways volumetry
in systemic sclerosis patients. 2018. 147f. Tese (Doutorado em Ciéncias Médicas) — Faculdade de
Ciéncias Medicas, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2018.

Systemic sclerosis (SS) is a chronic disease of heterogeneous characteristics that can
affect the skin and other organs. Its pathophisiology involves: fibroblast dysfunction with
consequent fibrosis, vasculopathy leading to tissue hipoxya, and impaired immune response with
B and T lymphocite dysfunction and autoantibody production. The clinical manifestations are
diverse, with the respiratory system among the most affected, being interstitial ling disease, the
main cause of morbidity and mortality in the disease. Almost all studies focus on the analysis of
the pulmonary parenchyma and little is known about the involvement of the airways in SS. The
main objetctive of this study was to identify possible morphological and functional alterations in
the lower airways through CT and NWT in SS patients. The specific objectives were: to correlate
the NWT findings with other pulmonary function parameters; determine the involvement of the
lower airways; compare the airway volume values of SS patients with a control group; and to
describe the tracheal changes observed in airways volumetry, correlating with clinical data and
pulmonary funcition test (PFT). Two cross-sectional studies were performed with SS patients.
This patients performed CT and the following PFT: spirometry, whole body pletismography,
carbon monoxide diffusion capacity (DLco), respiratory muscle strength and NWT. CT images
were imported and analyzed using the MatLab platform for later squeletonization and lower
airways volumetry. The first study involved 52 patients with SS, who performed PFT and a
subjective analysis of their chest CT. Patients were allocated into two groups according to the
value of their forced vital capacity (FVC) higher or lower than 70% of predicted value. There was
a statistically significant difference in mean FVC, forced expiratory volume in 1 second (FEV,),
FEVyFVC, DLco, total lung capacity (TLC), residual volume (RV), RV/TLC ratio, phase IlI
slope and closing volume(CV)/ vital capacity (VC) ratio. An association with statistical
significance was found between phase Ill slope and the following variables: FVC, FEV;,
FEV1/FVC, CMDC, TLC, RV, RV/TLC. The CV/VC ratio correlated with FVC, FEV;,
FEV1/FVC, TLC, RV/TLC and specific airway conductance (SGaw). The second study involved
28 SS patients and a control group of 27 individuals. The aim of this study was to identify
morphological alterations in the trachea of SS patients through the application of airway
volumetry technique in CT images. The SS group had higher values of area, eccentricity, greater
and smaller diameters and sinuosity. The area and equivalent diameter had a negative correlation
with the ratio of forced expiratory flow / forced inpiratory flow in 50% of FVC (FEFsge/FIFs00).
The sinosity of the trachea correlated negatively with peak expiratory flow (PEF) (r = -0,51, p =
0,008). As conclusion, patients with ES present functional and morphological airways alterations,
which are expressed both in imaging tests and in PFT, with important relationships between
structure and function in these individuals. Thus, it is essential to incorporate the evaluation of
the airways in the monitoring of these patients.

Keywords: Systemic sclerosis. Airways. Pulmonary function tests. Computed tomography.
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INTRODUCAO

Esclerodermia é uma doenca autoimune do tecido conjuntivo, de caracteristicas
heterogéneas, com acometimento multissisttmico. As manifestacfes principais da doenca sdao a
fibrose progressiva da pele e diversos 6rgaos internos, além das alteragdes, muitas vezes graves,
da microvasculatura (GOH et al., 2008; SCHOENFELD et al., 2015).

Até 0 momento, a etiologia da esclerodermia ndo é completamente compreendida. As
manifestagdes clinicas e patologicas sdo decorrentes de trés processos principais: 1)
anormalidades no funcionamento do sistema imune inato e adaptativo, levando a producdo de
autoanticorpos e auto-imunidade mediada por células; 2) alteracdes na microvasculopatia das
células endoteliais e vasculopatia fibroproliferativa de pequenos vasos; e 3) disfuncdo dos
fibroblastos com producdo excessiva de colageno e outros componentes da matriz extracelular,
levando ao acimulo dos mesmos na pele, vasos e demais tecidos do corpo (SCHOENFELD et
al., 2015).

A alteracdo no controle do ténus vascular manifesta-se com o fendmeno de Raynaud. As
alteracbes microvasculares sdo as manifestacdes clinicas mais precoces da doenca, podendo
preceder a fibrose em meses ou, até mesmo, anos. O acometimento vascular leva a isquemia e
reperfusdo repetidas vezes, reduzindo o fluxo sanguineo pelos capilares e acarretando hipdxia
tecidual. Com sua progressao, a elasticidade dos vasos é perdida, ocorrendo fibrose das camadas
média e adventicia e causando oclusdo das arteriolas que, em associacdo com a ativacao
plaquetéaria pelo estado inflamatorio, propiciam eventos trombdticos em todo o organismo
(MANETTI et al., 2010).

A esclerodermia tem incidéncia estimada entre 50-300 casos por milh&o. A doenga € mais
frequente no sexo feminino, numa relacdo de 4:1 (BELLANDO-RANDONE et al., 2012). A
sobrevida geral dos pacientes varia conforme a agressividade da doenca. Naqueles com doenca
leve, a taxa de sobrevida em 10 anos é estimada em 66%, enquanto naqueles com acometimento
organico importante essa taxa cai para 38% (BELLANDO-RANDONE et al., 2012). A historia
familiar positiva eleva o risco relativo em 10-27 vezes nos irmdos de pacientes com
esclerodermia. Outros parentes de primeiro grau também tém risco elevado, sendo este estimado

em 10-16 vezes para o desenvolvimento da doenca. Pressupde-se que tal aumento do risco
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relativo é derivado de fatores genéticos, possivelmente associados a fatores ambientais, ainda que
estes ultimos tenham pouco suporte cientifico até o0 momento (MANETTI et al., 2010).

A heterogeneidade da doenca faz com que ela se apresente desde formas mais brandas,
com leve acometimento de Orgaos internos, até formas agressivas, com extenso acometimento
sistémico. Nestas Gltimas formas, hd acometimento de diversos 6rgdos, determinando maior
prejuizo na qualidade de vida e levando a morte dentro de alguns anos (JIMENEZ, 2013).

Caracteristicamente, apresenta-se com fenémeno de Raynaud, espessamento cutaneo e
producdo de auto-anticorpos. Ja 0o acometimento organico é bastante variavel, tendo a doenca
diferentes apresentacdes e desfechos (BELLANDO-RANDONE et al., 2012).

Para avaliar a qualidade de vida (QV), se faz necessario o uso de instrumentos
especificos. No Brasil, até 0 momento, ndo se dispde de tais ferramentas. Ha um questionario
especifico para avaliar as repercussdes da esclerodermia. Trata-se do Scleroderma Helth
Assessment (SHAQ), ainda ndo validado para versao brasileira (MACHADO et al., 2014). O
Health Assessment Questionnaire (HAQ) é um instrumento especifico de QV, muito utilizado em
doencas reumatoldgicas, validado para avaliacdo de pacientes com ES. Este € bem semelhante ao
SHAQ, porém ¢ limitado por ndo apresentar uma sessdo especifica para estimar o
comprometimento da pele. Apesar de sua limitacdo, 0 HAQ é um instrumento muito utilizado em
pacientes com ES (MACHADO et al., 2014).

A esclerodermia pode ser classificada em trés subdivisdes principais: esclerose sistémica
(ES), esclerodermia localizada e ES sem escleroderma. A ES é a forma de apresentacdo mais
comumente encontrada. Em sua subclassificacdo, sdo levados em conta a extensdo do
acometimento cutdneo e o comprometimento de 6rgdos internos pela doenca. As formas da ES
sd0: cutanea difusa e cutanea limitada (BEREZNE et al., 2007).

Os critérios vigentes para diagnostico da doenca formam definidos pelo American
College of Rheumatology e pela European League Against Rheumatism, conforme mostrado no

Quadro 1. Sdo necessarios nove pontos para se firmar o diagndéstico de esclerodermia.
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Quadro 1 - Critérios diagndsticos para a esclerodermia

ltens Subitens Escore

Espessamento da pele dos dedos das duas - 9
mé&os que se estendem proximalmente para as

articulagbes metacarpofalangeanas

Espessamento da pele dos dedos Dedos “inchados” 2
Esclerodactilia 4
(metacarpofalangeanas/
interfalangianas)

Lesdes na ponta dos dedos Ulceras de poupas digitais

Cicatrizes nas pontas dos dedos

Telangiectasias -

Capilares das cuticulas anormais -

Hipertensdo arterial pulmonar e/ou doenca | Hipertensdo arterial pulmonar

pulmonar intersticial Doenca pulmonar intersticial

Fendmeno de Raynaud -

Wl W N N N DN w DN

Auto-anticorpos relacionados com a ES Anti-centrdmeros
Anti-topoisomerase |
Anti-RNA polimerase 11l

A doenca intersticial pulmonar (DIP) clinicamente significativa ocorre em
aproximadamente 40% dos pacientes com ES. Contudo, em até 80% dos pacientes € possivel
encontrar acometimento pela doenca em andlise histopatologica do tecido pulmonar. A DIP é
classicamente associada a forma difusa da doenca, apesar de poder estar presente em qualquer
das formas, até mesmo na ES sem esclerodermia (SBPT, 2012).

Embora a grande maioria dos pacientes com ES tenha acometimento pulmonar, menos da
metade tera doenca significativa. Portanto, o tratamento deve ser considerado principalmente para
aqueles com acometimento extenso pela doencga, caracterizado a partir de achados na tomografia
computadorizada de alta resolugdo (TCAR) do térax (SBPT, 2012).
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A DIP ¢é bastante comum na ES, com achados de altera¢des intersticiais na TCAR em até
90% dos pacientes. Ja 40-75% demonstram alguma alteracdo nos testes de fungdo pulmonar
(TFP) (WOLLEHEIM et al., 2005). A fibrose pulmonar significativa é encontrada em
aproximadamente 25% dos pacientes com ES. Porém, este acometimento é heterogéneo devido
aos diversos fatores, como o subtipo de doenga e a presenca de autoanticorpos (WOLLEHEIM et
al., 2005).

A forma cutanea difusa é, dentre todas elas, a mais associada a DIP. A presenca do auto-
anticorpo anti-Scl70, também chamado anti-topoisomerase I, aumenta o risco do paciente com
ES desenvolver DIP. Ja pacientes com a forma cuténea limitada da ES ou a presenga do
autoanticorpo anti-centrémero estdo sob menor risco de desenvolvimento de DIP. Nestes casos, é
mais comum o aparecimento de hipertensdo pulmonar (HP) (WOLLEHEIM et al., 2005).

A lesdo pulmonar pode ocorrer de duas maneiras distintas: 1) alveolite, levando a DPI; e
2) vasculopatia de pequenos e médios vasos pulmonares associada a HP. Ambas as condigdes
estdo presentes, em algum grau, na maioria dos pacientes (KONIG et al., 1984).

Dispneia € a queixa mais frequente nos pacientes com acometimento pulmonar pela ES,
sendo esta frequentemente associada a tosse seca. A inflamacao provocada no pulméo leva a um
aumento no numero total de células que pode ser detectado no lavado broncoalveolar. Esta
inflamacdo é responsavel por provocar alveolite, com consequente DIP e fibrose (SILVER,
1991).

A alveolite provocada pela atividade inflamatoria de origem linfocitaria pode ser
assintomatica de inicio, ndo causar repercussdes clinicas e ser indetectavel na radiografia de torax
e mesmo nos TFP. A avaliacdo do dano pela inflamacéo alveolar pode ser classificada através de
alteracbes no lavado broncoalveolar, pela contagem diferencial de células, TFP, TC de térax e
bidpsia pulmonar, se necessaria (HUGLE, 2011).

A vasculopatia na ES também pode apresentar manifestacfes sistémicas. Fendmeno de
Raynaud, ulceras digitais e alteracGes de leito ungueal na capilaroscopia sdo geralmente as
alteracdes mais precoces e importantes no diagnostico (DE SANTIS et al., 2015). A etiologia do
processo é desconhecida. Contudo, é possivel que agentes infecciosos, ativacdo de células T
citotoxicas, radicais livres de éxido nitrico e auto-anticorpos contra células endoteliais estejam
envolvidos nesse processo (DE SANTIS et al., 2015). A vasculopatia é responsavel por levar a

HP no paciente com ES. A lesdo caracteristicamente encontrada em analise histopatologica de
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pulmao desses pacientes evidencia proliferacdo concéntrica da camada intima de pequenos vasos,
acentuada obstrucdo da luz, infiltracdo linfocitaria e uma pequena quantidade de lesdes
plexiformes — proliferacdo focal das células musculares lisas e do endotélio (DE SANTIS et al.,
2015).

A DIP e a HP séo as principais causas de morte em pacientes com ES. Nos estagios
iniciais, a doenga pode ser assintomatica, sendo, muitas vezes, o acometimento pulmonar néo
diagnosticado. Isso pode levar a um retardo no inicio do tratamento, que deve ser iniciado assim
que detectada a alteracdo na avaliacdo do 6rgdo (SOLOMON et al., 2013).

O comprometimento do parénquima pulmonar acima de 20% é definido como extenso;
abaixo disso, é caracterizado como limitado. Os achados de opacidades em vidro fosco e
opacidades reticulares sdo analisados em cinco niveis predeterminados e a média entre eles
determina o nivel de comprometimento. Nos casos em que a determinacdo nao € precisa, podem-
se usar parametros de funcdo pulmonar para auxiliar na caracterizacdo, sendo 0s mais usados a
capacidade vital forcada (CVF) e a capacidade de difusdo pulmonar ao mondxido de carbono
(DLco). Valores de CVF <70% e DLco <60% indicam acometimento extenso, enquanto CVF
>70% e DLco >60%, acometimento limitado (SBPT, 2012).

Os valores obtidos nos resultados dos TFP devem ser interpretados individualmente. Dado
o0 grande intervalo dos limites de referéncia para a CVF, entre 80 e 120%, os resultados devem
ser acompanhados sequencialmente para que alteragOes significativas sejam identificadas. Uma
medida de CVF de 75% pode ser uma alteracdo minima no caso de uma CVF prévia de 80%, ou
uma substancial queda numa CVF prévia de 120% (GOH et al., 2008).

A espirometria € um dos TFP de maior disponibilidade, sendo, portanto, de grande
utilidade para o acompanhamento de uma série de doencas pulmonares. E um exame que fornece
informacdes valiosas em relacdo a capacidades e volumes, sendo os mais rotineiramente
utilizados o VEF; e a CVF. Entretanto, no seguimento das doencas intersticiais, o parametro da
espirometria mais utilizado é a CVF. Este representa o parametro mais estudado como desfecho
e, consequentemente, o mais utilizado no acompanhamento dos pacientes com ES, apesar de
poucas evidéncias para tal validacdo (CARON et al., 2018).

A medida da CVF representa o volume de ar assoprado de uma inspiracdo maxima até
uma expiragdo maxima. Esta medida tem sido aplicada amplamente como parametro para o

rastreio de acometimento pulmonar, em associacdo como exame de imagem — TC de térax — e
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seguimento dos pacientes ja com acometimento pulmonar diagnosticado. A ampla
disponibilidade da espirometria € apontada como grande fator de sustentacdo para seu uso de
maneira sistematica. Contudo, € importante salientar que pode haver acometimento do intersticio
pulmonar pela ES em uma grande porcentagem de pacientes com CVF > 80%, resultando num
grande numero de diagndsticos falsos-negativos para DIP associada a ES, quando utilizada como
parametro de rastreio isolado (HA et al., 2018).

O teste de medida de difusdo do mondxido de carbono € utilizado para avaliar a troca
gasosa e fornece informacdes que refletem os possiveis danos provocados na membrana alvéolo-
capilar e intersticio pela doenga. A principal medida obtida através deste teste é a chamada DLco,
que representa a capacidade de difusdo do gas CO, através da membrana alvéolo-capilar. Os
fatores determinantes da difusdo sdo o gradiente de pressdo parcial através da membrana
alveolocapilar, a espessura da membrana, a area de superficie de troca e a reacdo do gas com a
hemoglobina — que dependem da taxa de reacdo propria do gas e do volume sanguineo no capilar
(MOTRAM, 2013).

Estudos sugerem que a DLco seja mais sensivel para o seguimento da DIP quando
comparada com a CVF. Contudo, ha algumas desvantagens na utilizacdo da DLco como a maior
variabilidade em relacdo a CVF e a possibilidade de alteracdo dos seus valores pela presenca de
hipertensao arterial pulmonar (HAP), que é uma comorbidade muitas vezes presente em pacientes
com ES. A HAP promove alteracfes na hemodindmica pulmonar e também sistémica, com
consequente prejuizo da troca gasosa, que pode se somar ao dano provocado pela DIP. Isso faz
com gue a medida da DLco seja mais comprometida naqueles pacientes que possuem ambas as
complicacdes da ES em associacdo: DIP e HAP (CARON et al.,2018).

A variacdo de medida da DLco foi o desfecho mais estudado em pacientes com ES até os
anos 2010, sendo substituido pela CVF a partir de entdo, segundo uma recente revisao
sistematica. Caron et al. (2018) buscaram os estudos que correlacionaram os parametros de TFP
como preditores de desfecho nos pacientes com DPI na ES. A maior parte dos estudos utilizou a
CVF como parametro de desfecho primario no seguimento dos pacientes. Os motivos apontados
para a preferéncia da CVF sdo sua maior disponibilidade e reprodutibilidade em relagdo a medida
da DLco que, apesar de parecer mais sensivel do que a CVF, pode sofrer alteracfes importantes
quando ha HAP associada (Tashkin et al, 2016).
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A pletismografia de corpo inteiro € uma técnica que permite a medida dos volumes
pulmonares estaticos e fornece dados como a capacidade pulmonar total (CPT), volume residual
(VR), resisténcia de vias aéreas (Rva) e a condutancia especifica de vias aéreas (SGva). Na
grande maioria dos estudos, a CPT é avaliada como desfecho secundario em pacientes com DIP
relacionada a ES. Além do mais, 0s estudos ndo demonstraram superioridade da CPT em relacdo
a CVF na avaliacgdo destes pacientes (TASHKIN et al., 2006; CARON et al., 2018).

As medidas de forca muscular inspiratéria e expiratéria sdo de grande valor na avaliagdo
do acometimento da ES além da DIP. As variaveis analisadas sdo a pressao inspiratoria maxima
(PIméx) e a pressdo expiratoria maxima (PEmax), que sdo obtidas através de manobras de
inspiracéo forgada e expiragédo forgada, respectivamente. A doenca multissistémica pode levar a
fraqueza muscular respiratoria e infiltracdo cutanea com fibrose e rigidez da pele, que parece
contribuir para a restricdo da mobilizacdo da parede toracica. Este prejuizo na capacidade de
expansdo da caixa toracica determinada pela constricdo cutdnea pode levar a alteragcdes na
mecanica ventilatoria que, por sua vez, podem ser sugeridas através da mensuragdo das pressdes
respiratorias maximas (Chausow et al., 1984). A PImax e a PEmax sdo um dos determinantes da
CPT e do VR, respectivamente. A parede toracica tem papel fundamental na contribuicdo para as
forgas de retragdo elastica do sistema respiratério na determinacdo do VR e também com sua
complacéncia na determinagdo da CPT (MENNA BARRETO & CAVALAZZI, 2002).

O teste de lavagem do nitrogénio (TLN) fornece informagdes relevantes da ventilagdo que
traduzem o funcionamento das pequenas vias aéreas e a homogeneidade da ventilacdo pulmonar.
Os valores de inclinacdo de fase Il e a relacdo volume de fechamento/capacidade vital (VF/CV)
sdo as variaveis de maior interesse nesta analise. A inclinacdo de fase Il representa a variacdo da
concentracdo de N, exalado na expiracdo, tendo seu valor elevado quando ha inomogeneidade da
ventilacdo. A relacdo VF/CV, quando aumentada, sinaliza para o fechamento precoce das
pequenas vias aéreas. Tal técnica tem sido utilizada com maior frequéncia, dado o interesse pelo
estudo das pequenas vias aéreas que sdo consideradas a zona silenciosa do sistema respiratorio.
Entretanto, até o presente momento, pouca atencdo tem sido dada as anormalidades de pequenas
vias aéreas em pacientes com DIP, incluindo os portadores de ES.

Além da avaliacdo das pequenas vias aéreas, 0 TLN é capaz de fornecer informagoes
valiosas a respeito das propriedades que envolvem a homogeneidade do sistema respiratorio.

Apesar de ser conhecido ha mais de meio século, 0 TLN tem sido retomado na prética clinica e
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utilizado para o diagnostico precoce e, também, para a avaliacdo de gravidade em diversas
doencas. O teste pode ser realizado de duas maneiras — a técnica de respiracdo Unica e a técnica
de mdltiplas respiracfes —, cabendo a escolha de qual técnica utilizar a cargo do examinador e de
diversos outros fatores técnicos (LOPES, 2015).

A técnica de oscilometria forgada possibilita a avaliacdo da resisténcia das vias aéreas.
Miranda et al. (2013) avaliou, através da técnica de oscilometria forcada, as vias aéreas de
pacientes com ES, comparando os resultados obtidos com o de um grupo controle. Os pacientes
do grupo ES apresentaram maiores valores de resisténcia no intercepto (que esta associada com a
resisténcia total do sistema respiratdrio), resisténcia média (que estd associada com o calibre das
vias aéreas mais centrais), resisténcia em baixas frequéncias de ressonancia (que esta associada
com as vias aéreas periféricas) e slope da resisténcia (que esta associado com a homogeneidade
das propriedades resistivas do sistema respiratorio). Nesse mesmo estudo, 0s investigadores
observaram que pacientes com ES possuem reducdo da reatdncia média (que estd associada com
a homogeneidade das propriedades reativas do sistema respiratorio), complacéncia dindmica e
complacéncia alveolar. Os achados deste estudo foram de extrema relevancia por ser o primeiro
utilizando tal técnica, que permite uma avaliacdo mais apurada da funcdo de pequenas vias
aéreas. O aumento da resisténcia de vias aéreas, que se correlaciona com a inomogeneidade da
ventilacdo, conseguiu ser demonstrada por esses investigadores.

Entretanto, poucos estudos avaliaram as pequenas vias aéreas em pacientes com ES, e a
avaliacdo através da TLN ainda ndo foi explorada nesta populacdo. Ha algumas décadas, Bjerke
(1979) avaliou as pequenas vias aéreas de pacientes com ES e ndo foi capaz de evidenciar
alteragcbes em sua funcionalidade. Mais recentemente o trabalho de Miranda et al. (2013)
demonstrou aumento da resisténcia nas pequenas vias aéreas de pacientes com ES, achado
inédito neste grupo até entédo.

Bjerke et al. (1979) evidenciaram alteracdo de pequenas vias aéreas em doencas
intersticiais difusas caracterizadas por obstrugdo, em casos de pneumonia em organizacao
criptogénica e sarcoidose. Na DIP, em pacientes com ES, as medidas de TFP ndo evidenciaram
sinais de doenca obstrutiva neste estudo.

As imagens de radiografia de térax e os TFP podem ndo evidenciar alteragdes na fase
inicial da doenca. A TCAR de térax € o exame ndo invasivo de escolha para deteccdo da DIP na

ES, sendo capaz de mostrar discretas alteracdes. Apesar da alta sensibilidade, ela pode ser normal
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com alteracGes detectaveis nos TFP. Pacientes com TCAR normal e alteragdes no exame fisico
do térax desenvolvem alteragcdes nos exames seguintes. Contudo, uma TCAR inicial normal é um
bom preditor, tendo o paciente uma pequena chance de desenvolver DIP, com 85% mantendo a
TCAR normal em cinco anos (LAUNAY et al., 2006).

A TCAR é um exame importante na rotina de detecco e avaliacio da DIP. E mais precisa
que a radiografia simples de térax na deteccdo e caracterizacdao da doenca intersticial, além de ter
uma melhor correlacdo com os parametros dos TFP (SALAFFI et al, 2016). A TCAR permite
uma avaliacdo detalhada dos pacientes com DPI associada a ES. Entretanto, seu uso de forma
rotineira no seguimento dos pacientes deve ser avaliado cuidadosamente dado o risco de
neoplasia por dose acumulada de radiagdo (NGUYEN-KIM et al., 2018).

O padrdo mais comumente encontrado nas TCAR de térax € a pneumonia intersticial ndo
especifica. Neste padrdo, ha comumente vidro fosco e fibrose, sendo a distribuicdo tipicamente
periférica, bilateral e predominando nas bases pulmonares. As opacidades de vidro fosco sdo
areas de aumento de atenuacdo do parénquima pulmonar que podem representar inflamacdo ativa
ou fibrose inicial. O faveolamento é o achado caracteristico da fibrose, sendo outros achados o
espessamento reticular do intersticio com bronquiectasias de tracdo (SILVER et al, 2015). O
padrdo de pneumonia intersticial usual se apresenta na TC de tdrax caracteristicamente com
reducdo de volume e faveolamento, além da presenca de bronquiectasias de tracdo e reticulado
periférico (SCHOENFELD et al,2015). Os achados de fibrose estdo presentes em 55 a 65% dos
pacientes com ES e em até 96% daqueles com TFP alterados (SALAFFI et al. 2016).

Em relacdo as vias aéreas inferiores, poucos estudos avaliaram ou descreveram alteracdes
especificas das vias aéreas nos pacientes com ES através da TCAR. A quase totalidade dos
estudos avaliou alteragfes do parénquima pulmonar e apenas descrevem alteracdes das vias
aéreas como presentes em associacdo. Em uma revisdo que propds a descri¢do do estado da arte
da imagem em pacientes com doengas do colageno, Ohno et al. (2015) descreveram as alteracoes
mais comumente encontradas na TC de torax des pacientes com ES como sendo as alteracfes
intersticiais que levam a consequentes alteracdes das vias aéreas, expressadas em bronquiectasias
e bronquiolectasias.

N&o ha na literatura, até o0 momento, estudos que tenham avaliado isoladamente as vias

aéreas de paciente com ES.
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Com o advento dos computadores de maior desempenho, uma de suas principais funcgdes
foi a de realizar o reconhecimento de padrfes (FRANCA et al, 2016). Devido a grande
quantidade de informacGes e dados, foi necessario o0 surgimento de tecnologias que
possibilitassem a compressdo destes e que, a0 mesmo tempo, conseguissem representar o todo
com exatiddo (PLOTZE et al, 2004). Isso inclusive torna-se fundamental na &rea de Radiologia e
Diagnostico por Imagem, em que sdo formadas milhares de imagens e dados das varias regides
do corpo.

O processo de esqueletonizacdo é a transformacdo de um componente de imagem digital
em um subconjunto do componente original. Existem diferentes categorias de métodos que
permitem a realizacdo desta técnica (skeletonizing algorithm) (KLETTE, 2002). Frequentemente
utilizada, o afinamento € o processo de reducdo de uma forma para uma versao simplificada que
ainda retém as caracteristicas essenciais do objeto original e passa a ser denominado como
esqueleto (PLOTZE et al, 2004).

Quanto a volumetria das &reas de interesse na rea médica, surgiram diversos trabalhos
que aplicaram este método em varias afeccdes, inclusive aquelas do sistema respiratorio
(MADANI et al., 2001; MATSUOKA et al., 2008; STOEL et al., 1999; CARVALHO et al.,
2009, DE CASTRO et al., 2014). Nos estudos que dizem respeito as vias aéreas superiores, a
técnica foi utilizada para avaliagdo da faringe por Zinsly et al. (2010) e Rodrigues (2011),
corroborando a importancia da volumetria através da TC (ZINSLY et al., 2010; RODRIGUES,
2011).

Finalmente, no que tange as vias aéreas inferiores, muitos trabalhos vém demonstrando a
sua importancia do ponto de vista pratico, como na aplicacdo para auxilio no diagnéstico de
doencas incluindo estenoses traqueais e tragueomaléacia, bem como no planejamento cirdrgico,
acompanhamento e andlise anatbmica (PERCHET et al., 2016; GRENIER et al., 1996, FETITA
etal., 2004, LIU et al., 2002).

Camilo et al. (2017) compararam as vias aéreas de pacientes com acromegalia com a de
indiduos de um grupo controle, incluindo a anélise de traqueia e brénquios. Foi utilizada a técnica
de volumetria com posterior segmentacdo e esqueletonizacdo das vias aereas. Os resultados
obtidos evidenciaram que pacientes com acromegalia apresentavam maiores valores de diametro

equivalente, area e perimetro da traqueia e brdnquios-fonte direito e esquerdo, quando



22

comparados aos pacientes do grupo controle. Os pacientes do grupo acromegalia apresentavam
ainda maior tortuosidade da traqueia e a estenose traqueal foi observada em 25% deste grupo.

A tragueia é um orgao cilindrico que se inicia na laringe e da origem aos brénquios
principais, quando se bifurca para segmentacdo das vias aéreas. Esta localizada no interior do
mediastino e tem como principal funcdo servir de passagem para o ar, ligando as vias aéreas
superiores as inferiores. Sua parede € composta por aneis cartilagenosos incompletos em suas
paredes lateral e anterior, sendo a parede posterior composta por musculatura lisa com fibras
dispostas em orientacdo transversal e longitudinal em relacdo aos aneis cartilagenosos. As
paredes da traqueia s@o recobertas por camadas de tecido conjuntivo. Permeados ao tecido
conjuntivo, existem glandulas responsaveis pela lubrificacdo da luz traqueal (BRAND-SABERI
etal., 2014).

O epitéltio colunar pseudoestratificado cilindrico ciliado é o que recobre todo o 6rgéo,
sendo ligado ao tecido conjuntivo por uma membrana basal. Sua composicao se da por meio de
trés células: 1) as principais, que sao cilindricas e altas, contendo os cilios; 2) as basais, que sdo
células curtas que ndo tem altura para alcancar a superficie epitelial, tendo funcdo na renovacao
celular; e 3) as células caliciformes, que sdo células cilindricas em formato de célice e que
secretam muco com funcédo de lubrificacdo do epitélio. A agdo deste epitélio de lubrificacdo em
associacdo com a acdo do batimento ciliar no sentido da ascendente permite a eliminacdo de
dejetos que por ventura tenham adentrado a vias aérea inferior (BRAND-SABERI et al., 2014).

A traqueia representa o local das vias aéreas de maior resisténcia ao fluxo aéreo, pois,
apesar do seu diametro de aproxiamdamente 2 cm, a area seccional transversa € muto maior no
nivel das pequenas vias aéreas. Em condi¢cBes anatdbmicas, ela funciona como um tubo
semiflexivel com eixo centrado, que permite um fluxo aéreo laminar e livre de obstaculos.

As condicbes que levem a alteragcdes das vias aéreas podem ser bastante sintomaticas e
estdo diretamente correlacionadas com seu calibre. Alteragdes na estrutura da traquéia podem
provocar alteracées no fluxo aéreo e consequentemente de toda a dinamica da ventilagdo. Tais
alteracbes podem ser avaliadas através de TFP e também de exames de imagem como a TC
(MOTTRAM, 2013).

A TC é o exame de escolha para avaliacdo da traqueia. Ela é capaz de mostrar a anatomia
da via aerea e tambeém avaliar as estruturas adjacentes que podem interferir diretamente em sua

arquiterura e funcionamento (SHEPARD et al., 2018). A TC ainda permite avaliacdo dindmica do
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funcionamento da traqueia, adquirindo imagens em inspiracdo e expiragdo, 0 que € de grande
auxilio na investigacdo diagndstica e planejamento de exames endoscépicos em envolvem a via
aérea (LEE et al., 2010).

N&o ha registros na literatura da avaliacdo especifica da estrutura traqueal em pacientes
com ES.
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1 JUSTIFICATIVA

Embora haja diversas alteraces na estrutura pulmonar e disfuncdes respiratorias descritas
na ES, poucos estudos avaliaram ou descreveram as alteracfes nas vias aéreas desses pacientes.
Sabe-se que a TC multislice € excelente no diagnostico precoce do acometimento pulmonar em
afeccdes sistémicas, inclusive naquelas que determinam alteracdes nas vias aéreas. Quanto a
volumetria das vias areas, surgiram diversos trabalhos que aplicaram este método em varias
afeccles, inclusive do sistema respiratorio, como no auxilio ao diagnostico de estenoses traqueais
e traqueomalacia, bem como no planejamento cirdrgico, acompanhamento e analise anatdmica.
No entanto, até 0 momento, nenhum estudo avaliou a volumetria das vias aéreas na ES.

Em relacdo aos TFP, a maior parte dos estudos em pacientes com ES esta relacionada aos
métodos tradicionais de avaliacdo da funcdo pulmonar, incluindo a espirometria e a medida da
DLco. Apesar da importancia desses TFP tradicionais no manejo do acometimento pulmonar
associado a ES, uma parcela significativa dos pacientes apresenta espirometria e medida da DLco
dentro da normalidade, mesmo na presenca de doenca pulmonar diagnosticada pelos métodos de
imagem. Nos ultimos anos, com a evolucdo do seu aparato técnico, tem havido um crescente
interesse sobre 0 uso do teste de lavagem de nitrogénio no intuito de medir a homogeneidade na
distribuicdo da ventilacdo e a funcdo de pequenas vias aéreas em diversas condicdes clinicas e,
assim, diagnosticar precocemente as alteragdes na funcdo pulmonar. A avaliacdo de alteracdes
nas pequenas vias aéreas, além da mensuracdo da inomogeneidade na ventilacdo pelo método de
lavagem de nitrogénio, € inédita em pacientes com ES.

Até o presente momento, ndo ha na literatura nenhum estudo que tenha avaliado o uso da
esqueletonizacdo e volumetria das vias aéreas através da TC, nos portadores de ES. Esta
pesquisa, em pacientes com ES, avaliou as altera¢cdes anatdmicas e funcionais das vias aéreas por
meio do TLN e da técnica de esqueletonizacdo e volumetria de vias aéreas em imagens de TC e
suas correlagdes com outros TFP de forma a contribuir para o melhor entendimento das

complicagdes do sistema respiratorio decorrentes desta condicao.
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2 HIPOTESE

A TC multislice associada a volumetria por processamento de imagens vem ganhando
crescente importancia na literatura, pois a agregacdo dos métodos tem permitido o diagnostico
mais acurado de doencas e fornecendo informacdes adicionais em diversas afeccfes. O teste de
lavagem de nitrogénio é capaz de avaliar alteracdes nas pequenas vias aéreas, com a medida de
volume de fechamento, indicando seu fechamento precoce. Também é possivel analisar da
homogeneidade da ventilacdo, conforme a variagdo da percentagem de nitrogénio exalado
durante a expiracdo. Estudos anteriores sugeriram haver alteracdo na resisténcia das vias aereas
desses pacientes. Nossa hipotese é que pacientes com ES apresentam altera¢fes nas vias aéreas,

que podem ser diagnosticas tanto pelos métodos funcionais quanto pelos métodos de imagem.
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3 OBJETIVOS

3.1 Objetivo geral

Avaliar a funcdo e morfologia de vias aéreas de pacientes com ES, através de TFP e

TCAR.
3.2 Objetivos especificos
a) Awvaliar a distribuicdo da ventilacdo e a funcdo das pequenas vias aéreas em pacientes com
ES pela técnica de lavagem do nitrogénio;
b) Avaliar a volumetria das vias aéreas em pacientes com ES pela técnica de volumetria das
vias aéreas;
c) Avaliar a relacdo entre os achados de fungdo pulmonar e volumetria de vias aéreas da
TCAR de toérax em pacientes com ES;
d) Avaliar a correlacdo entre os achados de lavagem do nitrogénio e outros dados de funcao

pulmonar em pacientes com ES.
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4 DESENHO EXPERIMENTAL

4.1 Desenho do estudo

Através de um estudo transversal e ndo intervencionista, foram avaliados pacientes com
idade acima de 18 anos e diagnostico de ES segundo os critérios do American College of
Rheumatology, sendo este firmado por especialista em Reumatologia e acompanhados no
Ambulatério de Doencas Intersticiais da Policlinica Piquet Carneiro (PPC) do Servi¢o de
Pneumologia e Tisiologia da Universidade do Estado do Rio de Janeiro (UERJ). Foram
recrutados o0s pacientes que aceitassem participar da pesquisa, apos a leitura e assinatura do termo
de compromisso livre e esclarecido (TCLE), que foi previamente aprovado pelo Comité de Etica
em Pesquisa do Hospital Universitario Pedro Ernesto (HUPE) (Anexo 1. Pagina 119). Os
pacientes puderam estar em uso de medicamentos voltados a terapéutica da doenca de base ou,
ainda, apresentar outras comorbidades que sdo relacionadas a ES.

Foram feitas as TC em tomdgrafo multislice de 64 canais, com aquisicdo inspiratdria,
expiratéria e reconstrucdo para alta resolucdo (TCAR) e TFP por meio da espirometria,
pletismografia de corpo inteiro, medida da DLco, teste de lavagem de nitrogénio e medida de
forca muscular respiratéria. A TC se faz necessaria para avaliar as vias aéreas e 0 acometimento
pulmonar bem como excluir doencas associadas. As imagens tomograficas dos pacientes foram

processadas em programa especifico. O fluxograma do estudo é mostrado na Figura 1.



Figura 1 - Fluxograma do estudo
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esclerose sistémica

Espirometria, difusdo ao CO,
pletismografia de corpo inteiro, medida
de forca muscular respiratoria, lavagem

de nitrogénio

Tomografia
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de térax

Volumetria de vias aéreas e
determinagéo do padréo e quantificacio
da extensdo da doenca.

Comparagéo dos achados de lavagem de
nitrogénio outros TFP e avaliagdo da
volumetria de vias aéreas
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4.2 Critérios de inclusao e exclusao

Critérios de Incluséo
a) Idade acima de 18 e abaixo de 80 anos;
b) Diagndstico de ES com envolvimento pulmonar segundo os critérios do American College
of Rheumatology firmado por especialista em Reumatologia;

¢) Sintomatico respiratorio — dispnéia ou tosse.

Critérios de excluséo
a) Diagnostico de asma, DPOC ou outra pneumopatia cronica;
b) Carga tabagica maior que 10 magos-ano no passado;
c) Gestacdo ou sem uso de método contraceptivo;
d) Incapacidade de realizar a TC de torax;
e) Incapacidade de realizar os testes de funcdo pulmonar;
f) Individuos com infeccdo respirat6ria nos ultimos 30 dias;
g) Hipertenséo pulmonar;
h) Outras colagenoses associadas.



30

5 ANALISE MORFOLOGICA DO PULMAO E VIAS AEREAS EM IMAGENS DE TC

5.1 Aquisicao de imagens

As TC de torax foram obtidas em um tomografo helicoidal com 64 canais (Philips
Medical Systems, Cleveland, OH, USA Brilliance 40, Philips Medical Systems, Cleveland, OH,
EUA). O tempo de leitura (scanning time) foi ajustado em 4s. A corrente na ampola era
modulada. A tensdo de 120 kV. Cada aquisicdo consistiu de um bloco com 250 a 400 cortes
transversais de 2 mm de espessura e distancia entre os cortes de 1 mm, obtido durante apneia
inspiratoria e expiratoria. As imagens foram representadas por uma matriz quadrada de 768
linhas e 768 colunas. O gantry néo teveinclinagdo. N&o houveutilizagdo de meio de contraste
iodado.

5.2 Volumetria de Vias Aéreas

Para realizacdo do presente estudo, foram necessarios 0s seguintes itens;

a) Arquivos .dcm (DICOM) produzidos por tomografias computadorizadas;
b) 3DSlicer 4.4.0 r23774 (https://www.slicer.org/);

c) Extensé&o para o 3DSlicer, AirwaySegmentation (University College Cork);
d) MatLab 2014a (http://www.mathworks.com/);

e) Programa escrito no Matlab, Airway Processing.

Ainda, houve os mddulos adicionais, conforme segue:

a) NRRD Format File Reader (Jeff Mather);

b) Accurate Fast Marching, versdo modificada (Dirk-Jan Kroon);

c) Programa escrito em Matlab para processamento estatistico dos dados, Statistic

Airway.
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O processo de segmentacdo das vias aéreas foi realizado no 3DSlicer com o auxilio da
extensdo AirwaySegmentation. Ao final do processamento, um arquivo .nrrd (Nearly Raw Raster
Data) foi salvo.

Usando o Airway Processing, dois processos distintos foram executados:

a) O arquivo .nrrd foi lido e transformado em uma matriz binéaria de dados. Por meio
desta, o processo de esqueletonizacdo foi iniciado. Um esqueleto composto por diversos pontos
foi entdo produzido (Figura 2);

b) Através do esqueleto e suas coordenadas nos plano X, Y e Z, foi executado um
processamento individual de todos os pontos com o uso do comando slice. Os angulos do
processamento foram definidos por uma reta normal entre 0 ponto em questdo e 0s proximos
cinco pontos (Figuras 3 e 4).

Usando o MatLab, as informacbes obtidas individualmente pelo comando slice foram
catalogadas com comando regionprops e os seguintes dados foram obtidos: 1) area; 2) perimetro;
3) excentricidade (um valor compreendido entre 0 e 1, onde 1 € um segmento de linha e 0 um
circulo); 4) didmetro equivalente; 5) maior diametro; e 6) menor diametro.

Ao término das etapas supracitadas, o Airway Processing salvou um arquivo .xIs com
todas as informacgdes processadas. Além do xls, cada ramo encontrado foi salvo em um arquivo
de imagem.

Por meio das imagens, os ramos de interesse foram identificados e catalogados. Suas

informac@es foram extraidas do arquivo xIs para os devidos processamentos.
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Figura 2 - Esqueleto e matriz binaria representada por uma superficie

Figura 3 - Processamento de cada ponto (espagado em 20 pontos para facilitar a

visualizacao)
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Figura 4 - Processamento de cada ponto numa maior dimenséo (espagado em 20 pontos para

facilitar a visualizagéo)

As informagfes foram catalogadas de acordo com a regido de interesse (traqueia,
bronquio principal direito (BPD), bronquio principal esquerdo (BPE), bronquio do lobo superior
direito (BSD), bréonquio do lobo superior esquerdo (BSE), bréonquio intermediario (BI), brénguio

do lobo inferior esquerdo (BIE) no Statistic Airway (Tabela 1).



Tabela 1 - Critérios de organizacao dos dados

Area Perimetro Excentricidade Diametro Malor Menor
equivalente  didmetro didmetro
Traqueia*  Maximo Maximo Mediana Maximo Maximo Maximo
BPD Mediana Mediana Mediana Mediana Mediana Mediana
BPE Mediana Mediana Mediana Mediana Mediana Mediana
BSD ** Média Média Média Média Média Média
BSE ** Média Média Média Média Média Média
Bl Mediana Mediana Mediana Mediana Mediana Mediana
BIE Mediana Mediana Mediana Mediana Mediana Mediana

34

BPD: bronquio principal direito; BPE: bronquio principal esquerdo; BSD: bronquio do lobo superior direito; BSE: brénquio do

lobo superior esquerdo; BI: bronquio intermédio; BIE: bronquio do lobo inferior esquerdo.

* O processamento se inicia 1,5 cm acima da regido da carina.

** Parametros calculados com relagdo ao menor somatorio da area da metade do segmento.

O fluxograma das etapas, assim como o0 hardware utilizado e um exemplo da

reconstrucdo em 3D das vias aéreas inferiores sdo mostrados nas Figuras 5, 6 e 7,

respectivamente.



Figura 5 - Fluxograma das etapas
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Figura 6 - Hardware utilizado

Nome do Sistema Operacional
Versdo

Outras Informagdes sobre o Sistema Operacional
Fabricante do Sistema Operacional
Nome do sistema

Fabricante do sistema

Modelo do sistema
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Versdo/data do BIOS

Versao do SMBIOS

Pasta do Windows

Pasta do sistema

Dispositivo de inicializagdo
Localidade

Camada de Abstragdo de Hardware
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Meméria fisica total

Meméria fisica disponivel
Memoaria virtual total

Meméria virtual disponivel

Espago do arquive de paginagao
Arquivo de paginagao
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Microsoft Windows 7 Professional
6.1.7601 Service Pack 1 Compilag3o 7601
Nao disponivel

Microsoft Corporation

LEP22

INTEL_

DHS7RL_

x64-based PC

Intel(R) Core(TM) i5-4440 CPU @ 3.10GHz, 3001 Mhz, 4 Nucleo(s), 4 Processador(es) Logico(s)
Intel Corp. RLH8710H.854.0320.2013.0605.1802, 05,/06,/2013
27

C:\Windows

C\Windows\system32
\Device\Harddiskvolumel

Brasil

Versdo = "6.1.7601.17514"
LEP\alan_ranieri

Hora oficial do Brasil

8,00 GB

767 GB

560 GB

153 GB

123 GB

767 GB

C:\pagefile.sys

Figura 7 - Exemplo da reconstrugdo em 3D das vias aéreas inferiores
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6 AVALIACAO DA FUNCAO PULMONAR

6.1 Espirometria

A espirometria € o0 estudo da funcdo pulmonar, por meio das medidas de fluxo e volumes
gerados nos ciclos respiratorios basais e forcados. Exige compreensao e colaboragdo do paciente,
equipamentos exatos e emprego de técnicas padronizadas, aplicadas por profissionais
capacitados. Os valores obtidos sdo comparados a valores previstos adequados para a populagéo
avaliada (KNUDSON, 1983; CRAPO et al., 1981, PEREIRA, 2002).

Antes do teste, os pacientes repousam cerca de 5 a 10 minutos. Foram orientados
previamente a evitar alcool e café nas ultimas 4-6 horas e refeicbes volumosas 1 hora antes do
exame. Previamente ao teste, o técnico explicava claramente a execugdo das manobras. Durante o
teste, os individuos permaneceram na posi¢cdo sentada e com a cabeca em posi¢ao neutra, fazendo
uso do clipe nasal (PEREIRA, 2002).

O equipamento utilizado para realizacdo deste exame foi o HD CPL (nSpire Health Inc.,
Longmont, CO, USA), do Setor de Provas de Funcdo Pulmonar do HUPE. No presente trabalho,
as equac0es de referéncia utilizadas para espirometria foram as de Knudson,1983.(KNUDSON et
al., 1983) ). Todos os exames seguiram a padronizacdo da American Thoracic Society, 2005
(MILLER et al., 2005).

6.2 Plestismografia de corpo inteiro

O pletismografo de corpo inteiro é um aparelho composto de um sistema
computadorizado, acoplado a uma cabine hermeticamente fechada e que possui sensores que
captam variacgOes de pressdo internas com grande sensibilidade. Estas variam de acordo com as

mudangas no volume do térax. As variagdes de pressdo refletem as oscilagdes de volume
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pulmonar (PEREIRA & MOREIRA, 2002). Durante 0s exames, 0S pacientes permaneceram em
posicao sentada dentro da caixa calibrada.

No pletismégrafo de corpo inteiro, foram realizadas pelo menos trés manobras de esforcos
respiratorios rapidos e superficiais (panting). O procedimento era previamente explicado e
demonstrado ao participante (PEREIRA & MOREIRA, 2002). Neste estudo, foram utilizadas as
equacdes de Neder para o céalculo dos volumes pulmonares estaticos (NEDER et al., 1999).

O equipamento utilizado para realizacdo deste exame foi o HD CPL (nSpire Health Inc.,
Longmont, CO, USA) do Setor de Provas de Funcao Pulmonar do HUPE.

6.3 Capacidade de difusdo ao mondxido de carbono (DL co)

As manobras de difusdo foram realizadas apds repouso de cinco minutos. Um volume da
amostra de 0,5 a 1 L era coletado dentro de quatro segundos, ap6s uma apneia inspiratoria de
aproximadamente 10 segundos. A média de duas ou mais manobras aceitaveis foi feita.
Determinagdes em duplicata deveriam situar-se dentro de 10% ou 3 ml CO/min/mmHg
(PEREIRA, 2002). As equacdes de referéncia utilizadas neste estudo foram as de Neder, 1999
(NEDER et al., 1999). O equipamento utilizado para realizagdo deste exame foi o HD CPL
(nSpire Health Inc., Longmont, CO, USA) do Setor de Provas de Funcdo Pulmonar do HUPE.

6.4 Forca muscular respiratoria

As mensuracdes das pressdes respiratorias maximas dependem da compreensdo das
manobras a serem executadas e da colaboracdo do paciente para a realizacdo de movimentos e
esforgos respiratdrios realmente maximos. Assegurados esses critérios, 0s valores de pressao
inspiratoria maxima (PIméax) e de pressdo expiratdéria maxima (PEméax) dependem nédo apenas da
forca dos musculos respiratorios, mas também do volume pulmonar em que forem realizadas as

mensuracdes e do correspondente valor da pressdo de retracédo elastica do sistema respiratério, o
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qual resulta da soma algébrica das pressdes de retracdo eléstica dos pulmdes e da caixa toracica
(SOUZA, 2002).

As equac0es de referéncia utilizadas neste estudo foram as de Neder, 1999 (NEDER et al.,
1999). O equipamento utilizado para realizacdo deste exame foi 0 HD CPL (nSpire Health Inc.,
Longmont, CO, USA) do Setor de Provas de Fung¢do Pulmonar do HUPE.

6.5 Teste de lavagem de nitrogénio

O teste foi realizado no equipamento HD PFR 3000 (NSpire Health, Inc. Longmont, CO,
USA). Todos estes testes seguiram as normas estabelecidas pela Sociedade Brasileira de
Pneumologia e Tisiologia (SBPT) e pela American Thoracic Society (ATS). O individuo, na
posicdo sentada, com as narinas ocluidas por uma pinga e conectado ao espirdgrafo por meio de
uma peca bucal adaptada a um sistema de valvula de trés vias, respira ar ambiente
tranquilamente, apds realizar ciclos ventilatorios de profundidade superior a habitual. A seguir,
efetua uma expiracdo maxima, alcan¢ando o nivel do volume residual; nesse momento, é ligado
ao reservatério de O, puro e, com uma inspiracao lenta e total, inala O, até alcancar a capacidade
pulmonar total. Inicia-se entdo uma expiragdo lenta e total, devendo manter um débito exibido
pelo monitor de fluxo de cerca de 500 ml/s. Durante a expiracdo, o registrador X-Y contrapde a
concentracdo de N, (no eixo de Y) ao volume expirado (no eixo de X), obtendo-se uma curva.

Foram obtidas pelo menos trés curvas que eram, a inspecdo visual, consideradas
aceitaveis. Os valores da capacidade vital obtidos nas diversas curvas ndo deveriam diferir entre
si por mais de 10% da maior delas (ROBINSON et al., 2013). Neste estudo, foram utilizadas as
equacdes de Buist and Ross (1973) para o célculo das variaveis fornecidas pelo TLN (BUIST &
ROSS, 1973).
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7 ORDEM PARA REALIZACAO DOS EXAMES

Os testes foram realizados nos Servigos de Pneumologia (Setor de Provas de Funcao
Pulmonar) e Radiologia do HUCFF. Sempre houve um médico para supervisionar a execugdo de
todos os exames, 0s quais foram realizados na seguinte sequéncia: primeiro 0s pacientes eram
submetidos aos TFPs - espirometria, medida da DLco, pletismografia de corpo inteiro, medida de
forca muscular, lavagem de nitrogénio - e, posteriormente, as TCAR em inspiracdo e expiracao.

O intervalo entre todos os exames foi de, no maximo, 1 més.
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8 CALCULO DO TAMANHO DA AMOSTRA

O tamanho da amostra foi calculado através do software MedCalc versdo 8.2 (Medcalc
Software, Mariakerke, Bélgica). Considerando que o desfecho principal foi a associa¢do das
medidas do teste de lavagem de nitrogénio com os dados da TC, estimou-se que uma amostra
minima de 30 pacientes seria necessaria para observar uma correlacdo minima de 0,30 (fraca ou

superior) com um nivel de significancia de 5% e poder do teste de 80%.
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9 ASPECTOS ETICOS

Todos os pacientes foram previamente informados da pesquisa e consentiram na
realizacdo do trabalho por meio da assinatura do termo de consentimento livre e esclarecido
(TCLE) (Anexo I), que foi apresentado ao Comité de Etica em Pesquisa (CEP) do HUPE. O
TCLE informa o tipo de pesquisa, seus objetivos e esclarece que a participacdo do sujeito é
voluntaria, ndo prevé qualquer ressarcimento e que tanto sua participacdo quanto a nao
concordancia em participar do estudo ndo acarretarad prejuizo de qualquer tipo. Nele, também se
estabelece um compromisso com a privacidade de cada um e a utilizacdo confidencial e sigilosa
dos dados colhidos.

Este estudo foi avaliado e aprovado pelo Comité de Etica em Pesquisa do HUPE (CEP-
HUPE) (CAAE: 50752615.9.0000.5259), sob o nimero de comprovante 112825/2015, com data
final da relatoria de 12/11/2015 (Apéndice I). Nao houve conflitos de interesse por parte do autor

na realizacao deste trabalho.
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10 RESULTADOS E DISCUSSAO

A sequir, serdo apresentados dois artigos produzidos como resultados dos trabalhos
desenvolvidos na elaboragéo da presente tese.

O primeiro foi publicado na Revista Portuguesa de Pneumologia em janeiro de 2017 com
base nos dados parciais do estudo. O segundo foi aceito na revista Plos One em julho de 2018

com base nas informagcdes finais obtidas pelo estudo.

10.1 Artigo 1

VENTILATION DISTRIBUTION AND SMALL AIRWAY FUNCTION IN PATIENTS

WITH SYSTEMIC SCLEROSIS

Running title: Ventilation distribution and small airway in systemic sclerosis

Authors full names and affiliations:
1) Bruno Rangel Antunes da Silva — MSc. Laboratory of Respiratory Physiology, State
University of Rio de Janeiro, and Postgraduate Programme in Medical Sciences, State

University of Rio de Janeiro, Rio de Janeiro, Brazil. E-mail: brunocmhfa@gmail.com

Role in the study: BRA da Silva was responsible for the conception, design, and
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2) Rogério Lopes Rufino Alves — Ph.D. Department of Pulmonology, State University of
Rio de Janeiro, and Postgraduate Programme in Medical Sciences, State University of Rio
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ABSTRACT

Background: Despite the importance of traditional pulmonary function tests (PFTs) in managing
systemic sclerosis (SSc), many patients with pulmonary disease diagnosed by computed
tomography (CT) present with normal PFTSs.

Objective: To evaluate the efficacy of the nitrogen single-breath washout (N,SBW) test in
diagnosing SSc and to correlate N,SBW parameters with the PFT indexes used in the follow-up
of these patients, clinical data, and CT findings.

Methods: Cross-sectional study in which 52 consecutive SSc patients were subjected to
spirometry, body plethysmography, analysis of the diffusing capacity for carbon monoxide
(DLco), analysis of respiratory muscle strength, N,SBW testing, and CT analysis.

Results: Twenty-eight patients had a forced vital capacity (FVC) that was <70% of the predicted
value. In the N,SBW test, 44 patients had a phase 111 slope (Phase 111 slopen.sgw) that was >120%
of the predicted value, while 15 patients had a closing volume/vital capacity (CV/VC) that was
>120% of the predicted value. A significant difference in Phase Il slopen.sew Was observed
when the patients with predominant traction bronchiectasis and honeycombing were compared to
the patients with other CT patterns (p<0.0001). The Phase Il slopen.sew Was correlated with
FVC (rs=-0.845, p<0.0001) and DLco (rs=-0.600, p<0.0001), and the CV/VC was correlated with
FVC (rs=-0.460, p=0.0006) and residual volume/total lung capacity (rs=0.328, p=0.017).
Conclusion: Ventilation heterogeneity is a frequent finding in SSc patients that is associated with
restrictive damage, changes in pulmonary diffusion, and CT patterns. In addition, approximately

one-third of the patients present with findings that were compatible with small airway disease.

Keywords: systemic sclerosis; respiratory function tests; nitrogen single-breath washout test



46

INTRODUCTION

Systemic sclerosis (SSc) is a chronic inflammatory disease of the connective tissue that is
characterised by cutaneous and visceral fibrosis, self-immunity, and vascular destruction.'?
Almost 90% of SSc patients present with some form of lung injury over the evolution of the
illness, and interstitial lung diseases associated with the SSc (ILD-SSc) and pulmonary arterial
hypertension (PAH) are the most frequent manifestations.** Among the investigation methods for
ILD-SSc, lung biopsy is rarely performed. Therefore, computed tomography (CT) is currently
considered the method of choice.” Because the frequent use of ionising radiation is a matter of
growing concern, CT is rarely used in the follow-up of these patients. Indeed, the severity of the
pulmonary involvement of SSc is more frequently quantified using pulmonary function tests
(PFTs) in clinical practice.

Among the PFTs used in the diagnosis and follow-up of SSc patients, the most
widespread are spirometry and diffusing capacity for carbon monoxide (DLco).” Despite the
importance of traditional PFTs in the management of pulmonary involvement associated with
SSc, a significant proportion of patients present with normal PFT results, even in the presence of
ILD-SSc diagnosed by imaging methods.? With the evolution of technical equipment in recent
years, growing interest has developed in the use of the nitrogen single-breath washout (N,SBW)
test to assess ventilation homogeneity and the role of small airways in several clinical
conditions.?* The N,SBW test is used for the early diagnosis and stratification of patients and to
assess the of severity of several lung diseases.”***® In asthma patients, poor disease control is
correlated with both an increase in the closing volume (CV) and the phase Il slope of the
N,SBW (Phase Il slopen.ssw).*® In COPD patients, Lopes and Mafort® observed that Phase 111
slopen.ssw Was the only predictor, regardless of the degree of dyspnea and functional capacity for

exercise. Mikamo et al.'? described significant correlations between the Phase 111 slope.sgw and
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the measurements of mechanical ventilation and emphysema score evaluated by CT. However, to
our knowledge, no studies have previously assessed the use of the N,SBW test in SSc patients.

In addition to causing poor ventilation distribution, lung interstitium involvement can
potentially lead to structural changes in small airways, resulting in a loss of air flow that can
reflect increased ventilatory demand.'* We hypothesised that the structural disarray caused by the
excessive secretion of collagen in the respiratory systems of SSc patients may be reflected in the
N.SBW test. Thus, the present study sought to assess the usefulness of the N,SBW test in SSc
patients and to correlate the parameters measured by the N,SBW test with the PFT indexes

classically used in the follow-up of these patients, degree of dyspnea, and CT findings.

METHODS
Patients

This was a cross-sectional study conducted between December 2015 and July 2016 in
which 66 consecutive SSc patients were evaluated. These patients were recruited from the Piquet
Carneiro Polyclinic of the State University of Rio de Janeiro, Brazil. . Patients >18 years of age
of both genders who meet the criteria for SSc diagnosis®™® were included in the study. The
following exclusion criteria were applied: patients with a previous history of smoking or those
who were current smokers; individuals with asthma; evidence of overlap with other connective
tissue diseases, except Sjogren's syndrome; reports of infection within the previous four weeks;
and inability to perform PFTs. The protocol was approved by the Research Ethics Committee of
the Pedro Ernesto University Hospital of the State Universityof Rio de Janeiro under the number

CAAE- 50752615.9.0000.5259. All of the patients signed informed consent forms.

Measurements
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Dyspnea was assessed by means of the modified Medical Research Council (NMRC) scale.'®
Spirometry, body plethysmography, measurement of DLco, and measurement of

respiratory muscle strength were conducted with Collins Plus Pulmonary Function Testing

Systems equipment (Warren E. Collins, Inc., Braintree, MA, USA) using the standardisation of

d®2! and the results are

the consensus statement.!” The Brazilian reference values were use
expressed as % predicted.

The N,SBW test was performed using the HDpft 3000 instrument (nSpire Health, Inc.,
Longmont, CO, USA). Briefly, individuals exhaled until the residual volume (RV) was reached
and then inhaled 100% O, until the total lung capacity was reached (TLC). Then, they slowly
exhaled at a flow rate of approximately 0.3-0.5 L/s until the RV was reached. The two indexes

derived from the procedure are reported as % predicted**®

and include the Phase 111 slopen.ssw,
which is the change in the concentration of N, between 25%-75% of the exhaled volume, and the
closing volume/vital capacity (CV/VC), which is the portion of the VC that is exhaled after the
airway begins to close. The N,SBW test was performed according to the recommendations of the
consensus statement.**

We also assessed the CT scans of 31 patients that were performed within the last three
months prior to recruitment. The CT scans were categorised into three patterns according to the
consensus of two radiologists: grade 1 (reticular pattern predominance); grade 2 (ground-glass
opacity predominance); and grade 3 (traction bronchiectasis and honeycombing

predominance).*%*

Statistical analysis

The data analysis was conducted using SAS 6.11 software (SAS Institute, Inc., Cary, NC, USA).

The assumption of a normal distribution of the data was evaluated with a Shapiro-Wilk test.
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Comparisons of variables between the two groups of patients subdivided according to the FVC or
MMRC grades were evaluated by the Mann-Whitney test for numerical variables and by Fisher’s
exact test for categorical variables. Comparisons of the CT grades according to the different
N.SBW variables were examined using the nonparametric Kruskal-Wallis test followed by
Dunn’s post-hoc test. Spearman’s rank correlation coefficient (rs) was used to evaluate the
associations between the variables. The results are expressed as median values and interquartile

ranges or as frequencies (percentages), and statistical significance was considered at p<0.05.

RESULTS

Among the 66 patients who were considered for participation in the study, 14 were excluded due
to the following reasons: six for reporting a history of smoking, four for presenting with SSc
together with other collagenoses, two due to associated asthma, and two due to the inability to
perform the PFTs. Thus, the study population consisted of 46 women and six men with a median
age of 48 (38.5-56.3) years. Thirty-eight patients had a limited form of the disease, and 14 had
the diffuse form. In 36 patients, the mMRC grade was <2 [1.12 (0.64-1.47)], and in 16, it was >2
[2.47 (2.31-2.78)]. In the CT analysis, the exams were categorised as grade 1 (n=13), grade 2
(n=10), and grade 3 (n=8).

For the 52 patients who participated in the study, the median values of FVC, DLco, and
FVC/DLco were 67 (57-91)% predicted, 62 (44-81.3)% predicted, and 1.18 (0.93-1.52)% of the
reference values, respectively. Twenty-eight patients had an FVC <70%, 34 had a DLco <80%,
and nine had an FVC/DLco >1.6. Regarding the TLC, the median of the sample was 72.5 (60.3—
87.5)% predicted, and this parameter was <80% in 31 patients, which indicated a restrictive
disorder. The medians for Phase IlIslopen.ssw and CV/VC were 254 (112-450)% predicted and

107 (62—-150)% predicted, respectively. In this test, 44 patients had a Phase IlIslopen.ssw >120%,
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while 15 patients had a CV/VC >120%. When the sample was subdivided into two groups using
a cut-off value of FVC <70%, significant differences were observed between the two groups for

most of the evaluated functional parameters (Table 1).



Table 1 Demographic data and lung function of patients with systemic sclerosis.

o1

Variable Patients with FVC >70% Patients with FVC <70% p-value
(n=24) (n=28)

Demographic data
Females (%) 22 (91.7) 24 (85.7) 0.67°
Age (years) 49.5 (43.3-58.8) 48 (37-53.8) 0.26°
Weight (kg) 62.8 (52.2-71) 715 (57.3-82) 0.113
Height (cm) 157 (153-162) 160 (156-164) 0.23
BMI (kg/m?) 25.1 (21.6-28.9) 28.4 (22.1-30.9) 0.15%

Lung function
FVC (% predicted) 93 (80.5-103) 57 (51.3-65) <0.0001°
FEV (% predicted) 87.5 (81.3-99) 59.5 (48-65.8) <0.0001°
FEV./FVC (%) 79.5 (74.5-84.5) 86 (77.3-89.5) 0.018°
DLco (% predicted) 78 (53.3-95) 50.5 (37.3-65.8) 0.0004°
FVC/DLco (% of reference values) 1.22 (1.08-1.52) 1.09 (0.89-1.52) 0.23°



TLC (% predicted)
RV (% predicted)
RV/TLC (%)
Raw (cm H,O/L/s)
SGaw (L/s/cm H,0O/L)
MIP (% predicted)
MEP (% predicted)
Nitrogen single-breath washout test
Phase 111 slopen.ssw (% predicted)

CVIVC (%predicted)

89 (79.3-98.8)

87 (73.3-109)

34.5 (28.2-37.2)
1.66 (1.36-2.43)
0.205 (0.148-0.268)
66 (47-87.3)

55.5 (32.8-62)

130 (88-160)

71 (56-111)

61 (55-72)

74 (56.3-85)

40 (34.8-46.3)

1.81 (1.26-3.08)
0.260 (0.165-0.438)
65 (55.3-92.8)

45.5 (34.8-54)

419 (275-542)

137 (101-188)

<0.0001*
0.047°
0.007°
0.78°
0.12°
0.42°

0.40°

<0.0001*

0.003°

52

Values are median (interquartile ranges) or number (%).

BMI: body mass index; FVC: forced vital capacity; FEV;: forced expiratory volume in one second; DLco: diffusing capacity for

carbon monoxide; TLC: total lung capacity; RV: residual volume; Raw: airway resistance; SGaw: specific airway conductance; MIP:

maximal inspiratory pressure; MEP: maximal expiratory pressure; Phase 111 slopen.ssw: phase 1l slope of the nitrogen single-breath

washout; CV/VC: closing volume/vital capacity. * Mann-Whitney test. ® Fisher exact test.
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There was a significant difference between the mMRC grades and N,SBW
variables: Phase IlIslopen.sgw [235 (148-287) vs. 352 (240-430), p=0.08] and CV/VC [98
(70-136) vs. 124 (85-161), p=0.13]. Regarding the CT findings, the medians of the Phase
IlIslopen.sew Values progressively increased from grade 1 to grade 3 [105 (64-138) vs. 185
(147-223) vs. 536 (370-653)%] with significant differences (p<0.0001). The medians of
the CV/VC values also progressively increased from grade 1 to grade 3 [53 (32-85) vs. 68
(46-102) vs. 175 (78-217)%]; however, the differences were not significant (p=0.11).

We also assessed the associations between the parameters provided by the N,SBW
test, lung function indices, and CT findings (Table 2 and Figures 1 and 2); the correlation

between the Phase IlIslopen.ssw and CV/VC was strong and positive (rs=0.590, p<0.0001).
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Table 2 Spearman’s correlation coefficients for lung function parameters and nitrogen single-breath washout indexes of patients with

systemic sclerosis.

Variable

Phase IlIslopen.ssw (Yopredicted)

CVIVC (%opredicted)

FVC (% predicted)

FEV: (% predicted)

FEV4./FVC (%)

DLco (% predicted)

FVC/DLco (% of reference values)
TLC (% predicted)

RV (% predicted)

RV/TLC (%)

Raw (cm H,O/L/s)

SGaw (L/s/cm H,0O/L)

MIP (% predicted)

Is

-0.845

-0.788

0.281

-0.600

0.088

-0.708

-0.354

0.318

0.084

0.205

0.123

p-value
<0.0001
<0.0001
0.044
<0.0001
0.54
<0.0001
0.010
0.021
0.55
0.15

0.38

I's

-0.460

-0.396

-0.282

-0.271

0.020

-0.360

-0.122

0.328

-0.216

0.365

0.095

p-value
0.0006
0.003
0.042
0.052
0.89
0.008
0.39
0.017
0.12
0.007

0.50



55

MEP (% predicted) -0.080 0.57 -0.163 0.25

Phase 111 slopen.sgw: phase 11 slope of the nitrogen single-breath washout; CV/VC: closing volume/vital capacity; FVC: forced vital
capacity; FEV;: forced expiratory volume in one second; DLco: diffusing capacity for carbon monoxide; TLC: total lung capacity;
RV: residual volume; Raw: airway resistance; SGaw: specific airway conductance; MIP: maximal inspiratory pressure; MEP: maximal

expiratory pressure.



900

800

700

600

500

300

200

Phase lll slopeppsgyy (% predicted)

100

900

800

700

600

500

300

Phase lll slopeppspy (% predicted)

400 -

200 -

100 -

400 -

56

20

40 60 80 100 120 140
FVC (% predicted)

2

.
2 Q”
.
IS
0\"0 *
2.
ve & o
* e 40 .
o ¢ et
* L I
. . o
~ s @ o e

T T T T T T

20 40 60 80 100 120 140
DLco (% predicted)

Figure 1 Relationships between the phase Ill slope of the nitrogen single-breath

washout (Phase Il slopenzsew) and the forced vital capacity (FVC) (rs=-0.845,

p<0.0001) (A) and diffusing capacity for carbon monoxide (DLco) (rs=-0.600,

p<0.0001) (B).



400

350 -

300 -

250

200

150

CV/VC (% predicted)

100

50

350

300 -

CV/VC (% predicted)

250 -

200 -

150 -

57

.
o
.
- * . *
& .
. o
1 * i e W IS
.:"" o *
i * & .. ® e
**e
] % o ST Tt o
e . e
20 a0 60 80 100 120 140
FVC (% predicted)
} L 2
2
L
L 2
. o °
o
. ‘0
L R
& _‘,-.'-0. £ *
,‘ -‘:_’_ i 0 0 .
03 &
] $ te 0% .

20 25 30 35 40 45 50 55 60 65 70
RV/TLC (%)

Figure 2 Relationships between the closing volume/vital capacity (CV/VC) and the

forced vital capacity (FVC) (rs=-0.460, p=0.0006) (A) and residual volume/total lung

capacity (RV/TLC) (rs=0.328, p=0.017) (B).



58

DISCUSSION

The main finding of the present study was that ventilation heterogeneity is the
most common abnormality observed in the PFTs of SSc patients, and it occurs even in
the absence of restrictive damage. In those patients, the more accentuated the functional
or structural pulmonary deterioration is, the worse the ventilation heterogeneity. In
addition, small airway disease was also a frequent finding that was related to both air
trapping and the loss of lung volume. To our knowledge, this is the first study to assess
the potential of the N,SBW test in SSc patients.

In the present study, the sample was almost exclusively composed of women,
which is consistent with the distribution by gender reported by several investigators.? In
terms of prognosis, functional changes are important markers of the evolution of ILD-
SSc, in both the initial and the sequential assessments.” In the present study,
approximately 60% of the patients had the restrictive syndrome and/or a reduction of
the DLco, thereby presenting a sample with substantial lung function involvement.
Interestingly, nine patients had an FVC/DLco >1.6, which is the recommended cut-off
for study of the right side of the heart in the diagnosis of PAH.%

Many patients with pulmonary disease diagnosed by CT present with normal
PFTs, which is indicative of insufficient performance of traditional PFTs in tracking
pulmonary disease associated with SSc.® In a recent study, Suliman et al.?® evaluated
102 patients with SSc and noted that 63% presented with significant ILD-SSc on CT,
while only 26% had an FVC <80%. This finding emphasises the urgent need to develop
new lung function parameters to diagnose lung involvement, as well as allow follow-up
with patients. In this sense, some tests such as the N,SBW test, the forced oscillation

technique (FOT), and impulse oscillometry can add to our understanding of the
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pathophysiology of ILD-SSc and have the potential to be incorporated into the routine
assessment of these patients.?”?

In the present study, an increase in the Phase IlIslopen.sew Was the most frequent
lung function abnormality, which was observed in approximately 85% of the cases and
indicates the potential of this index as a marker for ILD-SSc. High values are indicative
of ventilation inhomogeneity due to regional differences in time constants of the
respiratory system, which result from changes in the distensibility or local resistance,
thus compromising alveolar emptying.”® The increase in the Phase 111 slopen.sgw in the
group of patients with an FVC <70% indicates that the worsening of restrictive
functional damage is an important contributor to the ventilation heterogeneity of SSc.
We observed a strong association between the increase in Phase 111 slopen.ssw and the
decay of both the FVC and DLco, which reinforces the routine use of these two
functional indexes in the follow-up of patients with SSc in clinical practice.
Interestingly, we also observed a strong association between the increase of the Phase
Il slopen.ssw and the presence of traction bronchiectasis and honeycombing in CT.
Despite the lack of studies correlating the N,SBW test with CT findings in fibrotic lung
diseases, it is noteworthy that some researchers have observed an association between
the increase in Phase 111 slopen.ssw and structural lung damage in COPD patients.*?*

In addition to the Phase Illslopen.ssw, the CV/VC ratio is another index
provided by the N,SBW test that has recently been studied .**?° In the present study, we
observed an increase in the CV/VC ratio in nearly one-third of the patients. A change in
the CV/VC ratio has been used as one of the parameters for the diagnosis of small
airway disease, and it is functionally characterised by a progressive increase in

resistance as the lung is emptied, regional heterogeneity in flow rate and time constants,

and premature closing of the airways.*™* Using the FOT, Miranda et al.?® observed
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changes in the peripheral resistance of the respiratory system in SSc patients, which
were evaluated according to the slope of the resistance as a function of frequency.

Similarly, Aronsson et al.’

observed abnormalities that were compatible with small
airway diseases in SSc patients including increases in the R5-R20, which is the
difference between the resistance at 5 Hz and the resistance at 20 Hz in impulse
oscillometry. Similar to the Phase 111 slopen.ssw, We observed an increase in the CV/VC
in the group of patients with an FVC <70%. Interestingly, we also observed a positive
correlation between CV/VC and RV/TLC in the studied sample, suggesting an
association between the premature closing of the airways and the presence of air
trapping.®* However, it is worth stressing that an increase in the CV/VC can be
observed in patients with restrictive damage in situations where the functional residual
capacity is less than the closing volume.?

It is noteworthy that there are currently more than 10 measures of ventilation
distribution derived from the nitrogen washout (N,W) tests.*? The need for maintaining
good coordination and cooperation when conducting VC manoeuvres under constant
flow is a limiting factor for the routine use of the N,SBW test.'! Contrariwise, the
multiple breath washout (MBW) test evaluates ventilation distribution during the fixed
tidal volume or normal tidal breathing, assessing the release of inert gas in a series of
breathing cycles. Thus, MBW shows promise for use in children and adults with
difficulties performing forced manoeuvres. However, this test is time consuming, which
makes it impractical to use in patients with severe lung disease .** It is also noteworthy
to highlight the double tracer gas (DTG) single-breath washout, a new N,W test
modality that aims to be more specific to small airways. It distinguishes between
convection-dependent and diffusion-convection-dependent ventilation heterogeneities,

which occur in the conductive and acinar airways, respectively.
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The strength of this study is that it demonstrates the potential of the N,SBW test
for detecting abnormalities in both ventilation and the small airways of SSc patients.
Because it is a simple, non-invasive, easy, and fast tool, the N,SBW test may be
incorporated into the clinical assessment of SSc patients in the future. However, our
study also has several limitations. First, the sample was small, and the design was cross-
sectional. Second, we did not use a control group. However, the absence of a control
group in this study was minimised by the use of pulmonary function values as
percentages of the predicted values because these are normalised to anthropometric
data. Third, the complementary use of DTG single-breath washout could have allowed
us to evaluate ventilation heterogeneity in the lung periphery.*® Despite these
limitations, our results provide a perspective for the use of the N,SBW test in
longitudinal studies to verify its prognostic value in SSc patients.

Finally, the present study shows that in patients with SSc, ventilation distribution
inhomogeneity is a very frequent finding that is related to restrictive damage, changes in
pulmonary diffusion, and CT patterns. In addition, approximately one-third of the
patients in this study were compatible with the criteria for small airway disease, which

is associated with both the severity of restrictive damage and the presence of air

trapping.
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Abstract

Background

In scleroderma, excessive collagen production can alter tracheal geometry, and
computed tomography (CT) volumetry of this structure may aid in detecting possible
abnormalities. The objectives of this study were to quantify the morphological
abnormalities in the tracheas of patients with scleroderma and to correlate these findings
with data on clinical and pulmonary function.

Methods

This was a cross-sectional study in which 28 adults with scleroderma and 27 controls
matched by age, gender and body mass index underwent chest CT with posterior
segmentation and skeletonization of the images. In addition, all participants underwent
pulmonary function tests and clinical evaluation, including the modified Rodnan skin
score (MRSS).

Results

Most patients (71.4%) had interstitial lung disease on CT. Compared to controls,
patients with scleroderma showed higher values in the parameters measured by CT
trachea volumetry, including area, eccentricity, major diameter, minor diameter, and
tortuosity. The tracheal area and equivalent diameter were negatively correlated with the
ratio between forced expiratory flow and forced inspiratory flow at 50% of forced vital
capacity (FEFsgo/FIFs0e) (r =-0.44, p = 0.03 and r = -0.46, p = 0.02, respectively). The
tracheal tortuosity was negatively correlated with peak expiratory flow (r = -0.51, p =

0.008). The mRSS showed a positive correlation with eccentricity (r = 0.62, p < 0.001)
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and tracheal tortuosity (r = 0.51, p = 0.007), while the presence of anti-topoisomerase |
antibody (ATA) showed a positive correlation with tracheal tortuosity (r = 0.45, p =
0.03).

Conclusions

In a sample composed predominantly of scleroderma patients with associated interstitial
lung disease, there were abnormalities in tracheal geometry, including greater
eccentricity, diameter and tortuosity. In these patients, abnormalities in the geometry of
the trachea were associated with functional markers of obstruction. In addition, tracheal

tortuosity was correlated with cutaneous involvement and the presence of ATA.

Keywords: scleroderma, diagnostic imaging, computed tomography, respiratory

function tests

Introduction

Scleroderma or systemic sclerosis (SSc) is a chronic progressive autoimmune disease of
connective tissue characterized by microvascular involvement, activation of the immune
system, and increased deposition of extracellular matrix in the skin and internal organs
by excess collagen fibers, leading to fibrosis [1-4]. Scleroderma is eight times more
common in females than in males; its reported prevalence is approximately 10 cases per
100,000 person, and this rate is probably underestimated [5]. The disease can affect
several organs and systems; the skin is the most frequently affected site, followed by the
lungs, kidneys, musculoskeletal system, cardiovascular system, and gastrointestinal
tract. The presence of multiple affected sites worsens the prognosis [1].

In scleroderma, thoracic involvement is observed mainly as diffuse fibrosis or

pulmonary hypertension; these conditions are associated with limited (Ic-SSc) and
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diffuse cutaneous (dc-SSc) forms of scleroderma, respectively [1]. In an autopsy study,
parenchymal involvement was seen in up to 100% of patients with scleroderma [2].
Although interstitial lung involvement is subclinical and asymptomatic at early stages in
most patients, interstitial lung disease (ILD) associated with scleroderma (ILD-SSc) is
observed in approximately 40% of cases and is a major cause of morbidity and
mortality [6]. Despite the constellation of thoracic manifestations that occur in patients
with scleroderma, little is known about the involvement of the trachea in these patients.
Ooi et al. [7] reported that scleroderma affected small and large airways in 45-100% of
patients. In this context, the trachea has been a 'forgotten zone' in the study of several
diseases because the pathological processes involving this structure have often not
received the necessary clinical recognition.

Computed tomography (CT) has become an important part of the detection and
evaluation of routine thoracic involvement in scleroderma, and the abnormalities
observed by this method are closely correlated with the observed physiological
parameters [2]. In the last two decades, various computer tools that can be used to
automatically slice the chest using CT images have been developed. These include
multiplanar reformation, regional lung attenuation analysis of lung tissue and
quantification of anatomical images, including the area and volume of airways and
lungs [2,7]. In scleroderma, computer-assisted tomography analysis is highly efficient
and, in combination with physiological and patient-centered measurements, may
provide a means to accurately assess and monitor lung disease progression and response
to therapy [2,8,9].

An understanding of the acquisition, processing and analysis of CT scans and
how these processes affect the imaging of the trachea is essential for assessing the

accuracy of the measurements and making effective use of newly available tools. In the
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study of the trachea, the cross-sectional area and diameter are the most commonly
measured dimensions; in the context of assessing possible obstruction, length and
caliber are important [11-13]. More recently, the process of skeletonization and
volumetry of the airways through CT in normal individuals and in individuals with
some clinical conditions has been described [10-15]. In this method, the digital imaging
component is transformed into a subset of the original component [10]. After automated
segmentation of CT images, the skeletonization algorithm allows the extraction of a
tracheal centerline and facilitates the reconstruction of CT data orthogonal to the
reduction of the effects of partial volume averages [11]. However, no study has
explored the use of this resource in the evaluation of the tracheas of patients with
scleroderma.

We hypothesized that the excessive production of collagen that occurs in
scleroderma alters the geometry of the trachea and that the skeletonization of this
structure would aid in the detection of possible abnormalities. Thus, the present study
aimed to identify and quantify the morphological abnormalities in the tracheas of
patients with scleroderma and, secondarily, to correlate these findings with data on

clinical and pulmonary function.

Methods

Patients

This cross-sectional study was conducted between February 2016 and September 2017
in 43 consecutive patients with scleroderma who were >18 years of age, of both sexes,
and were seen regularly at the Piquet Carneiro Polyclinic of the State University of Rio
de Janeiro, Rio de Janeiro, Brazil. The patients included in the study had been

diagnosed with scleroderma by a rheumatologist according to the parameters set forth
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by the American College of Rheumatology/European League Against Rheumatism [1].
The following exclusion criteria were used: clinical instability; history of respiratory
infection in the last three weeks; history of previous or current smoking; evidence of
overlapping of scleroderma with other connective tissue diseases; report of previous
tracheal or pleuropulmonary disease not related to scleroderma; and inability to perform
pulmonary function tests (PFTs). Regarding cutaneous involvement, patients were
classified as having Ic-SSc (thickening of the skin distal to the elbows and knees and
proximal to the clavicles, including the face) or dc-SSc (thickening of the proximal skin
as well as of the skin distal to the elbows and knees and including the trunk and face)
[16]. The modified Rodnan skin score (MRSS) was used to assess skin damage in
patients with scleroderma. In this system, a score of O (no thickening), 1 (light
thickening), 2 (moderate thickening) or 3 (severe thickening) is assigned to each area,
resulting in a total score ranging from 0 (best) to 51 (worst) [17]. The presence of
autoantibodies, including anti-topoisomerase | and anti-centromere, was also
investigated.

We also evaluated a control group of 27 individuals aged > 18 years of both
sexes. The subjects in the control group were asked to perform the PFTs after
undergoing chest CT scanning in our service for the following reasons: investigation of
contact with tuberculosis patients (n = 9); staging of neoplasms outside the thorax (n =
7); evaluation of trauma (n = 6); and evaluation of fever of unknown origin (n = 5). The
following criteria were used to select subjects for the control group: no previous history
of smoking or chronic tracheal or pleuropulmonary diseases; chest CT scans without
abnormalities; and lung function parameters within the normal range (i.e., no value

below the lower limit of normal or above the upper limit of normal in relation to the
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predicted value). All CT scans and PFTs for the control group were performed using the
same equipment that was used for the scleroderma group.

The protocol was approved by the Research Ethics Committee of the State
University of Rio de Janeiro under the number CAAE- 50752615.9.0000.5259, and it
complied with the current national and international standards. All individuals signed an

informed consent form.

Pulmonary function testing

The PFTs performed were spirometry, body plethysmography, and diffusion capacity
for carbon monoxide (DLco). The exams were performed on an HDpft 3000 (nSpire
Health, Inc., Longmont, CO, USA) according to the standards set forth by the American
Thoracic Society [18]. The Brazilian reference values [19,20] were used, and the results
are expressed as percentages of the predicted values. An increase in the ratio between
forced expiratory flow and forced inspiratory flow at 50% of forced vital capacity-FVC
(FEFs00/FIFs500,) > 1.50 was used as an indicator of extrathoracic airway obstruction

[21].

CT scan interpretation and protocol

CT scans were performed on a 64-channel multislice Brilliance 40 scanner (Philips
Medical Systems, Cleveland, OH, USA) that was capable of performing volumetric
acquisitions with subsequent multiplanar reconstructions. The acquisitions were
performed in the axial plane with patients in the supine position using the technical
parameters 120 kV and 458 mA (these parameters varied according to the biotype of the
patient), slice thickness 2 mm, and pitch 2 mm from the jugular notch to the xiphoid

process in maximal inspiration and expiration. After acquisition of the images, a high-
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resolution reconstruction with a matrix of 512 x 512 was performed using a high-
frequency algorithm, a window width of 1200 HU, and a level centered at -800 HU.
Parenchymal abnormalities on CT were interpreted by two independent readers
(R.S.R. and G.B.C.) who were blinded to patient history and physiological results; a
consensus opinion was reached in cases in which there was disagreement. CT scans
were reviewed at five levels, as follows: 1) origin of major vessels; 2) carina; 3)
confluence of pulmonary veins; 4) halfway between the third and the fifth sections; 5) 1
cm above the right hemidiaphragm [22,23]. The total extent of ILD was estimated to the
nearest five percent in each of the five levels, with global extent of disease on CT as the
mean of the scores [22—-24]. The coarseness of pulmonary fibrosis was evaluated as
follows: 0, ground-glass opacification alone; 1, fine intralobular fibrosis; 2, microcystic
honeycombing comprising air spaces < 4 mm in diameter; and 3, macrocystic
honeycombing comprising air spaces > 4 mm in diameter. The total coarseness score for
each patient was derived by summing the scores at the five levels (range 0 to 15)
[22,23]. For each patient, the total extension of ILD and the coarseness of pulmonary
fibrosis were derived by averaging the scores at each level assessed by the two
independent readers. Finally, the extent of ILD-SSc was classified as limited (lung
parenchyma involvement <20%) or extensive (>20%). For indeterminate cases, ILD-

SSc was considered extensive if FVC <70% and limited if FVC >70% [22,25].

Imaging processing

The airways were segmented using 3DSlicer version 4.4.0 (http://slicer.org) [26] with

the aid of its AirwaySegmentation extension. At the end of processing, a nearly raw
raster data (.nrrd) file was saved. Using AirwayProcessing, two distinct processes were

executed: 1) the .nrrd file was read and transformed into a binary matrix of data; in this
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way, the process of skeletonization was initiated, and a skeleton composed of several
points was then produced; 2) using the skeleton and its coordinates (X, Y and Z axes),
cross-sectional planes were generated. Individual processing of all points was
performed using the slice command, and the processing angles were defined by a
normal line between the point in question and the next five points. The plane of square
cross-section was formed by a square grid with 70 pixels on the side. Using MATLAB
2014a (MathWorks Inc., Natick, MA, USA), information obtained individually by the
slice command was catalogued using the ‘regionprops’ command.

Figure 1 shows the 3D reconstruction, the tracheal skeleton, the cross-sectional
planes and their geometric parameters [9,10]. The scheme show in Fig. 1 was chosen for
illustrative purposes and accurately represents the region of the trachea in a 2D
environment. In Fig. 1, the axial sections indicated by specific letters represent area
(*A), perimeter (*B), eccentricity (*C), equivalent diameter (*D), major diameter (*E)
and minor diameter (*F). It is emphasized that the segments shown in red and blue in

Fig 1 were enlarged for visualization purposes.



76

Fig. 1. 3D reconstruction, cross-sectional planes, skeleton and indication of the
plane used for representation. The letters A to F and the values for the selected plane
indicate, respectively: (*A) area (182.4 mm?), which is the product of the pixel size and
the number of pixels in the region (in this figure, the area is shown in yellow and
includes the red line that demarcates the perimeter); (*B) perimeter (47.3 mm), which is
the length of the line indicated in red; (*C) eccentricity (0.35), which is indicated by the
equivalent ellipse drawn in blue; (*D) equivalent diameter (15.2 mm), which is the
circle of area equivalent to the cross-sectional area; (*E) major diameter (15.8 mm),
which is the longest segment of the equivalent ellipse (indicated by the inner line); and
(*F) minor diameter (14.8 mm), which is the smallest segment (indicated by the inner

line).

Thus, the following measures were calculated for each study participant:
1) Area: the measured area of the tracheal lumen intersected by the cross-
sectional plane. The area was calculated by multiplying the pixel area value

by the number of pixels present, as shown in Eq. 1,



2)

3)

4)
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1)

Area =ps=*n

where ps is the individual area of each pixel and n is the number of pixels.
Perimeter: the length of the outer margin of the tracheal lumen.

Eccentricity: a parameter associated with the ellipsoidal shape of a given
region. It is the ratio of the focus of the ellipse to its largest diameter. The
result is a value between 0 and 1, where 0 is the representation of a circle and
1 is the representation of a line. Fig. 1*C illustrates eccentricity as the
equivalent ellipse (shown in blue); the outer edge of the tracheal lumen is

shown in red. The eccentricity was calculated according to Eq. 2,

@)

||'[Mcu1£.]2_ (MiAL)?
N 2 2
MaAL

Eccentricity = 2 %

where MaAL represents the largest diameter and MiAL the smallest diameter
of the ellipse.

Equivalent diameter: a circle of the same area as the region intersected by the
cross-sectional plane. In Fig. 1*D, the equivalent diameter is shown as a blue
circle with an area equivalent to that of the tracheal lumen in the same

region. The equivalent diameter was calculated using Eqg. 3,

3)
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. . V4= area
Eguivalent diameter = ——
T

5) Major diameter: the length of the longest segment of the ellipse equivalent to
the region. Similarly, the minor diameter represents the length of the smallest
segment of the ellipse. Fig. 1*E and Fig. 1*F denote the perimeter of the
tracheal lumen (red) along with its ellipse (blue); the center lines indicate the
largest and the smallest segment, respectively, of each region.

We also calculated the tortuosity (sinuosity index), which is the deviation of the
central axis of the trachea considering its proximal and distal extremities.
Mathematically, the tortuosity was determined from the sum of the Euclidean distance
of each segment of the trachea, with a distance equivalent to the thickness of each cross-
section of the original CT image, divided by the Euclidean distance of the end points of
the trachea. The tortuosity may be expressed succinctly using the formula described in

Eq. 4,

4)

Tortuosity = —

where L is the length of the trachea and vd is the vectorial distance between the points at
the extremities (Fig. 2). The tortuosity is expressed as a value > 1; the higher the index,

the greater the tortuosity of the trachea [27].
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Fig. 2. Measurement of the tortuosity of the trachea. Images in the coronal (A) and
sagittal (B) planes are shown. In this scheme, L is the length of the trachea (the total
length of 'ab’, shown in blue) and vd is the vectorial distance between the points at the

extremities (the length of the shortest possible path between 'a’ and ‘b', shown in red).

Fig. 3 exemplifies the skeletonization process of the trachea of a study
participant. The figure shows the three-dimensional reconstruction images of the trachea

in two different planes.
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Fig. 3. Skeletonization process of the trachea. Three-dimensional reconstruction of
the trachea of one study participant in two planes (A and B). The median values showed
in the ten planes of square cross-sections are as follows: area = 184.5 mm?; perimeter =
47.6 mm; eccentricity = 0.51; equivalent diameter = 15.3 mm; major diameter = 15.9

mm; minor diameter = 14.4 mm; and tortuosity = 1.027.

There is inherent variability in the measures used to determine the quantitative
metrics of eccentricity and tortuosity. For eccentricity, there is a value for each section

plane of the trachea of a given individual (Fig. 3). We use the median to represent the
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value of each individual; therefore, there are n medians, where n is the number of
elements in each group of variables. For tortuosity, only one value was calculated for

each trachea; it depends on the extreme values (proximal and distal), as shown in Fig. 2.

Statistical analysis

To better evaluate the effect of the extent of ILD-SSc on the clinical variables, PFTs,
and CT trachea volumetric parameters, we divided the participants into three subgroups
as follows: 1) a control group; 2) a scleroderma group with no pulmonary
involvement/limited ILD; and 3) a scleroderma group with extensive ILD. ANOVA
followed by the Bonferroni post hoc test was used to compare the results obtained for
the patients in these three groups. Comparison of the clinical variables, PFTs, and CT
trachea volumetric parameters of the SSc patients without pulmonary involvement with
those of control subjects and with those of SSc patients with no pulmonary
involvement/limited ILD-SSc and SSc patients with extensive ILD-SSc was performed
using Student's t-test for independent samples in the case of numerical data and using
the chi-square or Fisher's exact test in the case of categorical data. To evaluate the
associations between the numerical variables of PFTs and CT trachea volumetric
parameters, the Pearson correlation coefficient (r) was used. The criterion for
determining significance was 5%. Statistical analysis was performed using SAS 6.11

software (SAS Institute, Inc., Cary, NC, USA).

Results

Of the 43 patients included in the study, 15 were excluded for the following reasons:
reported being a smoker (n = 8); history of previous pleuropulmonary disease not

associated with scleroderma (n = 3); inability to perform PFTs (n = 2); scleroderma-
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polymyositis overlap syndrome (n = 1); and scleroderma-rheumatoid arthritis overlap
syndrome (n = 1). In the total sample of patients, the mean age of subjects with
scleroderma was 52.5 = 11 years, and 25 (89.3%) were women. The disease duration
was 4.21 £ 2.50 years from the onset of non-Raynaud’s phenomenon and 9.65 + 5.13
years from the onset of Raynaud’s phenomenon symptoms. Nineteen patients (67.9%)
had Ic-SSc, and nine (32.1%) had dc-SSc; of the latter, six (21.4%) had a mRSS > 18.
Anti-topoisomerase | antibody (ATA), anticentromere antibody and anti-RNA
polymerase Ill were positive in 13 (46.4%), six (21.4%) and three (10.7) patients,
respectively; no autoantibodies were identified in six (21.4%) patients. Seven patients
(25%) had an FEFso/FIFsey ratio > 1.50. Comparisons of clinical data, pulmonary
function parameters and computed tomography scores in the control group, the
scleroderma group with no pulmonary involvement/limited ILD, and the scleroderma
group with extensive ILD are shown in Table 1. In addition, comparisons of lung
function parameters in the control group and in patients without pulmonary involvement

on CT did not show any significant difference (p > 0.05 for all).
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Table 1. Demographic characteristics, clinical data, pulmonary function and computed tomography scores of patients with scleroderma

and of patients in the control group.

Variable Control group Scleroderma group withno  Scleroderma group with p value
pulmonary extensive ILD
involvement/limited ILD
(n=27) (n=16) (n=12)
Demographic data
Females 23 (85.2) 14 (87.5) 11 (91.7) 0.41
Age (years) 49+12.6 51.7 + 10 52.8+11.2 0.28
BMI (kg/m?) 27.2 +5.87 24.2 +5.22 25.1+5.30 0.09
Type of scleroderma
lc-SSc - 12 (75) 7 (58.3) 0.34
dl-SSc - 4 (25) 5 (41.7)
mMRSS - 10.3+7.44 11.8 +7.60 0.12

Type of autoantibody



Anti-topoisomerase | antibody

Anticentromere antibody

Anti-RNA polymerase |11

Autoantibody not identified
Lung function

FVC (L)

FVC (% predicted)

FEV, (L)

FEV: (% predicted)

FEV./FVC (%)

PEF (L/s)

PEF (% predicted)

FEFs006/FIFs09 (%)

DLco (mL/min/mmHg)

DLco (% predicted)

3.08 £0.81

102.4 +19.8

2.51+0.75

100.7 £18.5

78 +12.6

7.75+£2.14

110 £ 31.7

1.04 +0.62

20.6 +3.44

97 +21.6

5 (31.2)
5 (31.2)
2 (12.5)

4 (25)

2.62+0.72*
85+ 19.3*
2.11 +0.63*
83.1 + 16*
80 +12
6.25+2.11
86 + 30.5
1.28 +0.72*
18 + 4.22*

70.3 +18.3*

8 (66.7)
1(8.33)
1(8.33)

2 (16.7)

2.25 + 0.87*+
68 +21.5%%
1.80 + 0.59*
69.2 + 17.8%+
86 +11.3
5.26 + 1.97*
75.5 + 29.2*
1.34 +0.70*
9.27 +3.23%%

60 £ 17.8%F

0.28

0.008

0.005

0.009

0.006

0.11

0.032

0.025

0.046

0.003

0.001
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Raw (cm H,O/L/s) 1.58 £ 0.75 1.78 £0.77 1.93+0.78 0.32

SGaw (L/s/cm H,0O/L) 0.210 £ 0.078 0.245 + 0.089 0.257 £0.103 0.09
Computed tomography scores

ILD-SSc extent (% parenchyma) 9.63 +£8.80 28.1+10.4 <0.0001

Coarseness of pulmonary fibrosis 2.15+1.44 6.35 + 4.20 <0.0001

The values shown are means £ SD or number (%). Bold type indicates significant differences. *Significantly different from control group.
tSignificantly different from scleroderma group with no pulmonary involvement/limited ILD-SSc. ILD-SSc = interstitial lung disease associated
with scleroderma. BMI = body mass index; Ic-SSc = limited cutaneous form; dc-SSc = diffuse cutaneous form; mRSS = modified Rodnan skin
score; FVC = forced vital capacity; FEV; = forced expiratory volume in one second; PEF = peak expiratory flow; FEFsge/FIFs0s, = ratio between
the forced expiratory flow and forced inspiratory flow at 50% of forced vital capacity; DLco = diffusing capacity for carbon monoxide; Raw:

airway resistance; SGaw: specific airway conductance.
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On thorax CT, 16 patients (57.1%) were classified as having no pulmonary
involvement (n = 8) or limited pulmonary involvement (n = 8), while 12 (42.9%) were
classified as having extensive pulmonary involvement. In the measurements obtained
through CT trachea volumetry, patients with scleroderma presented higher values for
the following parameters: area, eccentricity, major diameter, minor diameter, and
tortuosity. Table 2 compares the CT trachea volumetry findings for control subjects,
patients in the scleroderma group with no pulmonary involvement/limited ILD, and
patients in the scleroderma group with extensive ILD.

We also compared patients without pulmonary involvement on CT (n = 8) with
controls. In this evaluation, patients without pulmonary involvement on CT showed
higher values, with significant differences in the following CT tracheal volumetric
findings: area (210.7 + 35 vs. 207.6 + 32.6 mm?, p = 0.031; eccentricity (0.50 + 0.05 vs.
0.46 = 0.04, p = 0.018); major diameter (17.5 = 1.70 vs. 17.1 + 2.22 mm, p = 0.039);
minor diameter (14.9 + 1.68 vs. 14.5 £ 2.11 mm, p = 0.044); and tortuosity (1.039 *

0.017 vs. 1.023 + 0.014, p = 0.01).



Table 2. Variables of CT trachea volumetry according to group.
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Variable Control group Scleroderma group with no Scleroderma group with p value
pulmonary extensive ILD
involvement/limited ILD
(n=27) (n=16) (n=12)
Area (mm®) 207.6 £ 32.6 211.3 + 38.2* 214.6 + 43.6* 0.028
Perimeter (mm) 453 +4.12 49.2 +4.45 51.5+4.67 0.12
Eccentricity 0.46 +0.04 0.51 +0.06* 0.54 + 0.06* 0.013
Equivalent diameter (mm) 16.1+1.24 16.2 +1.55 16.5+1.60 0.82
Major diameter (mm) 17.1+2.22 17.6 +£1.92* 18.2 + 2.01* 0.039
Minor diameter (mm) 145+ 211 15+ 1.72* 15.3 + 1.85* 0.043
Tortuosity 1.023 + 0.014 1.039 + 0.014* 1.058 + 0.015*} 0.009

The values shown are means £ SD or number (%). Bold type indicates significant differences. *Significantly different from control group.

tSignificantly different from scleroderma group with no pulmonary involvement/limited ILD-SSc. ILD-SSc = interstitial lung disease associated

with scleroderma.
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We evaluated the correlations between the parameters provided by CT trachea
volumetry and the pulmonary function indices (absolute values) (Table 3). The tracheal
area was negatively correlated with FEFso/FIFsey, (r = -0.44, p = 0.03), while the
eccentricity was negatively correlated with FVC (r = -0.57, p = 0.002) (Fig. 4) and
forced expiratory volume in one second (r = -0.50, p = 0.009). The equivalent diameter
was negatively correlated with FEFsqe/FIFs00, (r = -0.46, p = 0.02), while tortuosity was
negatively correlated with peak expiratory flow (PEF) (r = -0.51, p = 0.008) (Fig. 5). A
positive correlation of tortuosity with coarseness of pulmonary fibrosis in CT was also

found (r = 0.45, p = 0.02).
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Fig. 4. Relationship between forced vital capacity (FVC) and eccentricity of the
trachea (r = -0.57, p = 0.002). Scleroderma group (1) = scleroderma group with no
pulmonary involvement/limited interstitial lung disease; scleroderma group (2) =

scleroderma group with extensive interstitial lung disease.
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Fig. 5. Relationship between peak expiratory flow (PEF) and tortuosity of the
trachea (r = -0.51, p = 0.008). Scleroderma group (1) = scleroderma group with no
pulmonary involvement/limited interstitial lung disease; scleroderma group (2) =

scleroderma group with extensive interstitial lung disease.



Table 3. Pearson’s correlation coefficients for CT trachea volumetry, pulmonary fibrosis and pulmonary function.
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FVC FEV: FEV./FVC PEF FEFs006/F1F500 DLco Raw SGaw Coarseness

of fibrosis
Area -0.13 -0.11 -0.06 0.24 -0.44* -0.24 0.12 -0.19 0.25
Perimeter -0.09 -0.07 -0.08 0.25 -0.47% -0.18 0.13 -0.21 0.17
Eccentricity -0.57% -0.50% -0.12 -0.07 -0.17 -0.35 -0.11 -0.04 0.26
Equivalent diameter -0.11 -0.10 -0.07 0.25 -0.467 -0.27 0.11 -0.21 0.18
Major diameter -0.04 -0.06 -0.08 0.25 -0.42* -0.16 0.07 -0.20 0.22
Minor diameter -0.22 -0.19 -0.03 0.21 -0.47+ -0.11 0.06 -0.17 0.25
Tortuosity -0.17 -0.15 -0.26 -0.51% -0.28 -0.12 0.09 -0.15 0.45*

FVC = forced vital capacity; FEV; = forced expiratory volume in one second; PEF = peak expiratory flow; FEFsge/FIFs0y, = ratio between the

forced expiratory flow and forced inspiratory flow at 50% of forced vital capacity; DLco = diffusing capacity for carbon monoxide; Raw =

airway resistance; SGaw = specific airway conductance. Bold type indicates significant differences.

*p < 0.05

p <0.01



p <0.005

91



92

We also evaluated the correlations between the clinical findings and the
parameters provided by CT trachea volumetry. The mRSS showed a positive correlation
with eccentricity (r = 0.62, p < 0.001) and tortuosity (r = 0.51, p = 0.007). In turn, the
presence of anti-topoisomerase | antibody showed a positive correlation with tortuosity

(r=0.45,p=0.03).

Discussion

The main findings of the present study were that in a sample composed predominantly
of scleroderma patients with associated ILD, the trachea showed greater area,
eccentricity, and tortuosity. In these patients, a greater tracheal tortuosity led to a
smaller airflow; in addition, the lower the tracheal diameter, the greater the degree of
airway obstruction. Furthermore, tracheal tortuosity was associated with the presence of
pulmonary fibrosis, the presence of ATA, and greater mRSS. To our knowledge, this is
the first study to show abnormalities in the structure and function of the trachea as well
as its correlations with clinical findings in patients with scleroderma.

In recent years, several CT image enhancement techniques have been developed
in an attempt to find a method that is both quantitative and reliable and allows more
accurate assessment than conventional visual reading. Compared to the traditional
visual interpretation of CT findings, computer-based automatic evaluation can improve
the objectivity, sensitivity, and repeatability of quantitative chest imaging analyses
[2,10]. In this study, we applied a computer-assisted method to evaluate the tracheas of
patients with scleroderma in an unprecedented way considering that computerized
evaluation has previously only been used in the study of ILD-SSc [2,28]. Our results
indicate that CT trachea volumetry and subsequent skeletonization of the images

provide a number of interesting measures for the best evaluation of patients with
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scleroderma. We observed that patients with scleroderma presented greater area,
eccentricity, and tortuosity of the trachea. In scleroderma, myofibroblasts constitutively
secrete components of the extracellular matrix and exert excessive cicatrization of the
skin and internal organs [3,29]. Thus, we think that the cicatricial changes that occur at
the level of the neck can directly impact the geometry of the trachea and alter the
measures of diameter and tortuosity of this structure.

In our study, the deviations of the trachea were measured by means of the
tortuosity (sinuosity index) after the skeletonization process. The skeletonization
process has been used previously by us to obtain the skeletons of specific structures by
thinning [10]. Interestingly, we found an association between tracheal tortuosity and the
pulmonary fibrosis score obtained by semi-quantitative CT reading. This association
between structural alterations of the trachea and the lung, despite being evaluated by
different techniques in our study, suggests that the deformity of the trachea in
scleroderma may be an extension of the fibrotic disease that occurs at the pulmonary
level. However, it is worth mentioning that in our study, patients without pulmonary
involvement showed higher values in tracheal volumetry than control subjects. This
finding suggests that factors other than pulmonary fibrosis are involved in the tracheal
abnormalities that occur in SSc patients. Consistent with this observation, several
studies have shown impairment of anatomic structures above the trachea in scleroderma
patients; laryngeal dysfunction is relatively common, with pathologic findings
demonstrating fibrinoid degeneration and an increase in collagen fibers [30,31].
Considering the promising advent of user-friendly software, evaluation of the trachea in
patients with scleroderma may be an interesting approach both in clinical practice and in

trials. Thus, precise characterization of the trachea in scleroderma may offer an
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additional tool for the follow-up of these patients and may be helpful in the evaluation
of clinical treatment.

The presence of obstructive abnormalities in the cervical trachea can be detected
by the flow-volume loop of spirometry even when there is no clinical suspicion, with
the most used index being the ratio FEFsge/FIFs00 [32]. In the present study, 25% of our
patients had an FEFsg/FIFs0, > 1.50, and we found negative correlations between
FEFs00/FIFs0y and several indices measured by CT trachea volumetry, including area,
perimeter, equivalent diameter, major diameter, and minor diameter. Consistent with
our findings, Miranda et al. [33] used the forced oscillation technique in patients with
scleroderma and found an increase in mean resistance, a parameter that reflects changes
in the most central airways. Another study using impulse oscillometry observed an
increase in the resistive and reactive properties of the respiratory system in patients with
scleroderma, and these alterations were correlated with the findings of fibrosis in CT
[34]. Interestingly, we observed an association between tracheal tortuosity and PEF
(which reflects flow through large airways), supporting the notion that tracheal
deviation is a key contributor to the reduction of airflow in the large airways of patients
with scleroderma. However, quantitative measurement of eccentricity was not
correlated with FEFso/FIFs00,. One possible explanation for this finding is that
increased tracheal area in scleroderma patients may at least partially counterbalance the
effects of reduced inspiratory flow in these patients.

In our study, patients with extensive ILD displayed greater tracheal area than
patients without pulmonary involvement and patients with limited ILD; all of these
patients, in turn, displayed greater tracheal area than the control subjects. Several recent
studies have shown that larger esophageal diameter is associated with higher pulmonary

fibrosis and worse lung function in individuals with scleroderma [35,36]. Since
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microaspiration secondary to gastro-esophageal reflux is associated with the progression
of pulmonary fibrosis in scleroderma [37,38], we think that the tracheal pathology may
also contribute to this phenomenon. Longitudinal and controlled studies of larger
numbers of patients are required to evaluate whether or not tracheal pathology is
involved in the progression of lung fibrosis in patients with scleroderma.

In the present study, the mean value of FVC was higher in the control group and
lower in the scleroderma group with extensive ILD and showed an intermediate value in
the scleroderma group with no pulmonary involvement (or limited ILD) (102.4 + 19.8%
vs. 85 + 19.3% vs. 68 + 21.5% predicted, p = 0.005). Although the restrictive pattern in
scleroderma is largely explained by the presence of ILD, a reduced compliance of the
respiratory system may also be due to chest wall tightening from skin thickening,
pleural disease, cardiac involvement, and respiratory muscle weakness [39-41]. Since
no significant difference was observed in FVC between the control group and patients
without pulmonary involvement in CT, we believe that ILD is the main contributor to
the restrictive damage in our sample. However, we observed a significant correlation
between FVC and the quantitative measurement of tracheal eccentricity. A possible
explanation for this association is that overproduction of collagen and deposition of
connective tissue, which are primary pathophysiological mechanisms of SSc, cause both
abnormal tracheal geometry and reduced lung volume in these patients.

In scleroderma, cutaneous involvement occurs due to the increased thickness and
hardness of the skin, which leads to shrinking of the skin in deeper structures; although
cutaneous involvement is usually most prominent on the face and hands, these
abnormalities may extend to the upper chest [42,43]. Some studies have shown that
subclinical involvement of the upper chest is detectable by high-frequency ultrasound

even with normal palpation [44,45]. In our study, the mRSS (a key measure in the
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clinical evaluation of patients with scleroderma) was associated with the eccentricity
values provided by CT trachea volumetry. Since eccentricity measures the deviation of
a conical structure in relation to its circumference [46], we think that skin thickening
that occurs at the neck level may negatively impact the geometry of the trachea in
patients with scleroderma [47]. Consistent with our findings, Kim et al. [48] found an
association between the fibrosis score detected by CT using a computer-assisted method
and the mRSS of patients with scleroderma both at baseline and during a 12-month
follow-up period. This reinforces the idea that the measure of eccentricity may be a
marker of the severity of the process of collagen hyalinization and abnormalities in the
elastic tissues that surround the neck and may extend to the intrathoracic structures of
patients with scleroderma [42]. Considering that future directions for the management
of patients with scleroderma, including epigenetic modulation and antifibrotic or
biological therapy, are being discussed [49,50], we think that the parameters provided
by the measurement of tracheal geometry can contribute to the evaluation of the
outcomes.

The identification of reliable and consistent biomarkers that can be used to
predict the course of specific diseases is necessary for better stratification and
management of patients and would be of great use in the treatment of a multifaceted
disease such as scleroderma [3]. In this context, several attempts have been made in
recent years to correlate possible serum biomarkers with clinical features distinct from
scleroderma. Several investigators have shown an association between ATA and the
risk of development and progression of pulmonary fibrosis in patients with scleroderma
[51,52]. A recent study has shown that topoisomerase | peptide-loaded dendritic cells
induce not only the autoantibody response but also cutaneous and pulmonary fibrosis

[52]. In the present study, we observed a positive correlation between the presence of
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ATA and tracheal tortuosity. This significant correlation must be viewed cautiously
since we did not evaluate predicting values. However, we think that this finding could
serve as a starting point for longitudinal studies designed to evaluate a possible
contribution of ATA to the management of tracheal pathology in patients with
scleroderma.

A critical analysis of the limitations of the present study is pertinent. First, the
sample size is small, and the sample is representative of only one center. Second, the
sample is composed predominantly of scleroderma patients with associated ILD.
Although we observed significant differences in the abnormalities of trachea volumetry
between control subjects and patients without pulmonary involvement on CT, a greater
number of patients in this group could allow for more robust conclusions. Third, CT
pulmonary densitovolumetry could have aided in the study of correlations between
tracheal changes and those observed in the lungs and lower airways. Fourth, an
assessment comparing patients with ILD-SSc with patients with ILD due to other causes
(e.g., idiopathic pulmonary fibrosis, rheumatoid arthritis-ILD) might better define the
role of scleroderma in the development of tracheal abnormalities. Finally, the evaluation
of other biomarkers could have helped us better understand the tracheal disease in
scleroderma and might have opened new horizons in the field of precision medicine. In
fact, new laboratory markers (including TGFB1, IL-6, sPD-1, sPD-L2, and CXCL4)
have been associated with higher mRSS score and more pronounced changes in thoracic
CT [3]. Despite these limitations, the quantitative analysis of the trachea through
computer software offers a discriminant method that can help produce an objective
measure and obtain prognostic information in scleroderma.

In conclusion, the present study shows that, in a sample composed

predominantly of scleroderma patients with associated ILD, there were abnormalities in
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the geometry of the trachea in eccentricity, diameter, and tortuosity. In these patients,
abnormalities in the geometry of the trachea were associated with markers of functional
obstruction at the level of the cervical trachea. In addition, the measurement of tracheal
tortuosity was correlated with cutaneous involvement, the degree of pulmonary fibrosis,
and the presence of ATA. Although the encouraging data presented here require further
validation in prospective studies, we believe that skeletonization and CT trachea
volumetry may improve the ability of radiologists and rheumatologists to accurately

assess the tracheas of patients with scleroderma both in clinical practice and in trials.
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CONCLUSOES

a) O teste de lavagem de nitrogénio monstrou-se mais sensivel que os demais na
identificacdo precoce de alteragcdes na funcao pulmonar;

b) Aproximadamente 85% (44 de 52) dos pacientes possuiam aumento da
inclinacdo de fase I1l, mesmo com CVF >70%;

c) Os pacientes do grupo ES apresentaram correlacdo negativa entre a inclinacao de
fase 11l medida pelo TLN e os seguintes parametros: CVF, VEF;, CPT, DCLO,
VR;

d) Os pacientes do grupo ES apresentaram correlagdo positiva de inclinagédo de fase
Il com VR/CPT;

e) Os pacientes do grupo ES apresentaram correlacdo negativa de VF/CV com
CVF, VEF; e CPT;

f) Os pacientes do grupo ES apresentaram correlacdo positiva entre VF/CV e
VR/CPT e Ceva;

g) Os pacientes estudados tinham maiores valores de area, excentricidade e
sinuosidade de traqueia que o0 grupo controle;

h) A excentricidade da traqueia correlacionou negativamente com a CVF e com o
VEF;

i) O diametro equivalente correlacionou negativamente com a relagdo
FEFs00/F1Fs0%;

J) A sinuosidade da traqueia correlacionou negativamente com o PFE, e

K)

positivamente com a extensdo de fibrose pulmonar;

A MRSS correlacionou positivamente com a excentricidade e a tortuosidade da
traqueia;

Anticorpo anti-topoisomerase | correlacionou positivamente com a tortuosidade

da traqueia.
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Considecoes Finais

Inimeras sdo as alteracBes no sistema respiratorio dos pacientes com ES. Além
das ja sabidas alteraces intersticiais fibrosantes, os estudos evidenciaram alteracfes na
funcdo das pequenas vias aéreas, alem de alteracbes morfologicas da traqueia, que
mostraram possuir também correlacéo entre vérias varidveis estudadas.

O uso das técnicas de esqueletonizacdo e volumetria das vias aéreas
possibilitaram a obtencdo de novos parametros que evidenciam as diversas alteracdes
das vias aéreas dos pacientes com ES até entdo ndo descritos. A partir destes achados,
pode-se pensar em incluir esta técnica na rotina de avaliacdo do sistema respiratério
neste grupo de pacientes.

O TLN foi capaz de evidenciar alteracfes na funcdo de pequenas vias aéreas
destes pacientes, um dado significativo e até entdo muito pouco explorado na literatura.
Isso aponta na direcdo de que os TFP ditos “tradicionais” podem, na verdade, nédo
detectar alteracBes incipientes acerca da homogeneidade do sistema respiratério e da
doenca de pequenas vias aéreas. Assim, nds pensamos que estudos longitudinais e
randomizados possam ser de interesse para 0 melhor entendimento do acometimento
das vias aéreas inferiores em pacientes com ES, inclusive as repercussdes a longo prazo
das anormalidades traqueais.

Espera-se que os resultados apresentados nesta tese possam contribuir para o
aprofundamento do entendimento do acometimento da ES acerca do funcionamento e

estrutura do sistema respiratdrio, em especial, das vias aéreas.
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Titulo da Pesquisa: Avaliagcio da distribuigdo da ventilagédo e da funcdo pulmonar em pequenas vias
aéreas e correlagdo com achados da volumetria de vias aéreas em pacientes com
esclerose sistémica

Pesquisador: Bruno Rangel Antunes da Silva

Area Tematica:

Versao: 1

CAAE: 50752615.9.0000.5259

Instituicdo Proponente: Hospital Universitario Pedro Ernesto
Patrocinador Principal: Financiamento Proprio

DADOS DO PARECER

Numero do Parecer: 1.319.675

Apresentacdo do Projeto:

A esclerose sistémica (ES) & uma doenca cronica de carateristicas heterogéneas que pode acometer a pele
e outros orgéaos do corpo. Sua

fisiopatologia envolve trés caracteristicas principais: disfunc¢é&o dos fibroblastos com consequente fibrose,
vasculopatia que leva a hipdxia tecidual e,

ainda, resposta imune alterada com disfuncé&o de linfocitos B e T e producéo de autoanticorpos. As
manifestacdes clinicas sao variaveis conforme a

apresentacéo da doenca, tendo a maioria dos pacientes um acometimento cutdneo caracteristico, com
enrijecimento da pele, além do acometimento

de outros dérgdos. O acometimento pulmonar pela esclerodermia classicamente se apresenta na forma de
doenca intersticial (DIP). A DIP esta

presente com manifestacdes clinicas em aproximadamente 40% dos pacientes com ES, sendo que
aproximadamente 80% dos casos tém

acometimento subclinico. Tal acometimento & a principal causa de morbidade e mortalidade na ES. A DIP
pode estar presente em todas as suas

formas, apesar de frequentemente se associar a forma cutanea difusa. O comprometimento clinico
significativo pode acometer 25% dos pacientes,
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sendo utilizados critérios de imagem de tomografia computadorizada e testes de fun¢do pulmonar (TFP)
para classificar o acometimento da doenga.

QO tratamento deve ser considerado, principalmente quando o acometimento € caracterizado como extenso,
dado o pior prognostico desses casos. O

criterio mais utilizado para classificar é o que define o acometimento de 20% do parénquima pulmonar e,
nos casos de dificil mensuracéo, a CVF

<70% é utilizada para a sua definicdo. A DLCO <60% se correlaciona com a CVF <70%. Os TFP séo de
importancia na avaliagdo diagnodstica e

prognostica. Tradicionalmente CVF e DLCO sédo as medidas avaliadas. O teste de lavagem de nitrogénio &
uma técnica que permite avaliagcéo da

fungdo das peguenas vias aéreas e a distribuicdo da ventilagdo nos pulm&es em diversas condigfes
clinicas; porém, até o momento, pouco tem sido

aplicado na avaliagdo de pacientes com SS. Neste estudo, serdo avaliados 40 pacientes adultos,
acompanhados no Servigo de Pneumologia da

Universidade do Estado do Rio de Janeiro, com diagnostico de ES. Sera um estudo transversal, com
realizagdo dos exames em apenas um

momento e posterior avaliacéo da correlacéo dos dados obtidos. Os pacientes realizaréo avaliacéo da
funcdo pulmonar, incluindo: espirometria com

prova broncodilatadora, medida de volumes pulmonares estaticos (pelos métodos de diluigdo com hélio e
pletismografia de corpo inteiro), avaliacéo

da forga muscular, difuséo do monéxido de carbono e medida da lavagem de nitrogénio. Também sera
realizada tomografia computadorizada de alta

resolucéo do torax (TCAR) no intuito de avaliar a volumetna de vias aéreas.

Objetivo da Pesquisa:

Objetivo Priméario:

Avaliar a distribuic&o da ventilagéo e a doenga de pequenas vias aéreas em portadores de ES.

Objetivo Secundario-

- Avaliar a distribuicéo da ventilagéo e a funcéo das pequenas vias aéreas em pacientes com esclerose
sistémica pela técnica de lavagem do

nitrogénio.- Avaliar a relacéo entre os achados de func¢éo pulmanar e volumetnia de vias aéreas da TCAR de
torax em pacientes com esclerose

sistémica.- Avaliar a correlagio entre os achados de lavagem do nitrogénio e outros dados de
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funcéo pulmonar em pacientes com esclerose

sistémica

Avaliagdo dos Riscos e Beneficios:

Riscos:

Este estudo requer que seja feita uma tomografia de térax que, apesar de ser um exame comum, expde o
paciente a radiacédo. Contudo, esse

exame & importante para o acompanhamento de doencga pulmonar e & rotineiramente solicitado nos casos
em que hé acometimento pulmonar pela

doenca ja previamente estabelecido

Beneficios:

O estudo pode auxiliar na detecgéo precoce de acometimento pulmonar pela doenca, provocando
alteracdes na estrutura das vias aéreas,

determinando fendmeno obstrutivo. A identificacéo do acometimento pulmonar pode ser um indicativo de
progresséo e atividade da doenga a ser

utilizado como seguimento ou mesmo na determinacéo de proposta terapéutica.

Comentarios e Consideragoes sobre a Pesquisa:

Estudo relevante e com potencial de impacto na conduta clinica. A pesquisa esta bem estruturada e o
referencial tedrico e metodoldgico estdo explicitados, demonstrando aprofundamento e conhecimento

necessarios para sua realizacéo. As referéncias estéo adequadas e a pesquisa e exequivel.

Consideragbes sobre os Termos de apresentacédo obrigatéria:

Em conformidade, Foram avaliadas as informac¢des contidas na Plataforma Brasil e as mesmas se

encontram dentro das normas vigentes e sem riscos eminentes ao participante de pesquisa envalvida.

Recomendagdes:

Conclusées ou Pendéncias e Lista de Inadequacgdes:

O trabalho pode ser realizado da fora como esta apresentado. Diante do exposto e a luz da Resolugdo CNS
n?466/2012, o projeto pode ser enquadrado na categoria — APROVADO. Para ter acesso ao PARECER
CONSUBSTANCIADO: Clicar na "LUPA" (DETALHAR) - Ir em "DOCUMENTOS DO PROJETO DE

PESQUISA ", clicar na op¢ao da ramificagéo (pequeno triangulo no entrocamento do
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organograma) de pastas chamada — "Apreciacédo”, e depois na Pasta chamada "Pareceres”, o Parecer

estara nesse local.

Consideragoes Finais a critério do CEP:

Tendo em vista a legislagio vigente, o CEP recomenda ao Pesquisador: 1. Comunicar toda e qualgquer

alteracéo do projeto e termo de consentimento livre e esclarecido. Nestas circunstancias a incluséo de

pacientes deve ser temporariamente interrompida até a resposta do Comité, apos analise das mudangas

propostas. 2. Os dados individuais de todas as etapas da pesquisa devem ser mantidos em local seguro por

5 anos para possivel auditoria dos érgédos competentes. 3. O Comité de Etica solicita a V. S2., que

encaminhe relatorios parciais e anuais referentes ao andamento da pesquisa ao término da pesquisa

encaminhe a esta comiss&do um sumario dos resultados do projeto.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Investigador

Tipo Documento Arquivo Postagem Autor Situagéo
Informagdes Basicas | PB_INFORMACOES_BASICAS_DO_P 30/10/2015 Aceito
do Projeto ROJETO_579698.pdf 23:47:18
Outros anuencia_do_servico.pdf 30/10/2015 [Bruno Rangel Aceito
23:46:34  [Antunes da Silva

Folha de Rosto folha_de_rosto_assinada pdf 04/09/2015 |Bruno Rangel Aceito
19:37:23  |Antunes da Silva

Cronograma Cronograma.docx 04/09/2015 |Bruno Rangel Aceito
19:36:20  |Antunes da Silva

TCLE / Termos de TCLE.docx 04/09/2015 |Bruno Rangel Aceito

Assentimento / 19:34:56 | Antunes da Silva

Justificativa de

Auséncia

Projeto Detalhado /| Projeto_detalhado.doc 04/09/2015 |Bruno Rangel Aceito

Brochura 19:34:26 | Antunes da Silva

Situagdo do Parecer:
Aprovado

Necessita Apreciagdo da CONEP:

N&o
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APENDICE A - Termo de consentimento livre e esclarecido para pesquisa

(Resolucdo CNS/MS n° 446/12)

Estudo: “ANALISE DA INFLUENCIA HORMONAL SOBRE OS ASPECTOS
TOMOGRAFICOS E DENSITOVOLUMETRICOS ATRAVES DA VOLUMETRIA
PULMONAR E DA VOLUMETRIA DE VIAS AEREAS EM PACIENTES
ACROMEGALICOS.”.

Coordenadores: Agnaldo José Lopes

Endereco:
Disciplina de Pneumologia — Boulevard 28 de Setembro 77 — 2° andar — Rio de Janeiro — RJ;
Telefone: 2868-8248

Disciplina de Radiologia — Boulevard 28 de Setembro 77 — Rio de Janeiro — RJ;
Telefone: 2868-8346

INTRODUGCAO E CONVITE PARA PARTICIPAR:

O(A) Sr.(a) estd sendo convidado para participar de uma pesquisa. Antes de concordar em
participar desta pesquisa, € importante que o Sr.(a) leia e entenda a explicagdo. Esta declaracéo
descreve 0 objetivo, as consultas e exames, beneficios, riscos, desconfortos e cuidados
associados com a pesquisa. Ela descreve também o seu direito de sair da pesquisa a qualquer
momento.

O(A) Sr.(a) esta sendo convidado(a) para participar desta pesquisa para estudar as possiveis
alteracdes dos pulmdes da tomografia computadorizada de térax, provocadas pela acromegalia.
Esta doenca pode causar aumento do volume pulmonar.

OBJETIVO DO ESTUDO:

O objetivo deste estudo € avaliar o volume pulmonar do ponto de vista tomografico e funcional
respiratorio. As imagens da tomografia computadorizada serdo avaliadas em um laboratério da
Universidade Federal do Rio de Janeiro (UFRJ) utilizando um programa de computador para
calcular os volumes do pulmé&o.

CONSULTAS E EXAMES DO ESTUDO:

Havera um periodo de selegdo e um periodo de realizagdo dos exames de tomografia. Caso o
senhor (a) ja tenha feito um exame de tomografia e/ou teste de fungdo pulmonar no Hospital
Universitario Pedro Ernesto (HUPE) nos Gltimos 6 meses, ndo havera necessidade de repeti-los.

Depois que o Sr(a) concordar em participar e assinar este termo de consentimento livre e
esclarecido, serdo feitos 0s seguintes exames:

- Exames de rotina, como exame fisico e historia médica;

- Preenchimento de alguns questionarios;

- Teste de fungdo pulmonar (caso ndo tenha feito nos ultimos 6 meses). Neste exame 0 Sr.(a)
sera solicitado a realizar inspiracOes e expira¢oes forcadas (manobras respiratdrias) para avaliar
como esta a funcdo do seu pulmao;

- Tomografia computadorizada de térax (caso nao tenha feito nos Gltimos 6 meses). Neste
exame 0 Sr.(a) devera se deitar em uma mesa madvel (parte do aparelho) que se movimentara
permitindo a entrada de seu corpo no aparelho que possui um tubo que emite radiacdo, esta
radiacdo sera usada para formar as imagens do seu pulméo.



123

Durante o periodo de selecdo de pacientes, o seu médico assistente lhe orientard quanto aos
medicamentos que devem ser utilizados, que consistem naqueles que o sr(a) ja habitualmente
faz uso. N&o serd necessario tomar nenhum medicamento adicional para realizar os exames
propostos. N&o sera administrado contraste endovenoso para a realizagdo da Tomografia
Computadorizada.

A tomografia computadorizada de torax e o teste de funcdo pulmonar serdo realizados nos
Servigcos de Radiologia e Pneumologia do Hospital Universitario Pedro Ernesto, conforme
marcacao.

RISCOS RELACIONADOS AO ESTUDO:

Este estudo requer que seja feita uma tomografia de térax que apesar de ser um exame comum,
expde o Sr.(a) a radiacdo. Esse exame é importante para 0 acompanhamento de doenca
pulmonar e costuma ser solicitado mesmo sem a participagdo no estudo.

BENEFICIOS:
O Sr.(a) ndo obterd nenhum beneficio direto ao participar desta pesquisa.

RESSARCIMENTO DE DESPESAS:
N&o havera nenhum tipo de compensacéo financeira para os participantes da pesquisa. Por outro
lado todos os exames serdo feitos no Hospital Universitario Pedro Ernesto e ndo serdo cobrados.

CONFIDENCIALIDADE:

Seu médico do estudo ira coletar informacdes a seu respeito. Em todos esses registros um
codigo substituira seu nome. Todos os dados coletados serdo mantidos de forma confidencial e
serdo usados para avaliacdo do estudo. Os dados podem ser submetidos as autoridades de salde,
do Comité de Etica em Pesquisa ou outras pessoas exigidas por lei podem revisar os dados
fornecidos. Estes dados podem ser usados em publicagdes médicas sobre os resultados do
estudo. Porém, sua identidade ndo sera revelada em qualquer relatério do estudo ou publicacdes
médicas.

PARTICIPACAO VOLUNTARIA/RETIRADA:

Caso queira, 0 senhor (a) poderéa se recusar a participar do estudo, ou retirar seu consentimento a
qualquer momento, sem precisar justificar-se, ndo sofrendo qualquer prejuizo a assisténcia que
recebe.

ANUENCIA PARA FAZER PARTE DO ESTUDO:

Assinando este documento vocé concorda que:

- Vocé tem chances para fazer perguntas a qualquer momento a respeito do estudo.
- Vocé é voluntario(a) para participar deste estudo.

EU CONCORDO LIVREMENTE EM PARTICIPAR DESTE ESTUDO

Assinatura do paciente Data (dia/més/ano)

Nome por escrito do paciente

Assinatura da pessoa que explicou Data (dia/més/ano)
O consentimento

Nome e titulo da pessoa que explicou o consentimento
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APENDICE B — Publicagdo: Ventilation distribution and small airway function in
patients with systemic sclerosis

Rev Port Pneumol. 2017;23(3):132-138
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KEYWORDS Abstract

Systemic sclerosis; Background: Despite the importance of traditional pulmonary function tests (PFTs) in manag-
Respiratory function ing systemic sclerosis (55c), many patients with pulmonary disease diagnosed by computed
tests; tomography (CT) present with normal PFTs.

Mitrogen Objective: To evaluate the efficacy of the nitrogen single-breath washout (N SBW) test in diag-
single-breath nosing 55c and to correlate M;SBW parameters with the PFT indexes used in the follow-up of
washout test these patients, clinical data, and CT findings.

Methods: Cross-sectional study in which 52 consecutive S5c patients were subjected to spirom-
etry, body plethysmography, analysis of the diffusing capacity for carbon monoxide (DLCO),
analysis of respiratory muscle strength, NzSBW testing, and CT analysis.

Results: Twenty-eight patients had a forced vital capacity (FVC) that was <70% of the predicted
value. In the N;5BW test, 44 patients had a phase Il slope (Phase Il slopeyspw) that was = 120%
of the predicted value, while 15 patients had a closing volume/vital capacity (CV/VC) that was
=120% of the predicted value. A significant difference in Phase Il slopewsew was observed when
the patients with predominant traction bronchiectasis and honeycombing were compared to the
patients with other CT patterns (p < 0.0001). The Phase Il slopeyzey was correlated with FVC
(r.=—0.845, p<0.0001) and DLCO (r,= —0.600, p<0.0001), and the CV/VC was correlated with
FVC (r;= —0.460, p=0.0006) and residual volume/total lung capacity (r,=0.328, p=0.017).

* Corresponding author.
E-mail address: phel.lop@uol.com.br (A.). Lopes).

http:/ fcbe.doi.org/ 10.1016/5.rppnen.2017.01.004
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Conclusion: Ventilation heterogeneity is a frequent finding in 55c patients that is associated
with restrictive damage, changes in pulmonary diffusion, and CT pattemns. In addition, approxi-
mately one-third of the patients presented with findings that were compatible with small airway

disease.

© 2017 Sociedade Portuguesa de Pneumologia. Published by Elsevier Espana, S.L.U. This is an
open access article under the CC BY-MC-ND license (http:/ /creativecommons.org/ licenses/ by-

nc-nd/4.0/).

Introduction

Systemic sclerosis (55c) is a chronic inflammatory disease of
the connective tissue that is characterised by cutaneous and
visceral fibrosis, self-immunity, and vascular destruction.’-
Almost 90% of S5c patients present with some form of
lung injury over the evolution of the illness, and inter-
stitial lung diseases associated with the 55c (ILD-55¢) and
pulmonary arterial hypertension (PAH) are the most fre-
quent manifestations.”’ Among the investigation methods
for ILD-55¢, lung biopsy is rarely performed. Therefore, com-
puted tomography (CT) is currently considered the method
of choice.* Because the frequent use of ionising radiation is
a matter of growing concern, CT is rarely used in the follow-
up of these patients. Indeed, the severity of the pulmonary
involvement of 55 is more frequently quantified using pul-
monary function tests (PFTs) in clinical practice.5®

Among the PFTs used in the diagnosis and follow-up
of 55c patients, the most widespread are spirometry and
diffusing capacity for carbon monoxide (DLCO).” Despite
the importance of traditional PFTs in the management of
pulmonary invelvement associated with 55c, a significant
proportion of patients present with normal PFT results, even
in the presence of ILD-S5¢ diagnosed by imaging methods.®
With the evolution of technical equipment in recent years,
growing interest has developed in the use of the nitrogen
single-breath washout (M;SBW) test to assess ventilation
homogeneity and the role of small airways in several clinical
conditions.” " The N;SBW test is used for the early diagno-
sis and stratification of patients and to assess the severity of
several lung diseases.”'"~"* In asthma patients, poor disease
control is correlated with both an increase in the closing
volume (CV) and the phase lll slope of the N 5BW (Phase Il
slopenzzew). ™ In COPD patients, Lopes and Mafort” observed
that Phase Il slopenzsew was the only predictor, regardless of
the degree of dyspnoea and functional capacity for exercise.
Mikamo et al."! described significant correlations between
the Phase |l slope.smy and the measurements of mechanical
ventilation and emphysema score evaluated by CT. However,
to the best of our knowledge, no studies have previously
assessed the use of the N;SBW test in S5c patients.

In addition to causing poor ventilation distribution, lung
interstitium involvement can potentially lead to structural
changes in small airways, resulting in a loss of air flow that
can reflect in increased ventilatory demand. ™ We hypathe-
sised that the structural disarray caused by the excessive
secretion of collagen in the respiratory systems of 55c
patients may be reflected in the MN;5BW test. Thus, the
present study sought to assess the usefulness of the N;SBW
test in 55c patients and to correlate the parameters mea-
sured by the H;5BW test with the PFT indexes classically

used in the follow-up of these patients, degree of dyspnoea,
and CT findings.

Methods
Patients

This was a cross-sectional study conducted between Decem-
ber 2015 and July 2016 in which &6 consecutive 55c patients
were evaluated. These patients were recruited from the
Piguet Carneiro Polyclinic of the State University of Rio de
Janeiro, Rio de Janeiro, Brazil. Patients =18 years of age
of both genders who met the criteria for 55c diagnosis™
were included in the study. The following exclusion crite-
ria were used: patients with a previous history of smoking
or those whowere current smokers; individuals with asthma;
evidence of overlap with other connective tissue diseases,
except 5jogren's syndrome; reports of infection within the
previous four weeks; and inability to perform PFTs. The pro-
tocol was approved by the Research Ethics Committee of
the Pedro Ernesto University Hospital of the State University
of Rio de Janeiro, Rio de Janeiro, Brazil under the num-
ber CAAE- 50752615.9.0000.5259. All of the patients signed
informed consent forms.

Measurements

Dyspnoea was assessed by means of the modified Medical
Research Council (mMRC) scale.'®

Spirometry, body plethysmography, measurement of
DLCO, and measurement of respiratory muscle strength
were conducted with Collins Plus Pulmonary Function
Testing Systems equipment (Warren E. Collins, Inc., Brain-
tree, MA, USA) using the standardisation of the consensus
statement.'” The Brazilian reference values were used, "
and the results are expressed as ¥ predicted.

The M;SBW test was performed using the HDpft 3000
instrument (nSpire Health, Inc., Longmont, CO, USA).
Briefly, individuals exhaled until the residual volume (RV)
was reached and then inhaled 100% O, until the total lung
capacity was reached (TLC). Then, they slowly exhaled
at a flow rate of approximately 0.3-0.3L/s until the RY
was reached. The two indexes derived from the procedure
are reported as % predicted® and include the Phase Il
slopeyzsgw, which is the change in the concentration of N
between 25% and 73% of the exhaled volume, and the clos-
ing volume fvital capacity (CV/VC), which is the portion of
the VC that is exhaled after the airway begins to close. The
M;5BW test was performed according to the recommenda-
tions of the consensus statement. '’
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Table 1 Demographic data and lung function of patients with systemic sclerosis.
Variable Patients with FVC Patients with F¥C p-value
=70% <70%
(n=24) {n=28)

Demagraphic data
Females (%) 22 (91.7) 24 (85.7) 0.67°
Age (years) 49.5 (43.3-58.8) 48 (37-53.8) 0.26%
Weight (kg) 62.8 (52.2-T1) 71.5 (57.3-82) 0.11*
Height (cm) 157 (153-162) 160 (156-164) 0.23*
BMI (kg/m?) 25.1(21.6-28.9) 28.4 (22.1-30.9) 0.152

Lung function
FVC (% predicted) 93 (80.5-103) 57 (51.3-65) =0.0001*
FEV, (% predicted) 87.5(81.3-99) 59.5 (48-65.8) =0.0001*
FEV,/FVC (%) 79.5 (74.5-84.5) 86 (77.3-89.5) 0.018°
DLCO (% predicted) 78 (53.3-95) 50.5 (37.3-65.8) 0.0004°
FVC/DLCO (% of reference values) 1.22 (1.08-1.52) 1.09 (0.89-1.52) 0.23*
TLC (% predicted) 89 (79.3-98.8) 61 (55-72) <0.0001*
RV (% predicted) 87 (73.3-109) 74 (56.3-85) 0.047°
RV /TLC (%) 34.5(28.2-37.2) 40 (34.8-46.3) 0.007°
Raw (cm HzO/L/s) 1.66 (1.36-2.43) 1.81 (1.26-3.08) 0.78*
SGaw (L/s/cm HzO/L) 0.205 (0.148-0.268) 0.260 (0.165-0.438) 0.12*
MIP (% predicted) 66 (47-87.3) 65 (55.3-92.8) 0.42=
MEP (% predicted) 55.5 (32.8-62) 45.5 (34.8-54) 0.40°

Nitrogen single-breath washout test
Phase Il slopegspy (% predicted) 130 (38-160) 419 (275-542) <0.0001*
CVIVC (%predicted) 71 (56-111) 137 (101-188) 0.003°

Values are median {interquartile ranges) or number (). BMI: body mass index; FVC: forced vital capacity ; FEV, : forced expiratory volume
in one second; DLCO: diffusing capacity for carbon monoxide; TLC: total lung capacity; RV: residual volume; Raw: airway resistance;
SGaw: specific airway conductance; MIP: maximal inspiratory pressure; MEP: maximal expiratory pressure; Phase |l slopeyspe: phase 1l
slope of the nitrogen single-breath washout; OV/VC: closing volume /vital capacity.

The values in bold mean statistical significance.
3 Mann-Whitney test.
b Fisher exact test.

We also assessed the CT scans of 31 patients that were
perfermed within the last three menths prior to recruit-
ment. The CT scans were categorised into three pattemns
according to the consensus of two radiologists: grade 1
(reticular pattern predominance); grade 2 (ground-glass
opacity predominance); and grade 3 {traction bronchiectasis
and honeycombing predominance).*?

Statistical analysis

The data analysis was conducted using 5AS 6.11 software
(SAS Inmstitute, Inc., Cary, NC, USA). The assumption of
a normal distribution of the data was evaluated with a
Shapiro-Wilk test. Comparisons of variables between the
two groups of patients subdivided according to the FVC or
MMRC grades were evaluated by the Mann-Whitney test for
numerical variables and by Fisher's exact test for categor-
ical variables. Comparisons of the CT grades according to
the different N;SBW variables were examined using the non-
parametric Kruskal-Wallis test followed by Dunn's post hoc
test. Spearman’s rank correlation coefficient (r;) was used to
evaluate the associations between the variables. The results
are expressed as median values and interguartile ranges

or as frequencies (percentages), and statistical significance
was considered at p=0.03.

Results

Among the 66 patients who were considered for participa-
tion in the study, 14 were excluded for the following reasons:
six for reporting a history of smoking, four for presenting
with 55c together with other collagen diseases, two due
to associated asthma, and two due to the inability to per-
form the PFTs. Thus, the study population consisted of 46
women and six men with a median age of 48 (38.5-56.3)
years. Thirty-eight patients had a limited form of the dis-
ease, and 14 had the diffuse form. In 36 patients, the mMRC
grade was <2 [1.12 (0.64-1.47)], and in 16, it was =2 [2.47
{2.31-2.78)]. In the CT analysis, the exams were categorised
as grade 1 (n=13), grade 2 (n=10), and grade 3 (n=8).

For the 52 patients who participated in the study, the
median values of FVC, DLCO, and FVC/DLCO were &7
(57-91)% predicted, 62 (44-81.3)% predicted, and 1.18
{0.93-1.52)% of the reference values, respectively. Twenty-
eight patients had an FVC <70%, 34 had a DLCO <80%,
and nine had an FVC/DLCO >1.6. Regarding the TLC, the
median of the sample was 72.5 (60.3-87.3)% predicted, and
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Table 2 Spearman's correlation coefficients for lung function parameters and nitrogen single-breath washout indexes of
patients with systemic sclerosis.

Variable Phase Il slopegspw (%predicted) CVIVC (%predicted)
[ p-value ry p-value
FVC (% predicted) —0.845 =0.0001 —0.460 0.0006
FEV, (% predicted) —0.788 =0.0001 —0.396 0.003
FEV, /FVC (%) 0.281 0.044 —-0.282 0.042
DLCO (% predicted) —0.600 =0.0001 -0.271 0.052
FYC/DLCO (% of reference values) 0.088 0.54 0.020 0.89
TLC (% predicted) —0.708 <0.0001 —-0.360 0.008
RV (% predicted) —0.354 0.010 -0.122 0.39
RV/TLC (%) 0.318 0.021 0.328 0.017
Raw (cm Hz O/ L/ s) 0.084 0.55 -0.216 0.12
SGaw (Lfsfcm HzOrL) 0.205 0.15 0.365 0.007
MIP (% predicted) 0.123 0.38 0.095 0.50
MEP (% predicted) —0.080 0.57 —-0.163 0.25

Phase Ill slopeyzsgy: phase Il slope of the nitrogen single-breath washout; CV/VC: closing volume /vital capacity; FYC: forced vital
capacity; FEV;: forced expiratory volume in one second; DLCO: diffusing capacity for carbon monoxide; TLC: total lung capacity; RV:
residual volume; Raw: airway resistance; SGaw: specific airway conductance; MIP: maximal inspiratory pressure; MEP: maximal expiratory

pressure,
The values in bold mean statistical significance.
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Figure 1 Relationships between the phase lll slope of the nitrogen single-breath washout (Phase il slopeyspy ) and the forced

vital capacity (FVC) (r,= —0.845, p<0.0001) {A) and diffusing capacity for carbon monoxide (DLCO) (r; = —0.600, p< 0.0001) (B).

this parameter was <80% in 31 patients, which indicated a
restrictive disorder. The medians for Phase lll slope,zsgy and
CV/VC were 254 (112-450)% predicted and 107 (62-150)%
predicted, respectively. In this test, 44 patients had a Phase
Il slopeyspw > 120%, while 15 patients had a CV/VC >120%.
‘When the sample was subdivided into two groups using a cut-
off value of FVC <70%, significant differences were observed
between the two groups for most of the evaluated functicnal
parameters (Table 1).

There were no significant differences between the
mMRC grades and MN;SBW wvariables: Phase Il slopewspw
[235 (148-287) vs. 352 (240-430), p=0.08] and CV/VC
[98 (70-136) vs. 124 (85-161), p=0.13]. Regarding the CT
findings, the medians of the Phase I slope,;sp, values pro-
gressively increased from grade 1 to grade 3 [105 (64-138)
ws. 185 (147-223) vs. 536 (370-653)%] with significant dif-
ferences (p < 0.0001). The medians of the CV/VC values also
progressively increased from arade 1 to grade 3 [33 (32-83)

vs. 68 (46-102) vs. 173 (78-217)X]; however, the differences
were not significant (p=0.11).

We also assessed the associations between the param-
eters provided by the N;SBW test, lumg function indices,
and CT findings (Table 2 and Figs. 1 and 2); the correlation
between the Phase |ll slopewzssw and CV/VC was strong and
positive (r;=0.5%0, p=< 0.0001).

Discussion

The main finding of the present study was that ventilation
heterogeneity is the most common abnormality observed in
the PFTs of 55¢ patients, and it occurs even in the absence of
restrictive damage. In those patients, the more accentuated
the functional or structural pulmonary deterioration is, the
worse the ventilation heterogeneity. In addition, small air-
way disease was also a frequent finding that was related to
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both air trapping and the loss of lung volume. To our knowl-
edge, this is the first study to assess the potential of the
M, SBW test in S5c patients.

In the present study, the sample was almost exclusively
composed of women, which is consistent with the distribu-
tion by gender reported by several investigators.” In terms
of prognosis, functicnal changes are important markers of
the evolution of ILD-55¢, in both the initial and the sequen-
tial assessments.” In the present study, approximately 0% of
the patients had the restrictive syndrome and/ or a reduction
of the DLCO, thereby presenting a sample with substantial
lung function involvement. Interestingly, nine patients had
an FVC/DLCO =1.6, which is the recommended cut-off for
study of the right side of the heart in the diagnosis of PAH,2*

Many patients with pulmenary disease diagnosed by CT
present with normal PFTs, which is indicative of insufficient
perfermance of traditional PFTs in tracking pulmonary dis-
ease associated with 55¢.7 In a recent study, Suliman et al.
evaluated 102 patients with 55c and noted that 63% pre-
sented with significant ILD-55c on CT, while only 26% had
an FVC <B0%. This finding emphasises the urgent need to
develop new lung function parameters to diagnose lumg
involvement, as well as allow follow-up with patients. In this
sense, some tests such as the N,5BW test, the forced oscil-
lation technigue (FOT), and impulse oscillometry can add to
our understanding of the pathophysiclogy of ILD-55c and can
potentially be incorporated into the routine assessment of
these patients. 4

In the present study, an increase in the Phase |l slope oy
was the most freguent lung function abnormality, which was
observed in approximately 83% of the cases and indicates the
potential of this index as a marker for ILD-55c. High values
are indicative of ventilation inhomogeneity due to regional
differences in time constants of the respiratory system,
which result from changes in the distensibility or local resis-
tance, thus compromising alveolar emptying.* The increase
in the Phase Il slopeyzsay in the group of patients with an FVC
<70% indicates that the worsening of restrictive functional
damage is an important contributer to the ventilation het-
erogeneity of 55c. We observed a strong association between
the increase in Phase Il slope,gspw and the decay of both the
FYC and DLCO, which reinforces the routine use of these two
functional indexes in the follow-up of patients with 55¢ in
clinical practice. Interestingly, we also observed a strong
association between the increase of the Phase Il slopey;cgy

and the presence of traction bronchiectasis and honeycomb-
ing in CT. Despite the lack of studies correlating the N, SEW
test with CT findings in fibrotic lung diseases, it is note-
worthy that some researchers have cbserved an association
between the increase in Phase Nl slopeygspy and structural
lung damage in COPD patients,'®"

In addition to the Phase Il slopegsgy, the CV/VC ratio is
angother index provided by the N, SBW test that has recently
been studied.’® In the present study, we observed an
increase in the CV/VC ratio in nearly one-third of the
patients. A change in the CV/VC ratio has been used as one
of the parameters for the diagnosis of small airway disease,
and it is functionally characterised by a progressive increase
in resistance as the lung is emptied, regional heterogene-
ity in flow rate and time constants, and premature closing
of the airways.*'" Using the FOT, Miranda et al.” observed
changes in the peripheral resistance of the respiratory sys-
tem in 55c patients, which were evaluated according to the
slope of the resistance as a function of frequency. Similarty,
Aronsson et al.’® observed abnormalities that were com-
patible with small airway diseases in 55c patients including
increases in the R3-R20, which is the difference between
the resistance at 3 Hz and the resistance at 20 Hz in impulse
oscillometry. Similar to the Phase |l slopeyzgy, we observed
an increase in the CV/VC in the group of patients with an
FVC <70%. Interestingly, we also observed a positive corre-
lation between CV/VC and RV/TLC in the studied sample,
suggesting an association between the premature closing of
the airways and the presence of air trapping.”” However,
it is worth emphasising that an increase in the CV/VC can
be observed in patients with restrictive damage in situa-
tions where the functional residual capacity is less than the
closing volume,

It is noteworthy that there are currently more than 10
measures of ventilation distribution derived from the nitro-
gen washout (M;W) tests.”” The need for maintaining good
coordination and cooperation when conducting VC manoeu-
vres under constant flow is a limiting factor for the routine
use of the MN;SBW test.'' Contrariwise, the multiple breath
washout (MBW) test evaluates ventilation distribution during
the fixed tidal volume or normal tidal breathing, assessing
the release of inert gas in a series of breathing cycles.
Thus, MBW shows promise for use in children and adults
with difficulties performing forced manoceuvres. However,
this test is time consuming, which makes it impractical
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to use in patients with severe lung disease.”’ It is also
noteworthy to highlight the double tracer gas (DTG) single-
breath washout, a new N;W test modality that aims to be
more specific to small airways. It distinguishes between
convection-dependent and diffusion-convection-dependent
ventilation heterogeneities, which occur in the conductive
and acinar airways, respectively. *

The strength of this study is that it demonstrates the
potential of the MN;SBW test for detecting abnormalities
in both ventilation and the small airways of 55¢ patients.
Because it is a simple, non-invasive, easy and fast tool, the
H:SBW test may be incorporated into the clinical assess-
ment of 55¢ patients in the future. However, our study also
has several limitations. First, the sample was small, and the
design was cross-sectional. Second, we did not use a control
group. However, the absence of a control group in this study
was minimised by the use of pulmonary function values as
percentages of the predicted values because these are nor-
malised to anthropometric data. Third, the complementary
use of DTG single-breath washout could have allowed us to
evaluate ventilation heterogeneity in the lung periphery. ™
Despite these limitations, our results provide a perspective
for the use of the N;5BW test in longitudinal studies to verify
its prognostic value in 55c patients.

Finally, the present study shows that in patients with
S5c, ventilation distribution inhomogeneity is a very fre-
gquent finding that is related to restrictive damage, changes
in pulmonary diffusion, and CT pattermns. In addition,
approximately one-third of the patients in this study were
compatible with the criteria for small airway disease, which
is associated with both the severity of restrictive damage
and the presence of air trapping.
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Abstract

Background

In sclerodama, axcessive collagan production can alter tracheal geometry, and computed
tomoegraphy (CT) volumetry of this structure may aid in detecting possible abnormalities.
The objectives of this study wera to guantify the morphological abnormalities in the tracheas
of patients with sclercderma and to comelate these findings with data on clinical and pulmao-
nary function.

Methods

This was a cross-sectional study in which 28 adults with sclercdemna and 27 controls
matchad by age, gender and body mass indax undarwent chest CT with posterior segmen-
tation and skeletonization of the images. In addtion, all participants undenwent pulmonary
function tests and clinical evaluation, including the modified Rodnan skin score (mRSS).

Results

Most patients (71.4%) had interstitial lung disease on CT. Companed to controls, patients
with sclercderma showed higher values in the parameters measured by CT trachea volume-
try, including area, eccentricity, major diameter, minor diameter, and tortuosity. The tracheal
anea and aquivalent diameter ware negatively comelated with the ratic between forced expi-
ratory flow and forced inspiratory flow at 50% of forced vital capacity (FEF spay/FIFsge ) (F=
.44, p=0.03 and r =-0.46, p= 0.02, respectively). The tracheal tortucsity was negatively
cormelated with peak expiratory flow (r=-0.51, p= 0.008). The mRS S showed a positive cor-
relation with eccentricity (r=0.62, p = 0.001) and tracheal tortuosity (r= 0.51, p = 0.007),
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while the presence of anti-topoisomerase | antibody (ATA) showed a positive cornelation
with tracheal tortuosity (r=0.45 p=0.03).

Conclusions

In a sample composed predominantly of sclerodema patients with assodated interstitial
lung disaasa, tham wan abnormalities in tracheal geometry, including greater ecoantricity,
diamater and tortuosity. In these patients, abnomnalities in the geometry of the trachea were
associated with functional markers of obstruction. In addition, tracheal tortucsity was corre-
lated with cutanecus invohwament and the presence of ATA.

Introduction

Scleroderma or systemic sclerosis (55¢) isa chronic progressive autoimmune disease of con-
nective tissue characterized by microvascular involverment, activation of the immune system,
amd increased deposition of extracellular matrix in the skin and internal organs by excess colla-
gen fibers, leading to fibrosis [1-4]. Scleroderma is aght imes more common in fernales than
in males; its reported prevalence is approxmately 10 cases per 100,000 person, and this rate is
probably underestimated [5]. The disease can affect several organs and systems; the skin is the
most frequently affected site, followed by the lungs, kidneys, musculoskeletal system, cardio-
vascular system, and gastrointestinal tract. The presence of multiple affected sites worsens the
prognaosis [1].

In scleroderma, thoracic involvement is ohserved mainly as diffuse fibrosis or pulmonary
hypertension; these conditions are associated with limited (1c-55¢) and diffuse cutaneous (dc-
55¢) forms of scleroderma, respectively [1]. In an autopsy study, parenchymal involvement
was seen in up to 100% of patients with scleroderma [2]. Although interstitial lung involve-
ment is subclinical and asymptomatic at early stages in most patients, interstitial ung disease
(ILD) assod ated with scleroderma (ILD-55¢) is observed in approxmately 40% of cases and is
amajor cause of morbidity and mortality [6]. Despite the constellation of thoracic manifesta-
tions that occur in patients with scleroderma, little is known about the involvement of the tra-
cheain these patients. Ooi et al [7] reported that scleroderma affected small and large airways
in 45-100% of patients. In this context, the trachea has been a forgotten zone’ in the study of
several diseases because the pathological processes involving this structure have often not
received the necessary clinical recognition.

Computed tomography (CT) has become an important part of the detection and evaluation
of routine thoracic involvement in scleroderma, and the abnormalities observed bry this me-
thod are closely correlated with the observed physiological parameters [2]. In the last two
decades, various computer tools that can be used to automatically slice the chest using CT
images have been developed. These include multiplanar reformation, regional lung attenua-
tion analysis of lnng tissue and quantifiation of anatomical images, including the area and
volume of airways and lungs [2,7]. In scleroderma, computer-assisted tomography analysis is
highly efficient and, in combination with physiclogical and patient-centered measurements,
may provide a means to accurately assess and monitor lung disease progression and response
to therapy [2,8,9].

An understand ing of the acquisition, processing and analysis of CT scans and how these
processes affect the imaging of the trachea is essential for assessing the acouracy of the mea-
suremen ts and making effective use of newly available tools. In the study of the trachea, the
cross-sectional area and diameter are the most commonly measured dimensions; in the
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context of assessing possible chstruction, length and caliber are im portant [10-13]. More
recently, the process of skeletonization and volumetry of the airways throagh CT in normal
individuals and in individuals with some dinical conditions has been described [10-15]. In
this method, the digital imaging component is transformed into a subset of the original com-
ponent [10]. After automated segmentation of CT images, the skeletonization algorithm allows
the extraction of a tracheal centerline and facilitates the reconstruction of CT data orthogonal
to the reduction of the effects of partial volume averages [11]. However, no study has explored
the use of this resource in the evaluation of the tracheas of patients with scleroderma.

‘We hypothesized that the excessive production of collagen that occurs in scleroderma alters
the geometry of the trachea and that the skeletoni zmtion of this strocture would aid in the
detection of possible abnormalities. Thus, the present study aimed to identify and quantify the
morphological abnormalities in the tracheas of patients with sderoderma and, secondarily, to
correlate these findings with data on clinical and pulmonary function.

Methods
Patients

This cross-sectional study was conducted between February 20016 and September 2017 in 43
consecutive patients with scleroderma who were =18 years of age, of both sexes, and were seen
regularly at the Piquet Carneiro Polydinic of the State University of Rio de Janeiro, Rio de
Janeiro, Brazil The patients included in the study had been diagnosed with scleroderma bya
rheumatologist according to the parameters set forth by the American College of Rheumatol-
ogy/European League Against Rheumatism [1]. The following exclusion criteria were used:
clinical instability; history of respiratory infection in the last three weeks; history of previous or
current smoking evidence of overlapping of sderoderma with other connective tissue diseases;
report of previous tracheal or pleuropulmonary disease not related to scleroderma; and inabil -
ity to perform pulmonary function tests (PFTs). Regarding cutaneous involvement, patients
were classified as having le-55¢ (thickening of the slin distal to the dbows and knees and prox-
imal to the clavicles, including the face) or de-55¢ (thideening of the proximal skin as well as of
the skin distal to the elbows and knees and including the trunk and face) [16]. The modified
Rodnan skin score (mRS5) was used to assess skin damage in patients with scleroderma. In
this system, a score of 0 (no thickening), 1 (light thickening), 2 (moderate thideening) or 3
(severe thickening) is assigned to each area, resulting in a total score ranging from 0 (best) to
51 (worst) [17]. The presence of antoantibodies, induding anti-topoisomerase [ and anti-cen-
tromere, was also investigated.

‘Wi also evaluated a control group of 27 individuals aged > 18 years of both sexes. The sub-
jects in the control group were asked to perform the PFTs after undergoing chest CT scanning
in our service for the following reasons: investigation of contact with tuberculosis patients
(n = 9); staging of neoplasms outside the thorax (n = 7); evaluation of trauma (n = 6}, and eval-
uation of fever of unlmown origin (n = 5). The following criteria were used to sdect subjects
for the control group: no previous history of smoking or chronic tracheal or pleuropulmonary
diseases; chest CT scans without abnormalities; and lung function parameters within the nor-
mal range (i.£, no value below the lower limit of normal or above the upper limit of normal in
relation to the predicted value). All CT scans and PFTs for the control group were performed
using the same equipment that was used for the scleroderma group.

The protocol was approved by the Research Ethics Committee of the State University of Rio
de Janeiro under the mumber CAAE- 507526159 0000.5259, and it complied with the corrent
national and international standards. All individuals signed an informed consent form.
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Pulmonary function testing

The PFTs performed were spirometry, body plethysmography, and diffusion apacity for car-
bon monoxide (D Lco). The exams were performed on an HDpft 3000 (nSpire Health, Inc.,
Longmont, CO, USA) according to the standards set forth by the American Thoracic Society
[18]. The Brazilian reference values [19.20] were used, and the results are expressed as percent-
ages of the predicted values. Anincrease in the ratio between forced expiratory flow and forced
inspiratory flow at 50% of forced vital capacity-FVC (FEFsge (FIFsq) > 1.50 was used asan
indicator of extrathoracic airway obstruction [21].

CT scan interpretation and protocol

CT scans were performed on a é4-channel multislice Brilliance 40 scanner (Philips Medical
Systermns, Cleveland, OH, USA) that was @pable of performing volumetric acquisitions with
subsequent multiplanar reconstructions. The acquisitions were performed in the axal plane
with patients in the supine position using the techmal parameters 120 kV and 458 mA (these
parameters varied according to the biotype of the patient), slice thidiness 2 mm, and pitch 2
mm from the jugular notch to the xphoid process in maximal inspiration and expiration.
After acquisition of the images, a high-resdlution reconstruction with a matrix of 512 = 512
was performed using a high-frequency algorithm, a window width of 1200 HU, and a level
centered at -800 HU.

Parenchymal abnormalities on CT were interpreted by two independent readers (RS.R.
and G.B.C.) who were blinded to patient history and physiological results; a consensus opinion
was reached in mses in which there was disagreement. CT scans were reviewed at five levels, as
follows: 1) origin of major vessels; 2) carina; 3) confluence of pulmonary veins; 4) halfway
between the third and the fifth sections; 5) 1 cm above the right hemidiaphragm [22,23]. The
total extent of [LD was estimated to the nearest five percent in each of the five levels, with
global extent of disease on CT as the mean of the scores [22-24]. The coarseness of palmonary
fibrosis was evaluated as follows: 0, ground-glass opacification alone; 1, fine intralobular fibro-
sis; 2, microcystic honeycombing comprising air spaces <0 4 mm in diameter; and 3, macrocys-
tic honeycombing comprising air spaces > 4 mm in diameter. The total coarseness score for
each patient was derived by summing the scores at the five levels (range 0 to 15) [22.23]. For
each patient, the total extension of ILD and the coarseness of pulmonary fibrosis were derived
by averaging the scores ateach levd assessed by the two independent readers. Finally, the exc-
tent of ILD-55¢ was classified as imited (lung parenchyma involvement <20%) or extensive
{=20%). For indeter minate cases, ILD-55¢ was considered extensive if FVC <70% and limited
if FVC = 70% [22 25].

Imaging processing

The airways were segmented using 3DSlicer version 4.4.0 (http:Vslicer.org) [26] with the aid of
its AirwaySegmentation extension. At the end of processing, a nearly raw raster data (nrrd)
file was saved. Using AirwayProcessing, two distinct processes were ececuted: 1) the nrrd file
was read and transformed into a binary matrix of data; in this way, the process of skeletoniza-
tion was initiated, and a skeleton composed of several points was then produced; 2) using the
skeleton and its coordinates (X, ¥ and Z axes), cross-sectional planes were generated. Individ-
ual processing of all points was performed using the slice command, and the processing angles
were defined by a normal line between the point in question and the next five points. The
plane of square cross-section was formed by a square grid with 70 pixes on the side. Using
MATLARE 2014a (MathWorks Inc., Natick, MA, USA), information obtained individually by
the slice command was catalogued using the regionprops’ command.
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Fig 1 shows the 3D reconstruction, the tracheal skeleton, the cross-sectional planes and
their geometric parameters [9,10]. The scheme show in Fig 1 was chosen for illustrative pur-
poses and accurately represents the region of the trachea in a 2D environment. In Fig 1. the
axial sections indicated by specific letters represent area (" A), perimeter (" B), eccentricity
(*C), equivalent diameter (*D'), major diameter (*E} and minor diameter (*F). It is empha-
sized that the segments shown in red and blue in Fig 1 were enlarged for visualization
purposes,

Thus, the following measures were calculated for each study participant:

*A *
[ m— |
§ *
_—

)
_—

oNe
O O

*F

]
- T———

5
O

Fig L 3D reconstruction, cros-sectional planes, skeleton and indication of the plane used for representation, The lettens A to F and the values for the selacted plane
indicate, respectively: (*A) area (1824 mm’ ), which is the pro<luct of the pixel sizeand the number of pixels in the region (in this figure, the area s shown in yellow and
inchudes the red line that demarncates the perimeter); (" E) perimeter (473 mm ), which is the length of the bne indicated in red; {"C) eceentricity (0L35), whichis indicaied
by the equivalent ellipse drawn in blue; ("D equivalent dismeter {152 mm), which i the circle of area equivalent tothe coms-sational arex; (E) major dizmeter (158
mm ), which is the lingest segment of the squivalent ellipse (indicated by the inner line); and * F) minor diameter {148 mm), which is the smallest segment (indicated by
the inner line).
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1) Area: the measured area of the tracheal lumen intersected by the cross-sectional plane. The
area was clculated by multiplying the pixel area valoe by the number of pixels present, as
shown in Eq 1

Areg = ps= (1)
where ps is the individual area of each pixel and v is the number of pixds,

2) Perimeter: the length of the outer margin of the tracheal lnmen.

3) Eccentricity: a parameter associated with the ellipsoidal shape of a given region. It is the
ratio of the focus of the ellipse to its largest diameter. The result is a value between 0 and 1,
where 01 is the representation of a cirde and 115 the representation of a line. Eig 1"C illus-
trates eccentricity as the equivalent ellipse (shown inblue); the outer edge of the tracheal
lumen is shown in red. The eccentricity was calculated according to Eq 2,

1

(s Moan?

Eccentricity = 2 » +—2——2 2
- MaAL (
where MaAL represents the largest diameter and MidL the smallest diameter of the dlipse.

4) Equivalent diameter: a circle of the ssme area as the region interseched by the cross-sectional
plane. In Fig 1° D, the equivalent diameter is shown as a blue arcle with an area equivalent to
that of the tracheal lumen in the same region. The equivalent diameter was calaulated using Eq 3

vd = area

Equivalent diameter = — (3)

5) Major diameter: the length of the longest segment of the ellipse equivalent to the region, Sim-
ilarly, the minor diameter represents the length of the smallest segment of the ellipse. Fig 1°E
and 1°F denote the perimeter of the tracheal lumen (red) along with its ellipse (blue); the
center lines indicate the largest and the smallest segment, respectively, of each region.

‘We also calculated the tortuosity (sinuosity index), which is the deviation of the central axis
of the trachea considering its procimal and distal extremities. Mathematically, the tortuosity
was determined from the sum of the Euclidean distance of each segment of the trachea, witha
distance equivalent to the thickness of each cross-section of the original CT image, divided by
the Euclidean distance of the end points of the trachea. The tortuosity may be expressed suc-
cinctly using the formula described in Eq 4,

Tor tuosify = % (4)

where L is the length of the trachea and vd is the vectorial distance between the points at the
extremities (Fig 2). The tortuosity is expressed as a value > 1; the higher the index, the greater
the tortuosity of the trachea [27].

Fig 3 exemplifies the skeletonization process of the trachea ofa study participant. The figure
shows the three-dimensional reconstruction images of the trachea in two different planes.

There is inherent variability in the measures used to determine the quantitative metrics of
eccentricity and tortuosity. For eccentricity, there isa value for each section plane of the tra-
chea of a given individual (Eig3). We use the median to represent the value of each individual;
therefore, there are n medians, where 0 is the number of elements in each group of variables.
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B

Fig 2 Measurement of the tortuosity of the trachea. Images in the commnal (A) and sagital (B) planes are shown. In this
scheme, L is the length of thetrachea (thetot] lengthof "ab, shown in blue) and wil is the veciorial distance between the points at
the extremities (the length of the shortest passible pathbetween'a" and b, shown in red).

it sk 0rg 10137 1wl pana. 020 07549 002

For tortnosity, only one value was calculated for each trachea; it depends on the extreme values
(proximal and distal), as shown in Fig 2.

Statistical analysis

Tobetter evaluate the effect of the extent of ILD-55¢ on the clinical variables, PFTs, and CT
trachea volumetric parameters, we divided the partidpants into three subgroups as follows: 1)
acontrol group; 2) a scleroderma group with no pulmonary involvement/limited ILD; and 3)

a scleroderma group with extensive ILD. ANOVA followed by the Bonferroni post hoc test
was used to compare the results obtained for the patients in these three groups. Comparison of
the clinical variables, FFTs, and CT trachea volumetric parameters of the 85¢ patients without
pulmonary invalvernent with those of contral subjects and with those of S8§¢ patients with no
pulmonary ivalvernent/limited ILD-55¢ and 55¢ patients with extensive ILD-55¢ was per-
formed using Student’s t-test for independent sam ples in the cse of numerical data and using
the chi-square or Fisher's exact test in the case of categorical data. To evaluate the associations
between the mumerical variables of PFTs and CT trachea volumetric parameters, the Pearson
correlation coefficient (r) was used. The criterion for deter mining significance was 5%. Statisti-
cal analysis was performed using SAS 6.11 software (SAS Institate, Inc., Cary, NC, USA)

Results

Of the 43 patients included in the study, 15 were excloded for the following reasons: reported
being a smoker (n = 8); history of previous plewropalmonary disease not assodated with
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V: N
A B

Fig3 Skeletonization prcess of the tradhea. Three dimensional mmmn\fd\gmdmn\fmnudemnwmmmﬁmﬂihmd
B The median values showed in the ten plines of square cross-sections are as ollows: area = 1845 mm®; perimeter = 47.6 mm;
ecntricity = 0.51; equivalent dizmeter = 15.3 mm; major diameter = 159 mm; minor dizmeter = 144 mom; 2nd tortuosity = LO27.

hitps-idai om A 01371/ purnal pone D07 54,9003

scleroderma (n = 3); inability to perform PFTs (n = 2); scleroderma-polymyositis overlap syn-
drome (n = 1); and scleroderma-rheaumatoid arthritis overlap syndrome (n=1). In the total sam-
ple of patients, the mean age of subjects with sderoderma was 525 # 11 years, and 25 (89.3%)
were women. The disease duration was 4 21 + 2 50 years from the onset of non-Raynand'’s phe-
nomenan and 965 + 513 years from the onset of Raynaud's phenomenon sym ptoms. MNineteen
patients (67 99%) had lc-SS¢ and nine (32.1%) had dc-S8¢ of the latter, six (21.4%) had a
mRSS > 18. Anti-topoisomerase [antibody (ATA), anticentromere antibody and anti-RNA
polymerase [T were positive in 13 (46.4%), six (21.4% ) and three (10.7) patients, respectively; no
autoan tibodies were identified in six (21.4%) patients. Seven patients (25% ) had an FEFsq./
FIFos ratio > 1.50. Comparisons of clinical data, pulmonary function parameters and com-
puted tomography scores in the control group, the scleroderma group with no pulmonary
involvement limited ILD, and the sderoderma group with extensive LD are shown in Table 1.
In addition, comparisons of lung function parameters in the control group and in patients with-
out pulmonary invalvement on CT did not show any significant difference (p > 0.05 for all).
On thorax CT, 16 patients (57.1%) were classified as having no pulmonary involvement
(n = 8) or limited pulmonary involvement (n = §), while 12 (42.9% ) were classified as having
extensive pulmonary involvement. In the measurements cbtained through CT trachea volu-
metry, patients with sderoderma presented higher values for the following parameters: area,
eccentricity, major diameter, minor diameter, and tortuosity. Table 2 compares the CT trachea
volumetry findings for control subjects, patients in the scleroderma group with no pulmonary
involvement/limited ILD, and patients in the scleroderma group with extensive ILD.
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Table 1. Demographic characteristios, clinical data, pulmonary fundion amd computed tomography scores of patients with sclemaderma and of patients in the con-

tral group.
Variahle Control group | Scleroderma group with no pulmonary involvement/limited | Sclermlerma group with extensive | p value
in=127) o o
(n=16) In=12)
Demographic duta
Females 23(852) 14 (87.5) 11(9L.7) .41
Age (vears) 126 517 +10 52R+112 0.2
BMI (kg/m?) 721587 2424522 2512530 am
Type of scleroderma
[ 12(75) 7(583) 0.34
dl-85¢ 4(25) 5{4L7)
mR3S 103 + 744 11.5x7.60 .12
Type of autoantibody
Ani-toprisamemse [ antbody 5 (3L2) 8(667) 028
Anficentromere an fbody 5 (3L2) 1(8.33)
Anti-RMA polymerase [T 2{12.5) 1{8.33)
Autiantibody nat identfied 4(25) 2(167)
Lung function
FVC(L) 308 2081 262 072 225 +0.87"% 0L008
FV (% predicted) 1024+ 198 &5+ 193 68 £ 21571 0005
FEV, (L) 25120.75 211 £ 063" LE020.59% 0009
FEV (% predicted) 100.7 + 185 83l + 16" 9.2 1178 L0046
FEV/FVC (%) 7 £ 126 80112 5 113 .11
PEF (L/s) 7752214 6251211 526+ 197" 0032
PEF (% predicted) 10 £317 B+ 305 7551+ 292" 0025
FEF s g FIF o (%) L04 2062 128 £Q72° L34 +070° L6
DLeo (mlimin/ mmtig) G234 18 £422" 927 1323% 0003
DL (% predicted) T E2lh6 T3 £ 183 &0 £ 178" 00001
Raw |an HLO/Lis) 158 +0.75 1.78 077 193 =078 032
Saw (Lisfcm HAWL) 0210 20078 0245 £ 0089 0.257 £0.103 009
Computed tomography scores
TID-55¢c extent (% 963 + 880 281 =104 < 00001
parenchyma)
Coarseness of pulmonary 2151 144 635 :4.20 = 00001
fibmsis

The vahues shawn are means + 50 or number (%) Bald type indicates significant differences.
*Signifiantly different from contral group.
tsignificantly different from scleroderma group with no pulmonary invelvement/limited ILD-58c ILD-5% = interstitial hing disease amociated with scleroderma.

BMI = bady mass index; k-85 = limited ctaneous formg de- 55 = diffuse cutaneous form; mBSS = modified Rodnan skin soore; FYC = forcal vital capacity; FEV, =
forced expimtory valume in one semnd; PEF = peak expiratory flow; FE Fagu/FIFanw = ratio beween the forced scpimtory Sow and frced inspiratory Sow at 50% of
farced vital capacity: DLeo = diffusing capacity fir carbon monoxide; Raw: airway resistance; S(iaw: specific irway amductance.

https/ddoiorg 01371/ ournsl pone. 02 007 54.4001

‘We also compared patients without pulmonary involvement on CT (n = ) with controls.
In this evaluation, patients without pulmonary involrement on CT showed higher values, with
significant differences in the following CT tracheal volumetric findings: area (210.7 + 35 vs.
207.6 + 326 mm”, p = 0.031; eccentricity (0.50 +£0.05 v, 0.46 + 0.04, p = 0,018} major diame-
ter (17.5 £1.70 vs. 17.1 + 2.22 mm, p = 0.039); minor diameter (14.9 + 168 vz, 14.5 + 2.11 mm,
p=0.044}); and tortuosity (1.039 + 0.017 vs, LO23 £ 0.014, p = 0.01).
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Table 2. Variables of CT trachea volumetry acconling Lo gmup.

Varahle Control group | Scleroderma growp with no pulmonary involvement/limited 1LD | Sderoderma group with edensive ILD | pvale
(n=127) (n= 16} (m=12)
AIH{:I’D'IB:: 2076 + 326 2113 +38.2° 2146 + 456 0028
Perimeter (mm) AS3+412 492+ 445 515 2467 w12
Eccentricity D46 £ 004 051 + 006" 054 + 006" 0013
Equivalen t dizmeter (mm) 16.1 + 1.24 16.2 + 1L.55 16.5 1 1.650 082
Major dismeter {mm) 17.1+222 176+ 192° 182 +201° 0.03%
Minor dizmeter (mm) 1451211 15x1.72" 153 + 185" LIX1 S E)
Tartuosity 1023 £ 0014 1039 + 0014° 1058 £0.015 0009

The values shown are means £ 8D or mumber (%) Bald type indicates significant differences.
*Signifiantly diflerent from contral group.
tSignificantly different from scleroderma group with no pulmonary involement/limited ILD-85e ILD- 85 = interstitial hung disease amaciated with scleraderma.

hitps:/idaiorgH 01371/ purnsl pone (12007 54.4002

We evaluated the correlations between the parameters provided by CT trachea volumetry
and the pulmonary function indices (absolute values) (Table 3). The tracheal area was nega-
tively correlated with FEFzpe FIF s (r=-0.44, p = 0.03), while the eccentricity was negatively
correlated with FVC {r = -0.57, p = 0.002) (Eig 4) and forced expiratory volume in one second
(r = -0.50, p = 0.009). The equivalent diameter was negatively correlated with FEF spaFIF s,
(r=-0.46, p = 0.02), while tortuosity was negatively correlated with peak expiratory flow (PEF)
(r=-0.51, p= 0.008) (Eig 5). A positive correlation of tortuosity with coarseness of pulmonary
fibrosis in CT was also found (r=045, p = 0.02]).

We also evaluated the correlations between the clinical findings and the parameters pro-
vided by CT trachea volumetry. The mRSS showed a positive corrdation with eccentricity
(r= 062, p < 0.001)and tortwosity (r = 051, p = 0.007). In turn, the presence of anti-topo-
isomerase [ antibody showed a positive correlation with tortoosity (r = 0.45, p = 0.03).

Discussion

The main findings of the present study were that in a sample composed predominantly of
scleroderma patients with associated ILD, the trachea showed greater area, ecomitricity, and

Table 3. Peamon’s correlation mefficients for CT trachea volumetry, pulmonary fibrosis and pulmonary function.

FVC FEV, FEV,/FVC PEF FEFaya FlF g, Do Raw SGaw Coarseness of fibrosis
Area 013 11 006 024 0.4 034 01z 013 025
Perimeter 009 007 008 0.25 047t 018 013 021 017
Eecentricity 0574 050 012 007 017 035 011 0.04 026
Equivalen t diameter A1 10 007 0.35 -0.46¢ 0.7 01l 021 018
Major dizmeer 004 006 008 0.25 Q.2 0.16 007 0.20 022
Minor dizmeter 022 019 003 021 04Tt 011 006 017 025
Tartuosity 17 A5 026 D514 028 012 009 .15 (YL

FV = forcal vital capacity: FEV| = frced expiratory volume in one second; PEF = peak expiratory flows FEFgq/FIF g, = ratio between the firced expiratory flow and
forced inspiratary flow at 50% of forced vital apacity; Dlce = diffusing capacity for carbon monoadde; Raw = aitway resistancs; SGaw = specific aitway conductance.
Bakd type indicates significant differences.

*p < Q05

tp < 001

$p < 0.005

https:/idaiorg 01371/ inurnal pone (2007 54 1003
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scleroderma group (2) = scleroderma group with extensive interstitial lung disease.
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tortuosity. In these patients, a greater tracheal tortuosity led to a smaller airflow; in addition,
the lower the tracheal diameter, the greater the degree of airway obstruction. Furthermore, tra-
cheal tortuosity was associated with the presence of pulmonary fibrosis, the presence of ATA,
and greater mRSS. To our knowledge, thisis the first study to show abnormalities in the struc-
ture and function of the trachea as well as its correlations with clinical findings in patients with

scleroderma.

In recent years, several CT image enhancement techniques have been developed in an

attempt to find a method that is both quantitative and reliable and allows more accurate assess-

ment than conventional visual reading. C
14
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scleroderma group (2) = scleroderma group with extensive interstitial lung disease.

ﬂow(l’!l‘)nd(mmtyoﬂheﬁ'xhn(r=-o.ﬂ,y 0.008).
Y | lung disease;

d to the traditional visual interpretation of

https/idoi.oxg/1 0.1371/purnal pone 02007 54.9005
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CT findings, computer-based automatic evaluation can improve the objectivity, sensitivity,
and repeatability of quantitative chest imaging analyses [2,10]. In this study, we applied 2 com-
puter-assisted method to evaluate the tracheas of patients with scleroderma in an unprece-
dented way considering that computerized evaluation has previously only been used in the
study of ILD-55¢ [2,28]. Our results indicate that CT trachea voluometry and subsequent skele-
tonization of the images provide a number of interesting measures for the best evaluation of
patients with scleroderma. We observed that patients with sderoderma presented greater area,
eccentricity, and tortuosity of the trachea. In scleroderma, myofibroblasts constitutively secrete
components of the extracellular matrix and exert exoessive cicatrization of the skin and inter-
nal organs [3,29]. Thus, we think that the cicatricial changes that occur at the level of the neck
can directly impact the geometry of the trachea and alter the measures of diameter and tortu-
osity of this structure.

In our study, the deviations of the trachea were measured by means of the tortuosity (sinuosity
index) after the skeletonization progess. The sheletonization proces has been used previowsly by
us to obtain the sheletons of specific structures by thinning [10]. Interestingly, we found an assod-
ation between tracheal tortuosity and the pulmonary fibrosis score obtained by semi-quantitatve
CT reading. This association between structural alterations of the trachea and the lung, despite
being evaluated by different techniques in our study, suggests that the deformity of the trachea in
sderoderma may be an extension of the fibrotic diseas thatocours at the pulmonary level. How-
ever, it is worth mentioning that in our study, patients without pulmonary involvement showed
higher values in tracheal volumetry than control subjects. This finding suggests that factors other
than pulmaonary fibrosis are involved in the tracheal abnormalities that occur in S5¢ patients, Con-
sisten t with this observation, several studies have shown impairment of anatomic structures above
the trachea in scleroderma patients; laryngeal dysfunction is relatively common, with pathologic
findings demonstrating fibrinoid degeneration and an increase in collagen fibers [30,31]. Consid-
ering the promising advent of user-friendly software, evaloation of the trachea in patients with
sderoderma may be an interesting approach both in clinical practice and in trials. Thus, precise
characterization of the trachea in scleroderma may offer an additonal todl for the follow-up of
these patients and may be helpful n the evaluation of dinical treatment.

The presence of obstructive abnormalities in the cervical trachea can be detected by the flow-
volume loop of spirometry even when there is no clinical suspicion, with the most used index
beang the ratio FEFsy (FIFsp [32]. In the present study, 25% of our patients had an FEF s,/
FIFsps = 1.50, and we found negative correlations between FEFsou/FIFsy and several indices
measured by CT trachea volumetry, including area, perimeter, equivalent dameter, major
diameter, and minor diameter. Consistent with our findings, Miranda et al. [33] used the forced
osdllation technique in patients with scleroderma and found an increase in mean resistance, a
parameter that reflects changes in the most central airways. Another study using impulse oscil-
lometry observed an increase in the resistive and reactive properties of the respiratory system in
patients with sderoderma, and these alterations were correlated with the findings of fibrosis in
CT [34]. Interestingly, we observed an assodation between tracheal tortuosity and PEF (which
reflects flow through large airways), supporting the notion that tracheal deviation is a key con-
tributor to the reduction of airflow in the large airways of patients with sderoderma. However,
quantitative measurement of eccentridty was not correlated with FEFsg/FIFsps. One possible
explanation for this finding is that increased tracheal area in sderoderma patients may at least
partially counterbalance the effects of reduced inspiratory flow in these patients.

In our study, patients with extesive [LD displayed greater tracheal area than patients without
pulmonary involvement and patients with limited ILD; all of these patients, in turn, displayed
greater tracheal area than the control subjects. Several recent studies have shown that larger
esophageal diameter is associated with higher pulmonary fibrosis and worse lung fun dion in
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individuals with sderoderma [3536]. Since microaspiration secondary to gastro-esophageal
refhux is assodated with the progresson of pulmonary fibrosis in scleroderma [37,38], we think
that the tracheal pathology may also contribute to this phenomenon. Longitudinal and controlled
studies of larger numbers of patients are required to evaluate whether or not tracheal pathology is
involved in the progression of lung fibrosis in patients with scleroderma.

In the present study, the mean value of FVC was higher in the control group and lower in
the scleroderma group with extensive ILD and showed an intermediate value in the sclero-
derma group with no pulmonary involvement (or limited [LD) (1024 + 19.8% vs. 85 + 19.3%
vs. 68 + 21 5% predicted, p = 0.005). Although the restrictive pattern in sderoderma is largely
explained by the presence of ILD, a reduced compliance of the respiratory system may also be
due to chest wall tightening from skin thickening, pleural disease, cardiac involvement, and
respiratory muscle wealmess [39-41]. Since no significant difference was observed in FVC
between the control group and patients without pulmonary involvement in CT, we believe
that ILD is the main contributor to the restrictive damage in our sample. However, we obs-
erved asignificant correlation between FVC and the quantitative measurement of tracheal
ecaentricity. A possible explanation for this association is that overproduction of collagen and
deposition of connective tissue, which are primary pathophysiological mechanisms of 55¢,
cause both abnormal tracheal geometry and reduced lung volume in these patients.

In scleroderma, cutaneous involvement occurs due to the increased thickness and hardness of
the skin, which leads to shrinking of the skin in deeper structures; although cuitaneous involve-
ment is usually most prominent on the face and hands, these abnormalities may extend to the
upper chest [42,43]. Some studies have shown that subclinical involvement of the upper chestis
detectable by high-frequency ultrasound even with normal palpation [4445]. In our study, the
mRSS (a key measure in the dinical evaluation of patients with scleroderma) was associated with
the ecaentricity values provided by CT trachea volumetry. Since ecoentricity measures the devia-
tion of a conical structure in relation to its aroumference [46], we think that skin thideening that
occurs at the neck level may negatively impact the geometry of the trachea in patients with sclero-
derma [47]. Consistent with our findings, Kim et al. [48] found an association between the fibro-
sis score detected by CT using a computer -assisted method and the mRSS of patients with
sderoderma both at basdine and duringa 12-month follow-up period. This reinforces the idea
that the measure of ecaentricity may be a marker of the severity of the process of collagen hyalini-
mtion and abnormalities in the elastic tissues that surround the nedc and may extend to the intra-
thoradc strucures of patients with sderoderma [42]. Considering that future directions for the
management of patients with scleroderma, induding epigenetic modulation and antifibrotic or
biological therapy, are being discussed [49,50], we think that the parameters provided by the mea-
surement of tracheal geometry can contribute to the evaluation of the outcomes.

The identification of reliable and consistent biomarkers that can be used to predict the
course of specific diseases is necessary for better stratifiation and management of patients and
would be of great use in the treatment of a multi faceted disease such as scleroderma [3]. In this
context, several attem pts have been made in recent years to correlate possible serum hiomark-
ers with clinical features distinc from sderoderma. Several investi gators have shown an assod -
ation betweemn ATA and the risk of devdopment and progression of pulmonary fibrosis in
patients with scleroderma [51.52]. A recent study has shown that topoisomerase | peptide-
loaded dendritic cells induce not only the antoantibody response but also cutaneous and pul-
monary fibrasis [52]. In the present stody, we observed a positive corrdation between the pres-
ence of ATA and tracheal tortuosity. This significant correlation must be viewed cautionsly
since we did notevaluate predicting values. However, we think that this finding could serve as
astarting point for longitudinal studies designed to evaluate a possible contribution of ATA to
the management of tracheal pathology in patients with sderoderma.
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A critical analysis of the limitations of the present study is pertinent. First, the sam ple size is
small, and the sample is representative of only one center. Second, the sample is composed pre-
dominantly of scleroderma patients with assodated ILD. Although we observed significant dif-
ferences in the abnormalities of trachea voluometry between control subjects and patients without
pulmonary involvement on CT, a greater number of patients in this growp coald allow for more
robust condusions. Third, CT pulmonary densitovolumetry could have aided in the study of cor-
relations between tracheal changes and those chserved in the lungs and lower airways. Fourth,
an assessment comparing patients with ILD-55¢ with patients with ILD due to other canses (e.g.
idiopathic pulmonary fibrosis, rheumatoid arthritis-ILD) might better define the role of sclero-
derma in the development of tracheal abnormalities. Finally, the evalnation of other biomarkers
could have helped us better inderstand the tracheal disease in sderoderma and might have
opened new horizons in the field of precision medicine. In fact, new laboratory markers (indud-
ing TGFRL, IL-6, sPD-1, sPD-L2, and CXCL4) have been assodated with higher mRSS score and
more pronowmn ced dhanges in thoracic CT [3]. Despite these limitations, the quantitative analysis
of the trachea through computer software offers a discriminant method that can help produce an
objective measure and obtain prognostic information in scleroderma.

In conclusion, the present study shows that, ina sample composed predominantly of sclero-
derma patients with associated [LD, there were abnormalities in the geometry of the trachea in
eccentricty, diameter, and tortuosity. In these patients, abn ormalities in the geometry of the tra-
chea were assodated with markers of functional obstruction at the level of the cervical trachea.
In addition, the measurement of tracheal tortuosity was corrdated with cutaneous imvolvement,
the degree of pulmonary fibrosis, and the presence of ATA. Although the encouraging data pre-
sented here require further validation in prospective studies, we bieve that skeletonization and
CT trachea volumetry may improve the ability of radiologists and rheumatalogists to acaurately
assess the tracheas of patients with sderoderma both in dinical practice and in trials,
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