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Apport de I’imagerie TDM et IRM quantitative a I’étude des modifications structurales et fonctionnelles
respiratoires dans les maladies obstructives chroniques des voies aériennes chez ’homme

Résumé : Les maladies bronchiques obstructives chroniques constituent un probléme majeur de santé publique. Leur
pathogénie est caractérisée par 1’inflammation chronique et le remodelage des voies aériennes. L’étude en imagerie des
différents ¢léments structuraux des poumons (bronches, bronchioles, vaisseaux...) est primordiale dans la définition, le
phénotypage, la compréhension des mécanismes obstructifs et le suivi de 1’évolution et de ces maladies. Les méthodes
d’évaluation visuelles qualitatives sont sujettes a une subjectivité d’analyse et a une variabilité inter observateurs qui
altérent leur fiabilité. Le développement de nouvelles méthodes quantitatives fiables et reproductibles est donc une
nécessité. La TDM et I'IRM sont les deux méthodes d’imagerie complétes a la fois des différents compartiments
structuraux et fonctionnels du poumon, la premiére ayant pour avantage son excellente résolution spatiale et la seconde
son innocuité. Les travaux ont porté sur la mise au point et la validation de méthodes d’imagerie quantitatives TDM et
IRM.

Avec la TDM quantitative, nous avons montré que les mesures du remodelage bronchique et vasculaire chez les patients
atteints d’une hypertension pulmonaire (HTP) sévére, phénotype particulier a la bronchopneumopathie chronique
obstructive (BPCO), permettaient d’appréhender les interactions entre les systémes cardiovasculaire et respiratoire.
D’autre part nous avons mis au point et évalué une méthode de quantification de 1’atteinte des voies aériennes distales
dans une population de pneumonie chronique d’hypersensibilité. Cette méthode pourrait apporter une contribution a
I’¢étude et au suivi des maladies bronchiques obstructives chroniques.

Avec I'IRM quantitative, les solutions que nous avons proposées dans la quantification de I’emphyséme a I’IRM
protonique permettent une analyse automatisée de la sévérité de I’extension de I’emphyséme chez des patients atteints
de BPCO. En outre, la transposition des méthodes de mesure des paramétres bronchiques de la TDM a I’IRM est devenue
possible grace aux nouvelles séquences a temps d’écho ultra court (UTE). Ainsi, la quantification du remodelage
bronchique a ’IRM 3DUTE chez des patients atteints de mucoviscidose, chez lesquels il est nécessaire de réduire
I’exposition aux rayons ionisants, permet d’obtenir des informations morphologiques similaires a celles de la TDM.
Nous avons aussi montré que la quantification automatique des phénomeénes destructifs et inflammatoires par I’IRM
3DUTE dans I’atteinte pulmonaire de la mucoviscidose était une méthode fiable et reproductible pour évaluer la sévérité
de D’atteinte structurale. Par ailleurs, la faisabilit¢ d’une quantification automatique des hypersignaux T2 a 'IRM a été
démontrée et sa pertinence comme biomarqueur spécifique de I’atteinte inflammatoire des voies aériennes évaluée.
Ainsi, 1’étude quantitative, en TDM comme en IRM, de diverses modifications structurales et fonctionnelles des
maladies bronchiques obstructives chroniques ouvre le champ d’une analyse objective et fiable par I’imagerie aux

¢valuations du suivi et de la réponse au traitement.
Mots clés : TDM, IRM, quantification automatique, poumon, bronche, remodelage, BPCO, asthme, mucoviscidose

Contribution of quantitative CT and MRI to the study of structural and functional respiratory changes
in chronic obstructive airway diseases in humans

Abstract: Chronic obstructive airway diseases are a major public health problem, characterized by chronic inflammation
and airways remodeling. Imaging of the structural elements of the lungs (bronchi, bronchioles, vessels...) is essential for
defining, phenotyping and following-up these diseases. Visual assessment is prone to inter-observer variability that
affects its reliability. Therefore, the development of reliable and reproducible new quantitative methods is necessary.
CT and MRI are the two complete imaging methods of the various structural and functional compartments of the lung.
This work focused on the development and the validation of quantitative methods using CT and MRI of the lung.
Using quantitative CT, we have shown that measurements of bronchial and vascular remodeling in patients with severe
pulmonary hypertension (PH), a particular phenotype in COPD patients, contributed to highlight interactions between
the cardiovascular and respiratory systems. We have developed a method for small airway disease quantification, tested
in a chronic hypersensitivity pneumonitis cohort, that may contribute to evaluate and monitor chronic obstructive airway
diseases.

Using quantitative MRI, we have developed a fully automated quantification technique to assess the severity of
emphysema extent in COPD patients. In addition, transposing bronchial measurement methods from CT to MRI has
become possible thanks to the new ultra short echo time (UTE) sequences. Thus, the quantification of bronchial
remodeling at 3DUTE MRI in patients with cystic fibrosis, for whom it is necessary to reduce exposure to ionizing
radiation, has shown morphological information similar to that of CT. We have also shown that automatic quantification
of destructive and inflammatory phenomena by 3DUTE MRI in cystic fibrosis is a reliable and reproducible method for
assessing the severity of structural alterations. Furthermore, the feasibility of an automatic quantification of T2 high
signal intensity on MRI has been demonstrated and its relevance as a specific biomarker for inflammatory airway disease
has been assessed.

Thus, the quantitative analysis, in both CT and MRI, of various structural and functional modifications in chronic
obstructive airway diseases could be a reliable method in the follow-up and the evaluation of the response to treatment
in these diseases.

Keywords: CT, MRI, automatic quantification, lung, bronchus, remodeling, COPD, asthma, cystic fibrosis
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Introduction

L’inflammation et le remodelage des voies aériennes représentent des phénomenes importants
dans la pathogénie des maladies bronchiques obstructives chroniques telles que la broncho-
pneumopathie chronique obstructive (BPCO), I’asthme et la mucoviscidose. L’asthme et la
BPCO sont des problémes majeurs de santé publique dans la plupart des pays développés (1,2).
La prévalence de la BPCO dans le monde est autour de 11% (3) et atteint méme 20% de la
population européennes adulte de plus de 40 ans (4). Elle est considérée comme la troisiéme
cause de mortalit¢ a travers le monde (5). La BCPO est caractérisée par une obstruction
bronchique chronique incomplétement réversible, une inflammation chronique et un
remodelage des voies aériennes. Il existe souvent une atteinte parenchymateuse avec perte des
structures €lastiques pouvant aller jusqu'a I'emphyseme. L’asthme est une maladie fréquente
qui toucherait 300 millions de personnes dans le monde (6). Sur le plan physiopathologique,
I’asthme partage avec la BPCO deux des trois caractéristiques fondamentales de la maladie qui
sont I’inflammation bronchique et le remodelage des voies aériennes en plus d’une
hyperréactivité¢ bronchique (7). Cliniquement, une coexistence de signes d’asthme et de BPCO
chez le méme patient est possible. Cette entité clinico-fonctionnelle appelée chevauchement
asthme-BPCO ou ACO est définit comme une obstruction respiratoire non réversible avec des
caractéristiques généralement associées a l'asthme et d’autres généralement associées a la
BPCO (8). La mucoviscidose est la maladie génétique la plus fréquente dans les populations
caucasiennes (9) mais reste tout de méme une affection rare qui touche environ 60 000 patients
dans le monde (10). C’est une maladie multi organe dont I’atteinte pulmonaire est responsable
de complications pouvant provoquer la mort prématurément (11). Cependant, I’avénement de
nouvelles thérapeutiques a amélioré la prise en charge des patients et ’espérance de vie est en
constante augmentation (12). Tout comme I’asthme et la BPCO, le remodelage bronchique et
I’inflammation chronique et répétée des voies aériennes caractérisent la pathogénie de I’atteinte

pulmonaire de la mucoviscidose (13).

Le diagnostic et le suivi de ces maladies bronchiques obstructives chroniques s’appuient sur
des examens clinico-biologiques et des explorations fonctionnelles respiratoires (EFR) qui sont
peu sensibles a la détection des altérations précoces et aux modifications subtiles sous
traitements (14). De plus, ces explorations ne permettent pas 1’é¢tude des modifications
structurales inhérentes aux pathologies bronchiques obstructives chroniques qui ne sont

accessibles de fagon non invasive que par I’imagerie.



Introduction

Actuellement, la tomodensitométrie (TDM) thoracique est le meilleur examen pour analyser le
poumon et les voies aériennes (15). Dans la BPCO, la TDM thoracique rend accessible I’analyse
des altérations structurales et permet de mieux caractériser les différents phénotypes ainsi
qu’une meilleure compréhension de la variabilité de la maladie (16,17). Le scanner thoracique
joue également un role important dans le diagnostic de I’asthme sévere (18). Il permet de
visualiser les atteintes des voies aériennes proximales et distales ainsi que 1’atteinte
parenchymateuse (15,19,20). Dans la mucoviscidose, la TDM thoracique est devenue la
méthode la plus utilisée pour évaluer les modifications morphologiques avec une sensibilité

supérieure a celle de la spirométrie (21,22).

L’imagerie pulmonaire par résonnance magnétique protonique est un défi en raison de la faible
densit¢ de protons des poumons et de la susceptibilit¢é magnétique due aux nombreuses
interfaces air-tissu (23). Dans la pratique clinique, les indications de I’IRM pulmonaire
s’intéressent plus particulierement aux anomalies dont le signal est d’intensité plus élevé
comparativement au poumon environnant a faible signal (24). Néanmoins, avec le
développement ces dernic¢res années de séquences IRM a haute résolution (séquence a temps
d’écho ultra court (UTE)) (25,26), il est possible d’identifier les structures a faible densité
protonique. Ainsi, les anomalies pulmonaires morphologiques peuvent étre visualisées a I’IRM
UTE de facon semblable qu’avec le scanner (26,27). Par ailleurs, du fait du caractére non
irradiant de I’IRM, son utilisation en clinique dans le suivi de patients atteints de mucoviscidose
est considérée comme une alternative au scanner surtout dans les populations pédiatriques et le
suivi a court terme (28—-30). En outre, grace a la possibilité d’une acquisition continue pendant
le cycle respiratoire, ’'IRM permet de facon totalement non invasive et sans contraste 1’étude
de la fonction ventilatoire et perfusionnelle du poumon (31-33). Egalement, ’excellente
résolution en contraste de I'IRM permet d’identifier et de caractériser les Iésions

inflammatoire/fibrotique (34,35).

Malgré les avancées considérables dans la compréhension, le suivi de 1’évolution et le
phénotypage de ces maladies grace a I’imagerie, 1’évaluation qualitative basée sur des scores
visuels a montré ses limites, notamment dans la reproductibilité inter observateurs et la
détection de modifications subtiles dans le temps ou le suivi apres traitement (36—40). Ainsi, le
développement de nouvelles méthodes quantitatives fiables et reproductibles, mais aussi plus
exhaustives que les évaluations visuelles catégorielles, est nécessaire. En effet, 1’évaluation plus

ou moins automatique et objective des lésions est indispensable dans un contexte ou les
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nouvelles thérapies proposées et/ou en développement nécessitent un suivi de la réponse au
traitement et une détection plus sensible et plus spécifique des améliorations mais aussi des
aggravations de ces lésions. Cette évaluation quantitative dénuée de toute subjectivité
permettrait de mieux discriminer les différents phénotypes de ces maladies bronchiques
chroniques pour une meilleure compréhension des phénomenes physiopathologiques sous-

jacents et un meilleur suivi des malades.

Ce document se compose de trois parties. La premiére partie est consacrée a I’état de ’art de
I’imagerie quantitative dans les maladies obstructives chroniques des voies aériennes. Nous
exposons les méthodes de quantifications par TDM des différents compartiments impliqués
dans la pathogénie de ces maladies (i.e. emphyséme, remodelage bronchique et vasculaire et
atteinte des voies aériennes distales). Nous rapportons les quelques tentatives de quantification

par IRM protonique dans les maladies bronchiques obstructives chroniques.

La deuxiéme partie détaille spécifiquement les travaux de nos recherches dans la TDM
quantitative des maladies obstructives chroniques des voies aériennes menées dans le cadre de
cette these. Les travaux ayant fait I’objet de publications ou soumis sont intégralement présentés
et commentés. Successivement sont présentés : 1’apport de la quantification du remodelage
bronchique et vasculaire dans la compréhension des maladies respiratoires chroniques, puis un
travail qui propose et valide une technique de quantification de I’atteinte des voies aérienne

distales.

La troisi¢éme partie est dédiée aux travaux liés a I’IRM protonique quantitative dans les
maladies obstructives chroniques des voies aériennes : tout d’abord la faisabilit¢ de I’IRM a
haute résolution dans les maladie bronchique chroniques, puis la validation d’une nouvelle
méthode de quantification de I’emphyseéme chez des patients BPCO, et I’étude de validation de
la quantification du remodelage bronchique par IRM chez des patients atteints de
mucoviscidose. Enfin, les deux dernicres ¢tudes sont consacrées au développement de
méthodes de quantification des phénomenes destructifs et productifs/inflammatoire en T1 et en

T2 chez des patients atteints de mucoviscidose.

Les résultats de ces travaux sont enfin discutés et les perspectives a venir sont exposées.
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1.1 TDM quantitative dans les maladies obstructives chroniques des voies

aériennes

L’analyse de la littérature montre un intérét croissant dans I’utilisation des techniques de
quantification TDM afin d’évaluer de fagon plus précise la sévérité et la distribution de 1’atteinte
des différents compartiments impliqués dans les maladies bronchiques obstructives chroniques.
La quantification est en effet presque devenue constante lorsque les méthodes d’imagerie sont
utilisées comme moyen objectif d’analyse d’effets thérapeutiques ou de suivi longitudinaux.
L’engouement pour ces méthodes d’analyse est trés largement dii aux insuffisances de 1’analyse
visuelle traditionnelle trop subjective qui en revanche reste la méthode essentielle dans la

pratique clinique.

Pourtant I’analyse quantitative des images scanners du poumon ne date pas d’hier. L’utilisation
de la méthode des masques de densité pour mesurer 1’extension de I’emphyséme sur des images
TDM remonte a la fin des années 1980 (41). Elle est basée sur un seuil prédéfini de valeur
d’atténuation du parenchyme pulmonaire afin de distinguer les zones d’atténuation normale
mesurée en unité Hounsfield (UH) et les zones d’atténuation basses inferieure a -950UH
considérées comme emphysémateuses. Ainsi, le pourcentage du volume pulmonaire
emphysémateux est estimé sur des images de TDM thoracique en inspiration sans injection de
produit de contraste et avec une épaisseur d’environ Imm (42-44). Cette évaluation
automatique quantitative de la sévérit¢ de I’emphyséme a ¢été validé par les données
histologiques macro et microscopiques (42,45-47). Bien que les seuils d’atténuation a -960
UH ou -970 UH aient montré de meilleures corrélations avec les données histologiques de
I’emphyseéme (42,48), la valeur seuil a -950UH est presque toujours retenue car trés employée
dans les études et considérée comme un juste milieu pour une estimation plus sensible et plus
spécifique de la sévérité de I’emphyséme (49—53). Une approche alternative pour quantifier
I’emphyseéme est basée sur les percentiles de I’histogramme cumulatif des densités (51). Cette
approche serait plus robuste dans 1’évaluation longitudinale de I’emphyséme grace a une
sensibilité moindre aux changements du volume pulmonaire (54-56). Les études comparatives
avec les données histologiques ont mis en évidence les meilleures corrélations en utilisant les
valeurs du premier percentile (42). Cependant, afin de s’affranchir des artéfacts et du bruit dans
les images TDM, la plupart des ¢études utilisent le 15° percentile comme marqueur
d’emphyseme (51,55). Dans un souci de réduction de la dose délivrée, les acquisitions de TDM

thoracique se font de plus en plus a faible dose, ce qui peut induire des erreurs de quantification
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et une surestimation de I’emphyséme (57). Cependant, avec les nouvelles techniques de
reconstruction itératives, le bruit dans I’image TDM engendré par la réduction de dose se trouve

minimisé ce qui rend la quantification acceptable (58,59).

La mesure des parois bronchiques en scanner constitue une méthode non invasive de
quantification du remodelage bronchique. En effet, plusieurs études rapportent des corrélations
significatives avec les données histologiques (60—62). Initialement, ces mesures ont été
effectuées de facon manuelle et étaient limitées aux bronches dont la géométrie était quasi-
orthogonale au plan de coupe TDM (48). Le caractere tres fastidieux et la large variabilité inter
et intra observateur de ces mesures ont conduit les développeurs a concevoir des méthodes plus
ou moins automatisées permettant de mesurer la surface de la paroi et de la lumiere bronchique
de facon fiable et reproductible. Différents algorithmes plus ou moins complexes ont été
publiés : seuillage binaire (63), érosion dilatation (64), largeur a mi-hauteur (48), modéle mesh
déformable (65) ou laplacien d’une gaussienne (60). Ce dernier développé dans notre
laboratoire a été validé versus les données histologiques (66) et utilisé dans les études dans
I’asthme (67), la BPCO (68,69) et la mucoviscidose (70). Tous les algorithmes de segmentation
publiés ont des avantages et des inconvénients et aucun n’est parfait. Par ailleurs, il n’existe pas
de consensus sur un algorithme universel. La plupart des études qui utilisent la mesure des
parameétres bronchiques sont des études de suivi dans lequel le patient est son propre témoin.
L’absence de consensus sur I’algorithme a utiliser n’est donc pas un obstacle majeur a la
réalisation de ces études, méme multicentriques, si la méthode utilisée pour toutes les cohortes
est laméme. L’évolution des méthodes de reconstruction de I’image en scanner et des méthodes
de réduction de la dose d’irradiation peuvent en revanche générer des difficultés d’analyse pour

le suivi a long terme de cohortes.

L’atteinte obstructive des voies aérienne distales peut étre quantifier sur les scanners en
expiration en utilisant la méthode des masques de densité avec un seuil prédéfini a -856 UH ou
-850UH. Cette mesure du piégeage expiratoire a montré de trés bonnes corrélations avec les
parametres fonctionnels respiratoires chez les patients atteints de BPCO mais également chez
les fumeurs (71,72). D’autres méthodes de quantification de piégeage d’air ont été évaluées,
utilisant des acquisitions TDM en inspiration et en expiration. Des corrélations significatives
ont été retrouvées entre les parametres de piégeage aux EFR et la mesure du changement du
volume entre inspiration et expiration des voxels dont la valeur d’atténuation est comprise entre

-860UH et -950UH (73) ou le ratio de la moyenne de densité du poumon en expiration sur celle
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en inspiration (E/I ratio) (74,75). De plus, ce ratio E/I de la densité moyenne du poumon a la
TDM a montré une corrélation significative avec 1’atteinte 1égere des voies aériennes distales
évaluée par le test de rincage a 1’azote (76). Une approche plus régionale du piégeage d’air
expiratoire ou de I’atteinte fonctionnelle des voies aériennes distales est basée sur le recalage
¢lastique des images TDM acquises en inspiration et en expiration (77,78). Une carte de réponse
paramétrique ainsi générée permet de distinguer les voxels emphysémateux (voxels <-950UH
en inspiration) de I’atteinte fonctionnelles des voies aériennes distales (voxels >-950UH en
inspiration mais <-856UH en expiration). Bien que ces mesures n’ont pas encore été validé
histologiquement, il existe cependant des corrélations avec les EFR (73,79) et également avec
la diminution du volume expiratoire maximale en une seconde (VEMS) dans le suivi

longitudinal (80).

Le remodelage vasculaire pulmonaire fait partie de la pathogénie des maladies obstructives
chroniques des voies aériennes (81-85). Des méthodes de quantification 2D et 3D des petits
vaisseaux intra-pulmonaires existent (86-91). En effet, une réduction du volume/surface des
petits vaisseaux intra pulmonaires est associée a un asthme sévere (92) ou a une morbi-mortalité
¢levée chez les patients atteints de BPCO (91,93). Le remodelage vasculaire intra-pulmonaire
est également étudié¢ dans I’hypertension pulmonaire (HTP) secondaire a la BPCO qui
représente une complication fréquente de la maladie (82,94,95). Ainsi, la quantification des
petits vaisseaux intra pulmonaires a montré des corrélations significatives avec la mesure de la
pression artérielle pulmonaire moyenne (88-90,96). Egalement, pour les gros vaisseaux
thoraciques, un rapport du diamétre de I’artére pulmonaire / diamétre de 1’aorte >1 est indicatif

d’une hypertension pulmonaire (97,98).

Dans la revue de la littérature qui suit (99)(pages 16-30) nous nous sommes interrogés sur le
role de la TDM quantitative dans 1’évaluation de I’hypertension pulmonaire secondaire a la
BPCO et avons présenté les récents progres en matiere de quantification automatique des
différents compartiments pulmonaires atteints dans la BPCO associée a une hypertension

pulmonaire de sévérité variable.
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Abstract: Pulmonary hypertension (PH) is a common complication of chronic obstructive
pulmonary disease (COPD) and is associated with increased morbidity and mortality.
Reference standard method to diagnose PH is right heart catheterization. Several non-
invasive imaging techniques have been employed in the detection of PH. Among them,
computed tomography (CT) is the most commonly used for phenotyping and detecting
complications of COPD. Several CT findings have also been described in patients with
severe PH. Nevertheless, CT analysis is currently based on visual findings which can lead to
reproducibility failure. Therefore, there is a need for quantification in order to assess
objective criteria. In this review, progresses in automated analyses of CT parameters and
their values in predicting PH and COPD outcomes are presented.

Keywords: computed tomography, pulmonary hypertension, COPD, prediction

Introduction
Chronic obstructive pulmonary disease (COPD) is a common, preventable and
treatable disease that is characterized by persistent respiratory symptoms (ie,
dyspnea, cough and/or sputum production) and airflow limitation that is due to
airway and/or alveolar abnormalities usually caused by significant exposure to
noxious particles or gases." COPD has an increasing prevalence worldwide and is
mainly caused by tobacco smoke exposure. Diagnosis is based on spirometry with a
post-bronchodilator FEV,/FVC ratio lower than 0.70.2 The level of COPD severity
is now assessed using both functional (ie, FEV; in percentage of predicted values)
and clinical data (ie, symptoms scores (CAT and/or mMRC) and the number of
exacerbations within the previous 12 months).>

COPD is frequently associated with comorbidities. Among them, pulmonary
hypertension (PH) is causally related to COPD. PH is defined by a mean pulmonary
arterial pressure (mPAP) equal or higher than 25 mmHg at rest, measured using the
reference method right heart catheterization (RHC).>® The prevalence of PH and
the underlying pathophysiologic processes in patients suffering from COPD remain
unclear. Indeed, prevalence increases with COPD severity, and its rate has been
reported varying from 20% to 90%.” """ An increase of mPAP is associated with an
increased number of hospitalizations, morbidity and mortality in COPD.'*'> The
few patients with severe PH secondary to COPD, defined at RHC as a mPAP >35
mmHg or mPAP >25 with cardiac index (CI) <2 I/min/m?,
subgroup with potentially serious and high complication rate.’

are considered as a
So far, only a few
studies have evaluated the effects of vasodilator in patients with severe PH
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secondary to COPD, meaning that this subpopulation
might benefit from a specific care.'*'®

There are no specific clinical symptoms of PH, and this
complication starts insidiously, the most common symp-
tom being dyspnea.® PH in COPD patients has been shown
to be associated with an increased exacerbation rate,’
worsen exercise capacity® and a poorer prognosis.®!*!?
For instance in a study from Andersen et al,'® the survival
rate was 63% for COPD patients without PH vs 37% in
those with PH. The most reliable index of PH is the mPAP,
a parameter so far measured only by RHC, an invasive
technique which remains the reference method for the
diagnosis of PH.>* This unique test enables a direct
assessment of various pulmonary arterial pressure indices,
systolic, diastolic, mean and capillary pressures, as well as
resistance, cardiac output and therefore enables to differ-
entiate pre- and post-capillary PH,***" a major way for
assessing PH etiology. However, RHC can be responsible
for the occurrence of adverse events, related to complica-
tion to venous access (such as hematoma, pneumothorax),
but also those due to arrhythmias, hypotensive episodes
due to vagal reaction or pulmonary vasoreactivity testing.
Whereas RHC serious adverse events remain rare in
experienced centers (ie, 1.1% and mortality is extremely
rare),”> RHC is not totally safe, especially in unstable
patients. Thus, noninvasive diagnosis techniques able to
reduce the delay in diagnosing PH and to avoid side
effects of RHC are suitable. Echocardiography has been
proposed to evaluate systolic pulmonary arterial pressure
(sPAP), which is correlated with mPAP, but its specificity
is low.”> However, echocardiography remains the primary
tool for patients screening, especially in others PH’s
etiologies.* Nevertheless, echocardiography may be tech-
nically difficult to perform, especially in patients with an
inflated thorax and/or emphysema. Computed tomography
(CT) is a common tool to investigate COPD and its role is
crucial in the diagnosis and characterization of emphy-
sema, airway disease, and advocated in various clinical
situations such as follow-up, exacerbations, pre-operative
surgery and lung transplantation.** 2’ CT is a useful tool
to assess in vivo observation; nevertheless, radiation expo-
sure risk is not null;*® in addition, large inappropriate
indications of this examination might lead to overrun
radiology departments. Moreover, iodine contrast injection
and repetitive CT acquisitions are needed to assess hemo-
dynamic alterations related to PH which could increase
risk of radiation and adverse reactions to contrast injec-
tion. Other interesting technics could be used to study PH,

such as Dual energy CT,”’ or magnetic resonance imaging
(MRI). MRI is much less employed in lung diseases due to
the low signal intensity of the lung but recent improve-
ments have been published’®>* and MRI is currently the
best tool for evaluating heart morphology and function,*
or estimating pulmonary arterial pressure using phase con-
trast MRI®

CT is currently performed for screening PH etiology,
notably in the assessment of chronic thromboembolic PH,
lung disease, pulmonary arterial hypertension and pulmon-
ary veno-occlusive disease.’’ ** CT is also used as a
prognostic marker in patients with PH.*!

This review is focused on the role of CT in detecting
PH in COPD patients. We will first describe the technical
characteristics of CT and then we will discuss the morpho-
logical assessment of the parenchymal, bronchial and vas-
cular compartments in COPD and their relationships with
PH with a special interest in quantitative characterization.

COPD a multi-compartment

disease

COPD is defined by functional irreversible airflow limita-
tion but characteristic morphological changes are present in
lung parenchyma, airways and pulmonary vasculature.'***
Airflow limitation can be, at least partially, explained by
parenchymal destruction due to emphysema.' Emphysema
is defined histologically by alveolar wall destruction and
can be assessed visually using CT.***° The severity of
emphysema can also be measured by quantitative CT
indices reflecting the low attenuation area due to lung
destruction. These quantitative indices have been shown to
correlate with macroscopic and microscopic changes
histologically.***’

Proximal bronchial wall thickening is a common fea-
ture in COPD.***° Histological characteristics of proximal
airways include increased infiltration of CD8(+) T lym-
phocytes, CD3+ T lymphocytes, macrophages.**>° This
thickening appeared to be more important in a particular
COPD-phenotype characterized by less severe respiratory
disease, older subjects and higher rates of obesity and
cardiovascular comorbidities.”® Such a proximal thicken-
ing can be directly assessed by CT using 2D**** and 3D
reconstruction.>* %

Bronchial wall thickening is however predominant in
distal airways.®"®> At histological level, it associates
luminal exudates, inflammatory cell infiltration and airway

remodeling including peribronchial fibrosis, epithelial
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metaplasia, mucous gland hypertrophy and increased bron-
chial smooth muscle mass of the small airways.*>® The
higher the severity of COPD based on decreased FEV, the
higher the histological abnormalities.®® Moreover, inflam-
matory cell infiltration is related with tobacco smoking.®’
A loss of small airways has been observed using microCT,
a high-resolution imaging technique dedicated to small
samples or animal models, contributing to airflow
limitation.®> In humans, the small airway disease can be
assessed two-folds morphologically: directly by showing
centrilobular opacities and indirectly by using air
trapping.®” ® Such an air trapping has been shown to
correlate with the number of inflammatory cells (ie, neu-
trophils and mast cells) infiltrating the bronchial smooth
muscle layer.®’

It has been shown that the toxicity of tobacco smoke
affects bronchi and parenchyma, but can also directly alter
pulmonary vessels both in animals’® and humans.®”" At
histological level, pulmonary arterial remodeling appeared
to be more important in COPD than in control subjects,
and is particularly important in upper lobe and in small
muscular pulmonary arteries.”> Those vessel alterations
are multiples and can happen at initial stage of COPD"’
with endothelial dysfunction, inflammation, suggesting
that the history of PH in COPD might be related with
cigarette-smoke-induced endothelial alterations.”*"’* The
quantitative amount of emphysema in COPD was often
negatively correlated to pulmonary microvasculature
abnormalities measured using CT,”>" except for Wrobel

et al,”* which did not find any significant correlation.

CT technical considerations

CT scan is the most reliable imaging modality for imaging
pulmonary diseases, and it is available and commonly
used in routine practice. The new generation of multide-
tector CT scanners allows acquisition of the whole lung in
one breath hold with a submillimetric slice thickness and
isotropic voxels using adequate matrix.

The COPD Gene study provides recommendations to
standardize CT acquisition parameters in order to obtain
high signal-to-noise ratio and accordingly accurate assess-
ment of the images.®® Thin sections with non-contrast-
enhanced volumetric acquisition is a standard technique
for COPD imaging.®' However, intravenous iodinated con-
trast material is necessary in case of exacerbations or
suspected pulmonary embolism. Standard reconstruction
algorithm (smooth filter) is required for quantitative auto-
matic analysis.** Spirometric gated acquisition have been

proposed to improve quantitative assessment, but is only
used in dedicated research programs due to its complexity
and low availability.*> Although COPD patients are older
and radiation risks are thus minimized, balance between
radiation dose and image quality should be considered.
Misevaluation of quantitative parameters because of
noisy images leads to standard tube parameters (kVp and
mAs).** However, low-dose CT acquisition with new
iterative reconstruction algorithms allows noise reduction

with acceptable quantitative measurements.®

Lung parenchyma

Historically, parenchymal alteration, and more precisely,
emphysema, has been the first lung component investigated
in order to explain PH in COPD. Indeed, emphysema is a
major characteristic of COPD that could be quantified in
patients when CT is performed. At CT, emphysema can be
quantitatively evaluated, using low attenuation area percent
(LAA%) derived from the voxel frequency distribution his-
togram. Several thresholds have been proposed but the most
commonly employed is the value of —950 Hounsfield units
(HU)*46:8689 (see Figure 1). It has been initially hypothe-
sized that emphysema was correlated with mPAP. However,
surprisingly, no relationship between PH and emphysema
has been demonstrated neither in human nor in animal
models.”**4>9%%! In addition, no significant difference in
LAA% between COPD patients with or without PH was
observed.*>**>%* Nonetheless, one single study observed
that among COPD patients with PH, the LAA% measured
using automated CT was correlated with right ventricular
(RV) dysfunction.”* Emphysema can also be reflected using
CT scan with the threshold of =960 HU, the evaluation of the
first percentile,”” or in longitudinal studies, the 15" percentile
is preferred to follow-up emphysema changes.’®

Proximal bronchi

Bronchi can be studied using CT with 2D*% or 3D>*¢°
acquisitions. Various methods of bronchial segmentation
and various parameters have been proposed, with so far
no consensus (see Figure 2). Lumen area, wall area, wall
area %, wall thickness and -Pil0, that reflects the normal-
ized wall area of a theoretical 10-mm bronchi section area,
have been proposed as indices for quantitating the severity
of bronchial wall changes.**->8¢8%97-191 We have demon-
strated that bronchial thickness assessed by CT was
increased in COPD patients with PH as compared to that
of COPD patients without PH, whereas demographic, clin-
ical and functional data (except PaO, and 6 mins walk test
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Figure | Reconstructed chest CT scan in COPD patient. This image was acquired with high-spatial-frequency algorithm reconstruction using fully automated Pulmo3D
software (Siemens, Munich, Germany). Low attenuation area (LAA%) was derived from the voxel frequency distribution histogram and represented the percentage of lung
voxels less than =950 HU. In this COPD patient, LAA value was 23%.

Abbreviations: COPD, chronic obstructive pulmonary disease; CT, computed tomography.

Figure 2 Bronchi segmentation. (A) Frontal view of a propagation algorithm to obtain a skeleton binary volume based on bi-thresholding. Arrow shows bronchi in which
measurements were assessed. (B) Peripheral bronchus is designated (arrow) on a native transverse thin-section CT. (C) Thin-section CT scan used to obtain measurements.
(D) A Laplacian of Gaussian algorithm was assessed to segment the designed airway and measure bronchial thickness.

Abbreviation: CT, computed tomography.
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distance, not surprisingly) remain unchanged.*> Moreover, a
correlation between bronchial wall thickness and mPAP has
been reported both in PH*’ and in severe PH secondary to
COPD.?*!9 1 addition, bronchial wall thickness measured
using CT was correlated to histological measurements of
airway remodeling,” to exacerbation frequency,'®® respira-
tory symptoms® and to FEV1%.'*

Small airways

Since obstruction of small airways, defined as airways
with a diameter under 2 mm, has been shown to be the
main determinant of obstruction in COPD,62*65 some ima-
ging technics have intended to characterize small airway
disease in COPD. Mosaic attenuation at inspiratory and air
trapping at expiratory CT reflect small airway disease.
Both are related to a decreased lung attenuation and there-
fore cannot be easily distinguished from emphysema.'®
However, we have found that air trapping was correlated
with inflammatory cell infiltration and might reflect per-
ipheral airway obstruction in patients exposed to cigarette
smoking.®” Galban et al have assessed both expiratory and
inspiratory CT using parametric response map in order to
estimate functional small airway disease in COPD
patients.'% Parametric response map was able to differ-
entiate COPD phenotypes. In addition, Matsuoka et al
calculated relative volume change (expiratory minus
inspiratory relative volume) using CT with the threshold
of =860 HU that was correlated with airway dysfunction
(ie, assessed at PFTs) in COPD regardless of the degree of
emphysema.®® To the best of our knowledge, there is no

study dedicated to the small airways of COPD patients
with PH using CT.

Central vessels

In COPD, a correlation has been shown between mPAP
and enlargement of the main pulmonary artery truncus
(MAP) diameter, this
when MAP is normalized by ascending aorta diameter

(MAP/A0).2197" 110 Ugyally, normalization is made on
107,108,111,112

and increase is observed

ascending aorta (see Figure 3) but it has also
been done on descending aorta.”' Usually, MAP widest
dimension is measured on axial CT images, on inspiratory
acquisition, at bifurcation level, and, AO is measured on
the same image.'*”'*®!1112 Degcending aorta is also
measured at the same level.''? Thresholds values to detect
PH in COPD patients are: MAP >29 mm?*"''*!''* and
MAP/AO>]107-110.111.115,116

Increased MAP/AO ratio, a very simple index mea-
sured on a routine CT acquisition, has been shown linked
to an increased risk of exacerbation in COPD'%'1-117 apnq
a lower 6-mins walk distance.''® Mortality in COPD popu-
lation was also correlated to MAP/AO ratio in some
reports''>"? but not in others.'”''® Interestingly, this
ratio was not correlated to mortality in the general
population."'” However, in healthy children, the ratio
MAP/AO is higher than one, so the threshold of 1 cannot
be applied in children.'"?

Pulmonary artery distensibility, that reflects elasticity
using volume variations of the MAP between diastole and
systole, is decreased in PH.**'?° The increase of stiffness is

Figure 3 Pulmonary artery and aorta measurements. Ratio measurement obtained in a COPD patient in a transverse CT section.
Abbreviations: COPD, chronic obstructive pulmonary disease; CT, computed tomography.
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also observed in group 3 of PH'?!' and in PH related to
COPD.'** Cardiac magnetic resonance (CMR) or ECG-
gated CT can be also used to evaluate PA stiffness.**'2%-2!

In addition, dynamic-contrast-enhanced CT can be
used to discriminate patients with or without PH from
different etiology.'”® A delayed flow of contrast and a
reduced bolus propagation speed were observed in PH in
comparison to control patients. Regions of interests were
placed in the MAP and in the left and right pulmonary
arteries. However, this study presented some limitations
since bolus propagation also reflects the left heart function,

the respiratory function and the speed of injection.'*?

Small vessels

The segmental pulmonary artery-to-bronchus ratio, semi-
quantitatively evaluated for apical and posterior segments
that run perpendicularly to the axial CT-scan, is positively

P.'?# Ratio>1 in three or more lobes is

113,124
H'!

correlated with mPA
specific of the presence of P in group 3 of PH
classification that also comprise COPD.'* In the same
way, the size of the segmental arterial diameters is also
positively correlated with mPAP'?* in group 3 of PH.'*
Regarding small pulmonary arteries, several of their
studied,

volumes and areas. CT is an efficient tool in order to

characteristics have been notably, number,

evaluate in vivo alterations of vessels, follow-up of illness

or evaluating drug effects.

Some tools have been developed using 2D37%-86:102

118,12 :
D78 18126 Leconstructions.

(see Figure 4) or 3

Using 2D reconstruction on CT images, an automated
measurement has been assessed using a free software
Image J. These automated measurements allowed the
visualization of small vessels alterations first on 3 CT

44,127,128

slices and then on the whole lung.®*'%% Software

enables calculation of the percentage of cross-sectional
areas (CSA%) of small pulmonary vessels under 5 mm?

(%CSA_s) and between 5 and 10 mm? (CSAs i),

normalized by lung area, measuring subsubsegmental and
subsegmental levels, respectively. Thus, in COPD patients
without severe PH, the correlation between %CSA-s and

44.86 whereas in COPD with severe PH
86,102

mPAP was negative
correlation was positive.

The 3D reconstruction technique allowed to measure
volumes of small vessels.”>!'®12° In both studies,”®!'"®
index using 3D for assessment of pulmonary vessels was
negatively correlated with MAP. For Ma et al,”® 3D and
2D techniques were correlated. Studies using 2D and 3D
are in the same line and showed a negative correlation
between small pulmonary vessels and mPAP in COPD
patients with most of the time moderate PH. As mentioned
by others, all those vascular impairments support a vascu-
lar etiology of smoking-induced lung disease.>'*° CT
metrics, such as %CSA_s, also allowed evaluation of the
effect of pulmonary vasodilators in patients with PH
related to COPD.”’

In the automated measurements previously reported,
pulmonary arteries were never separated from veins and
this may affect the sensitivity of the technique. Tools have
been developed in 3D in order to circumvent this limita-
tion but not employed, to the best of our knowledge, for
evaluating PH in COPD patients.'?*!2*131:132 A symmary
of vessels analyses is presented in Table 1.

Scores
As mentioned above, several parameters reflecting various
components in COPD are modified in COPD patients with
PH. Building a score involving these parameters can be a
strategy to improve the detection and the severity assess-
ment of PH in COPD.

Tan et al have associated MAP >29 mm with artery-to-
bronchus ratio >1 in 3 or 4 lobes and have reached a
specificity of 100% for detecting PH in patients suffering

from parenchymal lung diseases.'"?

Figure 4 Measurement of cross-sectional areas (CSA) of small pulmonary vessels using Image | free-software. (A) CT image segmented within the threshold values from
=500 to —1024 HU of lung field. (B) Segmented image segmented into binary images. (C) Mask image for the particle analysis after setting circularity within [0.9-1.0] and

vessel size within [0-5] mm?*
Abbreviation: CT, computed tomography.
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Another index was composed of MAP/AO and right
ventricular systolic pressure (RVSP) derived from echo-
cardiography and was correlated with mPAP (R*=0.55)"**
for group 1, 3, 4 and 5 of PH.>*

Johns et al mentioned many RV parameters manually
measured that are correlated with PH evolution in COPD
patients.'** They tried to identify the best combination able
to predict PH. First combination “cardiac magnetic resonance-
RV” (“CMR-RV”) included RV mass and septal angle,'*
second “CMR PA/RV” combined RV mass, septal angle and
MAP measurements, and the third “o-index” encompass RV
ejection fraction (RVEF) and minimal MAP size."*® The sec-
ond model was the best model able to predict mPAP >25
mmHg. The same team also confirmed the interest of those
results in another recent study using a validation cohort.'*®

We have built a “paw score” in order to predict severe
PH in COPD patients combining CT automated measure-
ments of bronchial wall thickness and pulmonary small
vessels areas (%CSA-s) with PaO,**!'%?

The various scores and their sensitivity are reported in
Table 2.

Conclusion

PH secondary to COPD is a serious complication that is
important to predict with non-invasive tools. Integration of
imaging into standard clinical practice is an asset for patient’s
care. Automated measurements of markers reflecting pulmon-
ary small vessels, bronchial wall and emphysema changes are
emerging and might be used routinely in the future for predict-
ing PH or severe PH. All these CT markers could be used in
morpho-phenotyping studies. Further studies are required to
assess their prognostic impact and follow-up under treatment.

Abbreviations

AO, aorta; COPD, chronic obstructive pulmonary disease;
CMR, cardiac magnetic resonance; CT, computed tomogra-
phy; FEV,, forced expiratory volume in 1 second; FVC,
forced volume capacity; HU, Hounsfield units; LAA%, low-
attenuation area percentage; m, s, dPAP, mean, systolic, dia-
stolic pulmonary arterial pressure; MAP, Main Pulmonary
Artery truncus; MRI, magnetic resonance imaging; NA, not
attributed; NPV, negative predictive value; PA, pulmonary
artery; PaO,, arterial partial pressure of oxygen (mmHg);
PFT: pulmonary Function test; PH, pulmonary hypertension;
PPV, positive predictive value; RHC, right heart catheteriza-
tion; RV, right ventricle; WA, bronchial Wall Area (mm); WT,
mean bronchial Wall Thickness (mm); 6MWT, 6 mins walk

tests; %CSAs, percentage of total cross-sectional area of
vessels less than 5 mm? normalized by lung area.
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1.2 IRM protonique quantitative dans les maladies obstructives chroniques

des voies aériennes

L’IRM protonique quantitative n’en est qu’a ses prémices et cela est di aux limitations
inhérentes de I’imageriec IRM pulmonaire. La faible densit¢ en proton du parenchyme
pulmonaire aéré ainsi que les nombreuses interfaces entre 1’air et les parois alvéolaires rendent
le signal du parenchyme pulmonaire extrémement faible. De surcroit, les artefacts des
mouvements cardiaques et respiratoires compliquent [’utilisation de I’IRM dans les maladies
bronchiques chroniques. Cependant, I’avénement des séquences UTE a permis d’améliorer la
résolution spatiale de I’IRM pulmonaire atteignant des niveaux sous millimétrique en 3D (26).
Elles permettent d’accélérer la vitesse d’encodage pour acquérir le signal du parenchyme
pulmonaire avant sa décroissance et s’affranchir ainsi des artefacts habituels de I’'IRM
pulmonaire. Ainsi, I’imagerie morphologique des voies aériennes et la détection du signal du
parenchyme pulmonaire deviennent possibles. Dans la littérature, il existe quelques études
précurseurs de la quantification de I’emphyséme chez des patients atteints de BPCO (Figurel)
(100-102). Néanmoins, les problématiques posées par 1’imagerie IRM pulmonaire (i.e.
normalisation/calibration du signal, sélection du seuil de segmentation pulmonaire) n’ont pas
¢été toutes solutionnées. De plus, I'utilisation de séquences classique en pondération T2 pour
quantifier I’emphyséme est critiquable (103). Ainsi, a travers une lettre a I’éditeur (104)(pages
34-35) nous discutons les résultats controversés de la quantification de I’emphyséme en
utilisant des séquences dont le temps d’écho est bien supérieur au T2* du poumon, engendrant

des images ou les champs pulmonaires seraient normalement vides de signal.

La quantification en IRM protonique pulmonaire sans contraste du remodelage bronchique et
vasculaire ainsi que I’atteinte des voies aériennes distales est inexistante dans la littérature. En
revanche, la fonction ventilatoire respiratoire a été¢ évaluée par IRM quantitative fonctionnelle
dans les maladies bronchiques obstructives chroniques soit en utilisant des séquences classiques
pondérées en T1 avec acquisition en inspiration et en expiration (105,106) soit par ’utilisation
de nouvelles techniques comme la décomposition de fourrier (107), 1’inhalation de gaz
hyperpolarisés (Figure2) (105,108-112) ou I’inhalation d’oxygéene (113). Enfin, la composante
vasculaire de ces maladies bronchiques chroniques a été étudiée par des séquences de perfusion
apres injection de produit de contraste (114-116) ou par des séquences ciné d’IRM cardiaque
couplé a de I’imagerie de phase pour évaluer la pression artérielle pulmonaire moyenne dans

I’HTP secondaire aux maladies bronchiques obstructives (117).
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Figure 1. Quantification de ’emphyséme a ’IRM UTE. (A) Cartographie du signal IRM
UTE normalisé de patients BPCO. (B) Images TDM avec le masque en bleu du 15 percentile
de I’histogramme cumulatif des densités. (C) Histogramme du signal IRM UTE. (D)
Histogramme des densités a la TDM. (D’aprés (100))
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Figure 2. Quantification de I’atteinte des voies aériennes distales chez des patients atteints
de mucoviscidose a ’'IRM aprés inhalation de gaz hyperpolarisé ('*Xe). (A) Volontaire
sain (VEMS = 95%). (B) Patient atteint de mucoviscidose (VEMS = 102%). Défects

ventilatoires en rouge. (D’aprés (108))
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T2-weighted PROPELLER MRI is not suitable for pulmonary emphysema quantification

To the Editor:

We read with interest the recent publi-
cation by Meier-Schroers M et al. [1] related
to the Quantitative and Qualitative Assess-
ment of Pulmonary Emphysema with T2-
Weighted PROPELLER MRI in a High-Risk
Population Compared to Low-Dose CT.
Quantifying emphysema is a crucial issue
for the phenotype and the follow-up of
chronic obstructive pulmonary disease
(COPD) patients who will need to undergo
chest computed tomography (CT) scans
periodically. Thus, lung magnetic reso-
nance imaging (MRI) could be a non-ioniz-
ing noninvasive imaging alternative. How-
ever, due to low intrinsic proton density of
the lung, cardio respiratory motion effects
and a very short T2* caused by air-tissue in-
terfaces, the parenchymal MR signal ac-
quired using standard sequences is very
low. In addition, emphysema characterized
by tissue destruction, decreased perfusion
and hyperinflation further reduces the par-
enchymal MRI signal.

In the study by Meier-Schroers M et al.
[1], qualitative assessment of emphysema
using a standard MRI sequence had good
correlation with CT assessment and the
authors must be congratulated for this
result. Also, morphological patterns of
emphysema correlated well between MRI
and CT. However, qualitative assessment
of emphysema is known to have poor to
moderate agreement [2]. However, for
quantitative evaluation, the authors have
chosen an arbitrary threshold and have
referred to the percentage of pixels with
an attenuation value below of - 930 HU as
an emphysema index (El). This choice is
surprising since a threshold of - 950 HU is
more commonly used [3]. Madani et al. [4]
have showed that a relative area of lung
with an attenuation coefficient lower than
-960 HU or -970 HU (RA-960, RA-970)
has the best correlation coefficient with
macroscopic and microscopic measure-
ments of emphysema. Moreover, in an-
other study [5], they showed that a dose
reduction to 20 mAs does not substantially
change correlations between histological
measurements and quantitative CT in-
dexes. However, low dose acquisition
leads to an overestimation of RA-960 and
RA-970. In a study to evaluate emphysema

quantification agreement between stand-
ard-dose CT (SDCT) and ultra-low-dose
CT (ULDCT), Nishio et al. [6] found a
concordance correlation coefficient (CCC)
of 0.956 [0.933-0.971] with respect to a
threshold of =950 HU when iterative
reconstruction (IR) was performed in
ULDCT and poor agreement (CCC=0.441
[0.315-0.552]) with an overestimation
of low attenuation volume at -950 HU
in ULDCT without IR. In this case, it is
highly relevant to question the choice of
-930 HU and an overestimation of what
the authors have called El can be ex-
pected, especially knowing that LDCT
increases noise and can mimic emphyse-
ma lucencies. In order to explain their
choice, the authors argued that the opti-
mal threshold with dose levels below
30 mAs has to be determined since LDCT
can simulate emphysema, particularly in
quantitative analysis. However, based on
these arguments, a lower threshold than
-930 HU should have been chosen. In
addition, regardless of their arguments,
they considered lucencies that could be
due to noise in LDCT as centrilobular
emphysema.

Correlations between LDCT El with a
common or validated threshold (- 950 HU
or -970 HU) and MRI El using different MRI
thresholds would have been suitable for
better assessing the degree of correlation
between the 2 techniques. Furthermore,
another major limitation of this study was
the exclusion of patients for whom quanti-
tative analysis has shown an excessive El.

Last but not least, there are some tech-
nical considerations regarding MRI that
must be taken into account. First, the au-
thors performed T2-weighted PROPELLER
MRI with a TE of 60 ms, which is longer
than the T2* of the lung = 1 ms. Thus, the
signal recorded from the parenchyma is
most likely due to pulmonary vessels and
partial volume artifacts. Second, the
difference in slice thickness between CT
and MRI (2mm and 6 mm, respectively)
could have led to incorrect measurements
of El. Third, large arterial vessels show dark
signal intensity on T2-weighted PROPEL-
LER sequences, which makes automated
lung segmentation more difficult requir-
ing arduous manual corrections.

Benlala | et al. T2-weighted PROPELLER MRI... Fortschr Réntgenstr

In conclusion, qualitative assessment of
emphysema using T2 PROPELLER could be
valuable but limited in the case of advanced
destructive emphysema where no signal
can be recorded from neighboring vessels.
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2. Contribution a la TDM
quantitative des maladies
obstructives chroniques
des voies aériennes
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2.1 Publication n°1 : Evaluation quantitative du remodelage bronchique et
vasculaire chez les patients atteints d’hypertension pulmonaire sévere

secondaire a la BPCO

L’hypertension pulmonaire (HTP) est une complication établie de la BPCO responsable d’une
morbi-mortalité élevée. Le plus souvent cette HTP est modérée mais parfois elle peut étre
sévere sans lien évident avec le degré d’obstruction respiratoire. Les mécanismes pouvant
expliquer la survenue d’une HTP sévére sont mal connus. Deux études antérieures de notre
équipe ont mis en évidence une association entre la sévérité de 'HTP et le remodelage
bronchique et vasculaire. Cependant une question reste en suspens : s’agit-il d’une maladie
vasculaire pure ou bien est-elle la résultante d’une interaction entre les voies aériennes et les
vaisseaux pulmonaires ? De plus, il n’est pas rare de mettre en évidence un syndrome obstructif
chez les patients atteint d’une hypertension artérielle pulmonaire idiopathique (HTAP) dont la
sévérité est souvent importante. Dans cette étude rétrospective, les données cliniques et
hémodynamiques de patients atteints d’HTP séveére secondaire a la BPCO et de patients atteints
d’HTAP sévere ont été collectées. Les mesures quantitatives du remodelage bronchique et
vasculaire ont été comparées. Les résultats ont montré un épaississement des parois bronchique
plus important chez les BPCO porteurs d’HTP sévére que chez les patients atteints d’HTAP.
La mesure des petits vaisseaux intra-pulmonaire était significativement moins élevée chez les
BPCO avec HTP sévere. L’atteinte des petits vaisseaux pulmonaire et le degré de sévérité de
I’HTP ont montré des corrélations opposées dans les deux groupes avec une corrélation positive
chez les BPCO et une corrélation négative chez les patients atteints d’HTAP. Un score prédictif
construit en incluant les données quantitatives du remodelage bronchique et vasculaire avait
une bonne sensibilité dans le groupe des BPCO contrairement au groupe d’HTAP. Ces résultats
apportent des arguments au fait que la TDM quantitative du remodelage bronchique et
vasculaire est capable de démasquer des atteintes morphologiques et des interactions différentes

qui pourraient étre propres aux patients atteints d’'une HTP sévere secondaire a la BPCO.
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Background: Little is known about in vivo alterations at bronchial and vascular levels in
severe pulmonary hypertension (PH) of different etiologies. We aimed to compare quantitative
computed tomography (CT) data from the following three groups of severe precapillary PH
patients: COPD, idiopathic pulmonary arterial hypertension (iPAH), and chronic thromboem-
bolic PH (CTEPH).

Patients and methods: This study was approved by the institutional review board. Severe PH
patients (mean pulmonary arterial pressure [mPAP] =35 mmHg) with COPD, iPAH, or CTEPH
(n=24, 16, or 16, respectively) were included retrospectively between January 2008 and January
2017. Univariate analysis of mPAP was performed in each severe PH group. Bronchial wall
thickness (WT) and percentage of cross sectional area of pulmonary vessels less than 5 mm?
normalized by lung area (%CSA _,) were measured and compared using CT, and then combined
to arterial partial pressure of oxygen (Pa0,) to generate a “paw score” compared within the three
groups using Kruskal-Wallis and its sensitivity using Fisher’s exact test.

Results: WT was higher and %CSA_; was lower in the COPD group compared to iPAH and
CTEPH groups. Mosaic pattern was higher in CTEPH group than in others. In severe PH patients
secondary to COPD, mPAP was positively correlated to %CSA_;. By contrast, in severe iPAH,
this correlation was negative, or not correlated in severe CTEPH groups. In the COPD group,
“paw score” showed higher sensitivity than in the other two groups.

Conclusion: Unlike in severe iPAH and CTEPH, severe PH with COPD can be predicted by
“paw score” reflecting bronchial and vascular morphological differential alterations.
Keywords: computed tomography, pulmonary hypertension, COPD, prediction, quantitative

Plain language summary

Mortality of pulmonary hypertension (PH) increases with severity of the disease. It is thus cru-
cial to identify severe forms of PH, characterized by a higher elevation of mPAP. In addition,
little is known about bronchial and vascular alterations in severe PH of different etiologies.

Our purpose was to compare the following three groups of severe precapillary PH patients
using quantitative computed tomography (CT): COPD, idiopathic pulmonary arterial hyperten-
sion (iPAH) and chronic thromboembolic PH (CTEPH).

Bronchial wall thickness (WT) was higher and small pulmonary vessels area was lower in
the COPD group compared to iPAH and CTEPH groups. The mPAP was positively correlated
to small pulmonary vessels area in the COPD group and negatively or not correlated in iPAH
or CTEPH groups.

Unlike severe iPAH or CTEPH, severe PH secondary to COPD is characterized by vascular
and bronchial morphological alterations assessed by quantitative CT. These values combined
with that of PaO, in a “paw score” can predict the presence of severe PH, only in COPD patients.
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Such a paw score could be thus used to select COPD patients for
right heart catheterization.

Introduction
Pulmonary hypertension (PH) is defined by a mean pul-
monary arterial pressure (mPAP) =25 mmHg, at rest,
subsequently inducing right heart failure, and ultimately
patient’s death.'> Among the five groups of PH, defined
in the last international classification,! three of them cor-
respond to a precapillary PH (ie, PH due to lung diseases
and/or hypoxemia [group 3], pulmonary arterial hyperten-
sion [(PAH), group 1] notably idiopathic PAH (iPAH), and
chronic thromboembolic PH [(CTEPH), group 4)]. Despite
comparable hemodynamic alterations assessed invasively by
right heart catheterization (RHC), these three groups have
different underlying mechanisms, treatment, and prognosis.'
The mortality of PH increases by more than fourfold when
the mPAP increases by 10 mmHg.? It is thus crucial to identify
severe forms of PH, characterized by a higher elevation of
mPAP.* In patients with COPD (group 3), severe PH is defined
as mPAP =35 mmHg at rest.> However, RHC cannot be per-
formed in all COPD patients. To circumvent this limitation, a
“paw score” was proposed, combining arterial partial pressure
of oxygen (PaO,) and quantitative computed tomography (CT)
measurements of both bronchial wall thickness (WT) and small
pulmonary vessels. This “paw score” was able to predict the
presence of severe PH in a COPD population with 75% sensi-
tivity and 80% specificity.® Interestingly, its negative predictive
value was more than 95%, allowing to predict the absence of
severe PH when the “paw score” was <5 with <5% error.®
Although the “paw score” appeared accurate ina COPD popu-
lation, it remains unclear whether this score may be relevant
to other forms of severe PH. Moreover, relationships between
mPAP and quantitative CT measurements of both bronchi and
small pulmonary vessels have not been described so far in the
various groups of patients with severe precapillary PH.
Thus, we aimed at comparing quantitative CT measure-
ments of bronchial wall, lung parenchyma, and small pulmo-
nary vessels in patients with severe precapillary PH related
to COPD, iPAH, or CTEPH. We also assessed correlations
between mPAP, CT, clinical, and functional parameters in
order to find predictors of mPAP variability. Finally, we
compared the sensitivity of the “paw score” to diagnose
severe PH in each of these three groups.

Patients and methods
Study population

This study was observational, retrospective, and conducted
according to the principles of the Declaration of Helsinki

and approved by our institutional review board. One hundred
eighty-nine patients were consecutively referred for complete
examination of severe PH to our institution, a tertiary
medical center, between January 2008 and January 2017.
From a prior study,® 20 COPD patients were also included
in the current study (out of 24 patients) and none in the two
other groups. However, these 20 patients were completely
reanalyzed by another radiologist and they were implemented
with four new subjects. Before initiation of any treatment,
within 1 week, all patients had physical examination, medi-
cal questioning, 6-minute walk tests (6-MWT), blood tests
(C-reactive protein [CRP], brain natriuretic peptide, and
HIV serology), transthoracic-echocardiography, ventilation/
perfusion scintigraphy, pulmonary function test (PFT), RHC,
and unenhanced CT within a minimal period of 1 month
of disease stability. PFT involved body plethysmography,
transfer lung capacity of carbon monoxide ([TLCO]; Medis-
oft, Sorinnes, Belgium), and arterial blood gases. Reference
values were chosen from the European Respiratory Society
and the American Thoracic Society guidelines.”® From
the 189 screened patients, 103 patients had both mPAP
value =35 mmHg at RHC® and a diagnosis of either COPD,
iPAH, or CTEPH. However, 16 patients were not fully
screened and 19 patients could not be included because of
associated diseases (Figure 1). Thus, from the 68 remaining
patients, we focused the study on the 56 adult patients with
only severe precapillary PH with either COPD, iPAH, or
CTEPH, without any other condition to explain PH, and with
an adequate CT examination without any abnormality pos-
sibly altering CT measurements (Figure 1). Chest CT scans
were acquired at full inspiration on a Somatom Definition 64
(Siemens, Munich, Germany). Dedicated and validated soft-
ware were used to quantitatively analyze scans.”!® Emphy-
sema was automatically quantified with Myrian software
(Intrasense, Montpellier, France) using the low-attenuation
area percent (LAA%).%!! Mosaic attenuation was assessed
using a semiquantitative score derived from evaluation of
each lobe."? Bronchial wall area (WA), lumen area, and
WT were automatically quantified on orthogonal bronchial
cross sections using previously validated homemade soft-
ware (ie, Neko).!®® Small vessel areas from CT images
were automatically measured, as previously described.®!#!8
Percentage of cross sectional area of pulmonary vessels
less than 5 mm? normalized by lung area (%CSA_,) at
each CT slice were acquired using ImagelJ software. Large
vessel diameters were manually measured, at the level of
pulmonary artery bifurcation, for both pulmonary arterial
truncus (AP) and ascending aorta (AO) using the same
axial image.®!"
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86 were not from COPD,
iPAH or CTEPH groups

21 from group 1 of PH, not iPAH
y 32 from group 2 of PH

103 patients with severe PH from COPD, 21 from group 3, not COPD
iPAH or CTEPH groups with no 12 from group 5
previous treatment

189 patients were screened for severe PH

v

16 were not fully screened
7noCT
5 no V/Q scintigraphy

y 4 no complete PFT

A 4

87 consecutive severe PH patients

19 were not included
12 associated with left heart disease
6 associated with sleep apnea

y 1 associated with sarcoidosis

A 4

68 patients were included with no other

cause to explain severe PH 12 excluded on CT

6 artifacts

3 micronodules

1 consolidation

y 1 pleural plaques
1 pleural effusion

56 severe PH patients were
included in the study

A A v

24 COPD patients with severe
PH (mPAP 235 mmHg)

16 iPAH patients with severe
PH (mPAP 235 mmHg)

16 CTEPH patients with severe
PH (mPAP 235 mmHg)

Figure | Flowchart of study design.

Note: Number of patients who were screened, enrolled, and assigned to a study group.
Abbreviations: CT, computed tomography; CTEPH, chronic thromboembolic PH; iPAH, idiopathic pulmonary arterial hypertension; mPAP, mean pulmonary arterial
pressure; PFT, pulmonary function tests; PH, pulmonary hypertension; V/Q, ventilation/perfusion scintigraphy.

Statistical analyses
Statistical analyses were performed using NCSS software
(v.2001; NCSS, Kaysville, UT, USA). Results are expressed
as mean with SD and analyzed using one-way ANOVA and
Tukey post hoc tests. Parameters that were not normally dis-
tributed are expressed as median with interquartile ranges and
tested by Kruskal-Wallis and multiple comparisons z-value
post hoc tests. Categorical variables were analyzed with
Fisher’s exact tests. Univariate correlations were assessed
using Pearson’s correlation coefficient test. In order to predict
severe PH, “paw scores” were built, combining three vari-
ables, ie, PaO,, WT, and %CSA
(Table S1).% P-value <0.05 was considered significant.
Details about PFT, RHC, CT protocols, echocardiogra-
phy, “paw score”, and statistical analysis, are available in

as described elsewhere

<5%

the electronic supplementary material.

Ethics approval and informed consent

This study was observational, retrospective, and conducted
according to the principles of the Declaration of Helsinki
and approved by our institutional review board “the Ethics

Committee of the University Hospital of Bordeaux™ refer-
ence: GP-CE 2018/20. Every patient was informed and
agreed that their data can be used for further research studies
anonymously. Data were anonymized and they complied with
the requirements of the “Commission nationale informatique
et libertés” (CNIL) that approved the methods this organi-
zation was being responsible for ensuring the ethical use of
data collected for scientific purposes in France (approval
number: 1909530 v 0).

Results

Patients characteristics

Among the 56 included patients with severe PH, 24 patients
suffered from COPD, 16 from iPAH, and 16 from CTEPH
(Figure 1). Demographic, plethysmographic, clinical,
biological, and hemodynamic characteristics of the three
groups are detailed in Table 1. Significant lower FEV , FEV /
FVC ratio, and TLCO, and a higher residual volume were
found in COPD subjects compared to the other two groups.
Moreover, both a lower PaO, and a higher left ventricular
ejection fraction were measured in COPD patients compared
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Table | Characteristics of severe PH patients

COPD with severe PH | Severe iPAH Severe CTEPH P-value

N 24 16 16
Age

Years | 70 (64-73) | 71 (62-76) | 66 (56-75) | 059
Sex ratio

Male/female | 204+ | or7e B | <o
BMI

kgm™ | 2645 | 2544 | 2547 | 067
PFT

FEV, (% pred) 55£212F 9114 92+14¢ <0.01

FEV IFVC (%) 57 (49-63)* 73 (72-78)¢ 76 (74-78) <001

FVC (%) 8012220 98+17¢ 97+14¢ <0.01

TLC (%) 95 (87-104) 93 (83-101) 99 (93-101) 0.26

RV (%) 15 (101-141): 92 (83-105) 109 (87-115) <001

TLCO (%) 23 (16-32) 40 (35-80)° 66 (57-87)° <0.0l
6-MWT

Distance (m) 275 (180-300) 317 (270-390) 325 (228-510) 0.14
Arterial blood gases

PaO, (mmHg) 49 (46-53)° 67 (53-75) 60 (52-68) <00l

PaCO, (mmHg) 34 (29-37) 32 (30-36) 33 (31-36) 0.60
RHC

mPAP (mmHg) 4547 42+4 4749 0.11

sPAP (mmHg) 72140 69+11° 83+16% 0.0l

dPAP (mmHg) 29+6 2745 2748 0.54

PCWP (mmHg) 9+3 8+3 8+3 0.55

Gradient (mmHg) 20+5 2046 1818 0.85

PVR (Wood unit) 8+3 9+4 104 0.19

PVRi (Wood unit.m) 15+6 1714 1616 051

CO (Lmin™) 5412 4+1 4 4+1.1 0.09

Cl (L.min~'.m) 3+0.7 2+0.7 2+0.5 0.14
Echocardiography

SPAP (mmHg) 69+24 72418 82424 0.28

ITVmax (m/s) 3.8+0.7 3.8+0.4 4.11£0.6 0.26

ITGdmax (mmHg) 59422 59+13 69121 0.28

LVEF (%) 68+9° 57%10¢ 64=1 1| 0.02
Biology

CRP (pg/mL) 4(2-7) 6 (4-16) 5 (1-6) 027

BNP (mg/mL) 375 (35-610) 467 (66-936) 186 (73-376) 0.29

Notes: Data are mean + SD for continuous normal variables, or median with IQR if their distribution was not normal. Comparisons of parametric and nonparametric variables
were performed using ANOVA and with Kruskal-Wallis tests, respectively. *Different from iPAH group, *different from CTEPH group, and “different from COPD group.

Abbreviations: BMI, body mass index; BNP, brain natriuretic peptide; Cl, cardiac index; CO, cardiac output; CRP, C-reactive protein; CTEPH, chronic thromboembolic
PH; FVC, forced volume capacity; Gradient, dPAP-PCWP; iPAH, idiopathic pulmonary arterial hypertension; ITGdmax, maximal transtricuspid pressure gradient; ITVmax,
maximal tricuspid regurgitation velocity; IQR, interquartile range; LVEF, left ventricular ejection fraction; 6-MWT, 6-minute walk test; m, s, dPAP, mean, systolic, diastolic
pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; PFT, pulmonary function test; PH, pulmonary hypertension; PVR, pulmonary vascular resistance;
PVRI, indexed PVR; PaCO,, arterial partial pressure of carbon dioxide; PaO,, arterial partial pressure of oxygen; pred, predicted; RHC, right heart catheterization; RV, residual

volume; TLC, total lung capacity; TLCO, transfer lung capacity of carbon monoxide.
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to iPAH patients (Table 1). The mPAP was similar in the
three groups, as well as most of the RHC parameters except
the systolic PAP (sPAP), which was higher in severe CTEPH
patients (Table 1).

Comparison of CT measurements of

bronchi, parenchyma, and vessels
Morphological CT parameters were compared in the three
groups (Table 2). Bronchial morphological parameters were
greater in COPD patients with severe PH (Figure S1) than
in iPAH (ie, WT and WA Figure S2) and CTEPH (ie, WT;
Figure S3). Moreover, emphysema extent, assessed by the
LAA%, was higher in patients with COPD than in those with
iPAH or CTEPH. In addition, mosaic attenuation score was
higher in patients with severe CTEPH than in those with
iPAH or COPD. Whereas large vessels ratio was not different
within the three groups, the %CSA_ was smaller in patients
with COPD than in those with iPAH.

Univariate analysis of mPAP

In COPD patients with severe PH, significant univariate
correlations were found between mPAP and a variety
of variables including: CRP, echocardiographic sPAP,
%CSA_,, and WT (Tables 3 and S2). In severe iPAH
patients, mPAP was correlated only with maximal tricuspid
regurgitation velocity (ITVmax) and %CSA_,. Correla-
tion between mPAP and %CSA _; was positive in patients
with COPD, whereas it was negative in those with iPAH
(Figure S4). By contrast, mPAP of severe CTEPH patients

Table 2 Comparison of CT parameters between groups

was not correlated to %CSA
and 6-MWT.

but with LAA%, TLCO,

<5°

Validity of “paw scores” in each
group and comparison to sPAP on

echocardiography

As a consequence, the “paw score” combining three vari-
ables, ie, PaO,, WT, and %CSA
COPD patients with severe PH than in the two other groups,

_s» was significantly higher in
without any difference between severe iPAH and severe
CTEPH (Figure 2A). Using a threshold of 5, as assessed
previously,® the sensitivity of “paw score” for predicting the
presence of severe PH was 87.5% (21/24),43.8% (7/16), and
62.5% (10/16) in COPD, iPAH, and CTEPH groups, respec-
tively. A significant difference in the number of true positives
and false negatives between the three groups of severe PH
was found (Figure 2B). We also assessed the sensitivity of
ultrasound echocardiography to predict the presence of severe
PH using various sPAP cutoff (ie, 50 mmHg," 60 mmHg,*
and 65 mmHg?! in the three groups of patients (Table S3). In
COPD patients, the sensitivity of the “paw score” was higher
than that of echocardiography for each cutoff.

Discussion

The present study demonstrates that, unlike severe iPAH
or severe CTEPH, severe PH secondary to COPD is
characterized by vascular and bronchial morphological
alterations assessed by quantitative CT. Values derived
from these measurements, combined with that of PaO, in

COPD with severe PH Severe iPAH Severe CTEPH P-value

n 24 16 16
Bronchi

WA 20.061+4.63¢ 16.44+3.25° 17.61+£3.76 0.02

LA 9.03+2.73 8.20+2.49 9.281+2.84 0.50

WT 1.34£0.15 1.19+0.15° 1.20£0.13° <0.01
Parenchyma

LAA% 4.59 (2.70-10.50)>< 1.26 (0.74—1.84)° 1.30 (0.84-2.80)° <0.01

Mosaic attenuation 0 (0-0)c 0 (0-17)c 30 (4-52)* <0.01
Vessels

AP/AO 1.06 (0.98-1.16) 1.09 (0.99-1.16) 1.14 (1.08-1.21) 0.11

%CSA_; 0.54+0.19° 0.77+0.29° 0.67+0.24 0.01

Notes: Data are mean * SD for continuous normal variables, or median with IQR if their distribution is not normal. Comparisons of parametric and nonparametric variables
were performed using ANOVA and with Kruskal-Wallis tests, respectively. *Different from iPAH group, ‘different from COPD group, and “different from CTEPH group.
Abbreviations: AO, aorta; AP, pulmonary arterial truncus; %CSA _;, percentage of cross sectional area of pulmonary vessels less than 5 mm? normalized by lung area;
CTEPH, chronic thromboembolic PH; iPAH, idiopathic pulmonary arterial hypertension; IQR, interquartile range; LA, mean lumen area (mm?); LAA%, low-attenuation area
percentage; PH, pulmonary hypertension; WA, mean wall area (mm?); WT, mean wall thickness (mm).
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