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Résumé:

La ventilation est une fonction complexe, avec des
variabilités naturelles intra- et inter-individuelles im-
prévisibles, parfois inhomogénes dans le volume pul-
monaire. La spirométrie standard est I'examen de
référence pour évaluer la fonction ventilatoire a par-
tir de courbes débit-volume mesurées a la bouche et
en respiration forcée. Cette technique simple et fi-
able est limité par la nécessaire coopération du pa-
tient, ainsi que par la nature globale de sa mesure.
Etant donné que la respiration est intrinséquement un
phénomeéne tridimensionnel et que les maladies pul-
monaires sont généralement régionales, la ventilation
devrait étre sondée localement.

Malgré les difficultés inhérentes a I'application de
IlRM au poumon, de récent progrés ont permis de
révéler le potentiel de I''RM fonctionnelle pulmonaire
a partir d'acquisitions standards facilement transpos-
ables en clinique. Depuis une quinzaine d'années des
développements évaluent la ventilation a partir de la
variation du signal IRM au cours de la respiration. Ces
techniques reposent sur une hypothése forte de linéar-
ité du signal IRM avec la densité de tissus pulmonaire.
Une nouvelle méthode évaluant la ventilation locale-
ment et dynamiquement a partir des déformations a
été développée : la spirométrie 3D par IRM. A partir
d'un cycle respiratoire moyen, le Jacobien des défor-
mations et sa dérivée temporelle permettent d'inférer
les courbes débit-volume locales. Cette thése s'attache
a valider la spirométrie 3D par IRM, a I'amener a la
recherche clinique, et a approfondir la compréhension
de la mécanique ventilatoire.

Le caractére multidimensionnel de la spirométrie
3D par IRM intégre la complexité de la fonction respira-
toire mais la technique encore neuve doit étre dévelop-
pée et éprouveée. Les évolutions méthodologiques en-
treprises durant cette théese incluent une reconstruc-
tion optimisée de la dynamique pulmonaire, une seg-
mentation précise des structures lobaires, la définition

de biomarqueurs quantitatifs, ainsi qu’'une normalisa-
tion des cartes fonctionnelles pour permettre des com-
paraison intra- et inter-sujets. Une étude prospective
sur 25 volontaires (10 femmes, 45 + 17 ans) respirant
librement a été menée, avec des acquisitions répétées
en position allongée. La fiabilité de la technique a été
approchée selon deux critéres : sa répétabilité et son
exactitude. Les mesures de volumes courants locaux
intégrés sur le volume pulmonaire correspondent a ce
qui peut étre mesuré par segmentation des volumes
pulmonaires. Une excellente répétabilité globale a été
trouvée, avec une variabilité résiduelle induite par celle
intrinséque a la respiration.

La sensibilité de la spirométrie 3D par IRM a été
d'abord étudiée sur 25 volontaires sains en position al-
longée sur le dos puis sur le ventre. Les cartes fonc-
tionnelles mettent en évidence un gradient de ventila-
tion vers les régions les plus dépendantes a la gravité,
démontrant la sensibilité de la technique a la physiolo-
gie. Des atlas fonctionnels ont été établis a partir des
cartes individuelles normalisées, révélant les motifs
nominaux de la ventilation pulmonaire reproductibles
sur la cohorte de volontaire. Les distributions spatiales
mettent en évidence I'inhomogénéité de la ventilation
en respiration libre.

Enfin, la sensibilité de la spirométrie 3D aux
pathologies obstructives et restrictives est évaluée
a travers plusieurs études de cas de maladies neu-
romusculaires, COVID-19 longue durée, asthme et
bronchopneumopathie chronique obstructive (BPCO).
Cesrecherches soulignentimportance de caractériser
les modes de respiration avec les contributions des
muscles respiratoires. La réversibilité de l'asthme a
'administration d’'un bronchodilatateur a été trouvé,
avec une augmentation marquée des débits apres
bronchodilatateurs.  Une étude longitudinale sur
un cas dasthme sévére a aussi mis en évidence
I'efficacité de la biothérapie pour améliorer la fonc-
tion ventilatoire, réduisant le volume résiduel ainsi que
I'obstruction.
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Abstract:

Ventilation is a complex function, with unpre-
dictable natural intra- and inter-individual variabilities,
sometimes heterogeneous in lung volume. Standard
spirometry is the reference exam to assess the venti-
latory function from flow-volume loops measured at
the mouth during forced expiration. This simple and
reliable technique is limited by the necessary cooper-
ation of the patient, as well as by the global nature of
its measurement. Since breathing is inherently a three-
dimensional phenomenon and lung diseases are gen-
erally regional, ventilation should be probed locally.

Despite the inherent difficulties in applying MRI to
the lung, recent advancements have revealed the po-
tential of functional pulmonary MRI from easily trans-
latable standard acquisitions in clinical settings. Over
the past fifteen years, developments have evaluated
ventilation based on MRI signal variation during res-
piration. These techniques rely on a strong assump-
tion of linearity of the MRI signal with lung tissue den-
sity. A new method evaluating ventilation locally and
dynamically from deformations has been developed:
3D spirometry by MRI. From an average respiratory cy-
cle, the deformation Jacobian and its temporal deriva-
tive allow inference of local flow-volume curves. This
thesis aims to validate 3D spirometry by MRI, bring it
into clinical research, and deepen the understanding
of ventilatory mechanics.

The multidimensional nature of 3D spirometry by
MRI integrates the complexity of respiratory function,
but the new technique must still be developed and
tested. Methodological developments undertaken dur-
ing this thesis include optimized reconstruction of pul-
monary dynamics, precise segmentation of lobar struc-

tures, definition of quantitative biomarkers, as well as
normalization of functional maps to enable intra- and
inter-subject comparisons. A prospective study on 25
volunteers (10 females, 45 + 17 years old) breathing
freely was conducted, with repeated acquisitions in the
supine position. The reliability of the technique was
approached by two criteria: its repeatability and accu-
racy. Measures of local tidal volumes integrated over
the lung volume agreed to the measured lung volumes
from segmentation. Excellent overall repeatability was
found, with residual variability induced by that intrinsic
to respiration.

The sensitivity of 3D MR spirometry was first stud-
ied in 25 healthy volunteers in lying supine and prone
positions. Functional maps highlight a gradient of ven-
tilation toward the more gravity-dependent regions,
demonstrating the sensitivity of the technique to phys-
iology. Functional atlases were established from nor-
malized individual maps, revealing reproducible nomi-
nal patterns of pulmonary ventilation across the volun-
teer cohort. Spatial distributions highlight the hetero-
geneity of ventilation during free breathing.

Finally, the sensitivity of 3D MR spirometry to
obstructive and restrictive pathologies is evaluated
through several case studies of neuromuscular dis-
eases, long COVID-19, asthma, and chronic obstruc-
tive pulmonary disease (COPD). These studies empha-
size the importance of characterizing breathing pat-
terns with contributions from respiratory muscles. Re-
versibility of asthma with bronchodilator administra-
tion was found, with a marked increase in flow rates
after bronchodilators. A longitudinal study on a case
of severe asthma also demonstrated the effectiveness
of biotherapy in improving ventilatory function and re-
ducing residual volume and obstruction.
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Introduction

Spirometry is the gold standard technique to assess the individual’s ability to
inhale and exhale efficiently. From flow-volume loops measured at the mouth dur-
ing forced respiratory cycles, clinicians can characterize obstructive and restrictive
syndromes. This technique is simple, reliable, and widely used in clinical routine
for ventilation functional testing. However, it requires forced breathing, which is
not always possible, and the measure at the mouth is only global, whereas diseases
are generally localized. In the early stages of the disease, such measurements have

been shown to lack sensitivity, as local impairments may not lead to global effects.

Magnetic resonance imaging (MRI) is a powerful tool for assessing local lung
function. The development of hyperpolarized MRI in the late 90s has made it
possible for the first time to assess ventilation at the voxel level throughout the
lung volume. A hyperpolarized tracer gas is inhaled, and density is mapped at
the end of inhalation using MRI. Despite wide research demonstrating the clinical
interest of such regional measurements, an effective clinical translation in routine
practice has been hindered by high costs, the complexity of the equipment, and
protocol. Proton MRI, largely available in hospitals, was long neglected for lung
application due to a low signal-to-noise ratio in the parenchymal tissues. From the
work of Bauman et al, a gain of interest has been developed towards proton MRI
for functional lung imaging, using the Fourier Decomposition of the MR signal over
the dynamic acquisition. These approaches are based on the bold hypothesis of a

linear relationship between the MR signal and ventilation.

Building on the foundation of functional lung imaging, the BioMaps laboratory
has pioneered a novel approach to quantify the local ventilatory dynamics: 3D
spirometry using MR imaging. This technique leverages dynamic lung MRI by
combining an Ultrashort Echo Time (UTE) sequence integrated with an adaptive
k-space trajectory. An average respiration is reconstructed from the ten-minute ac-
quisition. Unlike standard spirometry, 3D MR spirometry is performed during free
breathing and lying supine, making the examination accessible to patients who can-
not be asked to cooperate like young children or patients with neurologic disorders.

Moreover, this approach uses deformation fields to compute ventilation instead of
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variations of the absolute magnitude of the MR signal, which makes it more robust
to the intrinsic variability of the MR signal. The Jacobian of the strain tensor de-
termines local ventilatory volumes, and local flow rates are derived by temporally
differentiating these volumes. This approach provides a voxel-wise flow-volume
loop, characterizing the local ventilation and its dynamic. A proof of concept was
demonstrated with a single volunteer by comparing 3D spirometry maps for differ-
ent types of breathing by Boucneau et al. The challenge now is to translate the

technique into clinical research and explore its potential in lung pathophysiology.
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Thesis outlines

Three-dimensional MR, spirometry represents a real paradigm shift from stan-
dard spirometry, as measurements are conducted during free breathing in a lying
position and are extracted over time in three dimensions rather than as global scalar
values. The aim of this doctoral work was to develop and validate the technique
to take it from the laboratory to clinical research and to deepen the understanding
of spontaneous lung ventilation in healthy and obstructed lungs. This includes im-
proving the robustness of the framework, assessing its reliability, testing its sensitiv-
ity in healthy volunteers and patient cohorts, and exploring the spatial distribution

of ventilation patterns. The manuscript consists of the following five chapters.

Chapter 1 - The human lung pathophysiology

In this chapter, the human respiratory system is introduced, specifically the
anatomy and function of the lung and their nominal variability. The pathology
of the ventilatory system is then reviewed with a focus on the main obstructive
respiratory diseases: asthma and chronic obstructive pulmonary disease (COPD).
These two particular conditions are difficult to discriminate using conventional
pulmonary functional tests and their potential subgroups are areas of research. This
chapter describes standard exams to assess lung function, which is encompassed in
what is called pulmonary function tests (PFTs). Their associated biomarkers of the
global lung function are described with their pathophysiological insights. Finally,

the role of imaging techniques for the ventilation function is highlighted.

Chapter 2 - MR ventilation imaging

In this chapter, the issues involved in performing lung imaging, and more specif-
ically, lung functional imaging, are reviewed in detail. First, the principles of
magnetic resonance imaging are revised with special attention to the challenges

associated with lung tissue and respiration. The most common approaches used
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to overcome these limitations and develop functional lung MRI are then presented.
The assessment of local ventilation impairments is then evaluated through a review
work of the literature over the last 5 years. Hyperpolarized gas MRI, oxygen-
enhanced MRI, "Fluorine MRI, and non-enhanced proton MRI are thus compared
with respect to their methodology, findings, and measurement specificities. Their
different local ventilation biomarkers are presented, including gas distribution, dy-
namic markers, motion descriptors, and structural properties. The characterization
of regional ventilation defects and their diagnostic insights are examined through

clinical studies in asthmatic and COPD patients.

Chapter 3 - Methodological developments in 3D MR spirometry
for clinical investigations

Throughout this doctoral work, several sources of instability affecting 3D MR
spirometry have been identified and addressed, particularly during both the ac-
quisition and post-processing steps. This includes navigating through the issues
that arise when imaging lung dynamics during free breathing from hardware cal-
ibrations. Computational and methodological hurdles in processing the resulting
data were addressed, with a focus on dynamic reconstruction, segmentation of the
lung structures, and refinement of airflow computations to ensure reliable quan-
tification of spirometric parameters. Clinical investigations were performed on
healthy volunteers to evaluate the consistency of the technique with other modal-
ities (CT and Fourier Decomposition MRI), its repeatability (global and local),

and its global accuracy.

Chapter 4 - Nominal respiratory features of the lung function

This chapter evaluates the sensitivity of 3D MR spirometry in healthy volun-
teers and the nominal distribution of the extracted biomarkers. A prospective
clinical study was performed in 25 healthy volunteers to evaluate the sensitivity of

the technique to gravity lung dependence. Intra- and inter-subject variability was
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handled with morphological normalization, and feature scaling was then described.
Ultimately, reproducible functional patterns of the healthy lung were highlighted
by constructing an atlas of the ventilatory function. Finally, lobar quantification

of the dynamic ventilation was performed for the first time in free breathing.

Chapter 5 - Preliminary findings in obstructive and restrictive
diseases using 3D MR spirometry

In this chapter, the sensitivity of 3D MR spirometry to restrictive and obstruc-
tive pulmonary conditions is assessed in individual cases and small patient cohorts.
Long COVID-19, asthmatic, COPD, and neuromuscular conditions were explored.
The specific reversibility of the asthmatic lung with a bronchodilator was evalu-
ated against COPD and healthy groups. The effect of biotherapy was evaluated
in an asthmatic patient and the potential of 3D MR spirometry to track improve-
ments and changes in lung function that standard methods missed. These findings
highlight the value of advanced imaging techniques in improving the diagnosis and

patient care in respiratory medicine.
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1. The human lung pathophysiology

The human respiratory system is vital for maintaining the balance between the
need of the body for dioxygen and its need to eliminate carbon dioxide waste by en-
abling exchanges between the inside of the body and the outside environment. This
chapter reviews lung anatomy, function, main respiratory disorders, and associated
clinical exams. Understanding the pathophysiology of the human lung is essential
for devising effective diagnostic and therapeutic strategies. Although this chapter
will present the essential concepts for this thesis, a more in-depth description of

lung pathophysiology can be found in Peracchia et all

1.1 Respiratory system physiology

In human cells, dioxygen is consumed during energy production from nutrients,
and carbon dioxide is produced in a process called "cellular respiration”, a part of
the cell metabolism critical for maintaining its acid-base balance. The physiology of
the respiratory system refers to the study of the mechanisms that ensure seamless
gas exchange from the environment into the bloodstream and ultimately for cell
metabolism. This part describes the lung anatomy with fundamental vocabulary,

nominal functions of the respiratory system, and their intrinsic variability.

1.1.1 Anatomy of the respiratory system

The respiratory system comprises upper and lower tracks (see Figure 1.1). The
upper respiratory tract includes the nasal and buccal passages, pharynx, and larynx,
which filter, temper, and humidify incoming air. The lower respiratory tract com-
prises, on average, 23 divisions from the trachea to bronchi, then bronchioles and
acini, until the smallest pulmonary unit, the alveoli, where the gas is ultimately con-
veyed. The surrounding tissue is referred to as lung parenchyma. There are around

480 million alveoli in humans, each having an average volume of 4.2 x 10( — 3) pL2

1 Camillo Peracchia and Nasr Anaizi. Lung function in health and disease. Basic concepts of respiratory
physiology and pathophysiology. Mar. 2014.

2Matthias Ochs et al. American Journal of Respiratory and Critical Care Medicine, 2004.



1. The human lung pathophysiology

The surface area of these alveoli is estimated to be around 130 square meters?
providing an extensive area for gas exchange, as seen in the microscopic pictures of
lung tissue (Figure 1.1). Airways diameter and thickness shrink over the divisions.
Starting from the 15" division, the airway wall begins to be decorated with alveoli,
leading to the first interfaces of the respiratory tracts for gas exchanges. After three
generations, the airway wall is completely decorated with alveoli, and gas diffuses
through the thin air-blood tissue barrier estimated at 2.2 pm# The lobule is the
ultimate lung unit composed of alveolar ducts, alveolar sacs, and alveoli (see Fig-
ure 1.1). Lung alveolar walls are covered by a surfactant fluid, which decreases
the surface tension of the alveoli, preventing the alveoli from collapsing at the end
of expiration and making inflation easier. Tiny passageways (10-15 m in diame-
ter) connect neighboring alveoli and enable gas and surfactant exchange within an

alveolar sac to favor gas pressure equalization and to prevent lung collapse?

3E. R. Weibel. Swiss Medical Weekly, 2009.
4P. Gehr et al. Respiration Physiology, 1978.
5Kohn Hans. Muench Med Wochnschr, 1893.
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Respiratory tract Lung lobule

Capillaries

Nasal cavity

Pharynx

Larynx

Pulmonary artery Alveoli

Trachea
Pulmonary vein

Carina

Primary bronchus

Figure 1.1: On the left, the upper and lower respiratory tracts. The trachea branches
into 23 sequential generations of airways, with the first 15" being conductive only; those
between 15 and 18 are partly conductive and partly diffusive as some alveolar sacs appear
on the wall; some gas transfers through the air-blood tissue barrier. Those beyond 19
are progressively more gas-exchanging with more and more alveoli. On the right, the
final element: the pulmonary lobules of the human lung schematized (top) and viewed
(bottom) from a scanning electron micrograph, from Maury et al. %, where its sponge-like
tissue structure is well visible.

The diaphragm and intercostal muscles are mobilized for the respiratory efforts,
mechanically creating a pressure gradient throughout the lung tissue, enabling
fresh air to flow in the respiratory tract. As it contracts, the diaphragm moves
downward and flattens, creating a force opening the lung toward the inferior region.
The intercostal muscles cover the anterior thorax and contribute to expanding the
chest toward the anterior region. In free breathing, the muscles are used only for
inspiration, while expiration comes through a spontaneous return to the balance

of internal and external pressures.

The lung is the organ containing the lower respiratory tract and parenchymal
tissues. The different divisions of airways presented above define other pulmonary
units (see 1.2): right and left lungs are supplied in air by bronchi, lobes by secondary

bronchi, and segments by tertiary bronchi. A human lung typically consists of five

10



1. The human lung pathophysiology

lobes: three in the right lung (upper, middle, and lower) and two in the left lung
(upper and lower). They are separated by pleural tissue, which creates a fissure
visible with high-resolution imaging and enables the separation of the lungs from
the chest wall. These lobes can be subdivided into ten segments for each right
and left lung, each being supplied by its own segmental bronchus and artery. This
lung division into lobes and segments, as based on the arborization of the bronchi,

presents equivalent physiological functions for equivalent units.

Right lung Left lung

UPPER LOBE Lateral views
. UPPER LOBE
. Apical
. Apical
s Posterior —
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sl Anterior é .
g . Anterior
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\\\\’\I \//\J\
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. Lateral basal
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sx Posterior basal

Figure 1.2: Bronchopulmonary segments and lobes for both lungs in lateral view (upper)
and medial view (bottom), defined from secondary and tertiary bronchi (also called
segmental bronchi) represented in the center. FEach segment is a portion of the lung
supplied by its bronchus and artery, thus functionally and anatomically independent. A
segmental symmetry exists between the right and left lungs, even though the left lung is
smaller and has only two lobes, while the right lung has three lobes.
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1. The human lung pathophysiology

1.1.2 Pulmonary functions

The pulmonary system supports three main functions presented in Figure 1.3:
the mechanical circulation of air between the outside and inside of the lungs, gas ex-
changes between the pulmonary alveoli and the blood capillaries, and the transport

of gases by the bloodstream between the lungs and the other organs.

Ventilation Gas exchange Perfusion

ﬁrFle
= w Alveolus

Sepe ./
W Capillar

Figure 1.3: The three main pulmonary functions are: 1) the ventilation consists of
inspiration of fresh air with a high concentration of O4 followed by expiration of some of
the lung gas to expel air saturated in COq after biological exchanges, 2) gas exchanges
consist of the diffusion of O and COs through the septal membrane to equilibrate partial
pressure between alveoli and capillaries, and 3) the perfusion consists of the circulation
of the blood throughout the vascular system enabling the transport of the gas bound to
blood components.
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A. Ventilation

Pulmonary ventilation, or shortly the ventilation, is defined by the circulation
of air between the inside of the respiratory tracts and the outside environment. It
involves two distinct processes: inspiration and expiration. During inspiration, the
respiratory muscles contract to expand the lung, causing a decrease in intrapul-
monary pressure. As a result, air rushes into the lungs along the pressure gradient.
Expiration is usually a passive process primarily driven by the relaxation of inspi-
ratory muscles, with the thoracic cavity returning to its resting position, creating
an increased intrapulmonary pressure that expels air from the lungs. The expi-

ration process can become active when muscles are forced to expel some gas, for

12



1. The human lung pathophysiology

several diseases, or when we conscientiously control it” At rest, after a normal and
passive exhalation, 2.5 L of air remains in the lungs, called the functional residual
capacity. During free breathing, we usually inhale an additional 500 mL of fresh
air. By metonymic abuse of language, the term "ventilation” is sometimes used to

designate this tidal volume of air ventilated through a respiratory cycle.

B. Gas exchange processes

In the alveolar region, gas exchange equalizes the partial pressures of dioxygen
and carbon dioxide between the alveolus and the surrounding blood capillaries.
Dioxygen diffuses from the alveolar gas into the blood of the pulmonary capillar-
ies through a thin and porous septal membrane (in the order of a micrometer).
Inside the bloodstream, the dioxygen can then bind to hemoglobin for transport
through the body. Simultaneously, carbon dioxide diffuses from the bloodstream
into the alveoli and can eventually be exhaled through ventilation. In practice,
0.25 s of close interaction between the gas inside the alveoli and the blood inside
the capillaries is needed to reach this diffusive equilibrium during free breathing.
To ensure an efficient exchange, the blood perfusion should match the ventilation®
The spatial match of this feature can be evaluated through ventilation-perfusion

(V/Q) imaging techniques?

C. Perfusion

Perfusion is the process of blood circulation throughout the bloodstream, en-
abling gas transport between the lungs and organs. Perfusion is driven by the pump-
ing action of the heart. Gas is then bonded to blood components through chemical
reactions: dioxygen is primarily transported in the blood through hemoglobin,

which makes blood look brighter red. Carbon dioxide is transported in three forms:

7 Deniz Inal-Ince and Aslihan Cakmak. “Chapter 19 - Kinesiology of respiration”. In: Comparative Kinesiology
of the Human Body. Ed. by Salih Angin and Ibrahim Engin Simsek. Academic Press, Jan. 2020. po1: 10.1016/
B978-0-12-812162-7.00019-9.

8John B. West. American Review of Respiratory Disease, 1977.
9John Palmer et al. Journal of Nuclear Medicine, 2001.
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dissolved in plasma, bound to hemoglobin, and as bicarbonate ions (which assists

in buffering pH changes).

Besides these pulmonary functions, the respiratory system has a regulatory
function to optimize dioxygen and carbon dioxide levels in each situation. These
mechanisms rely on precise control of breathing rate depth and perfusion in re-
sponse to factors like dioxygen and carbon dioxide concentrations in the blood and
pH levels. This regulation allows our body to adapt to needs while physical effort

needs, altitude, or certain pulmonary dysfunctions occur.

14
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1.1.3 Nominal variability of the respiratory functions

Lung functions exhibit intrinsic variability even in healthy individuals. This
poses a significant challenge when determining whether deviations from a nominal
range represent a true impairment or are within the bounds of healthy variability.
This last case can be called nominal variability, although this name may seem
paradoxical: reference values are intended not to deviate much between healthy
individuals. In the case of ventilation, it has been estimated that intra-individual
variations account for 50 % of inter-individual variations!® demonstrating the need
to consider this nominal variability. These variations can occur locally and globally,
with homogeneous or inhomogeneous incidence throughout the volume, leading to
challenging interpretations of lung function exams.

It is known that factors such as age, height, genetics, or environmental variables
can affect global lung function!'. The respiratory system adapts to the individu-
als’” morphologies and associated metabolism: taller people have greater muscle
activity, requiring an increase in pulmonary function activities. When dioxygen
becomes scarce with the altitude, the ventilation increases to optimize the dioxy-
gen supply in the blood!?. Diurnal variations of the pulmonary function are also
reported!® However, some particularities and singularities are specific to each per-

son, defined as "respiratory personality”

and seem quite reproducible over time.
The way of breathing seems unique for every individual and characterizes her or

him, as can be seen in Figure 1.4.

10X, Baur et al. Respiration, 2009.

11Graham L. Hall et al. The European Respiratory Journal, 2021.

12Robert B. Schoene. Journal of Experimental Biology, 2001.

13Boris I. Medarov et al. International Journal of Clinical and Experimental Medicine, 2008.
145 A. Shea and A. Guz. Respiration Physiology, 1992.
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Figure 1.4: This Figure is reproduced from the work of Benchetrit et al.!® and highlights
respiratory personalities from an analysis of airflows of participants from two studies
separated by 4-5 years. A harmonic analysis was performed to extract mean shapes of
digitalized airflow signals, which were then normalized over time.

These variations are sometimes not homogeneous throughout the lung, adding
a layer of complexity to lung pathophysiology. One prominent factor affecting local
lung function in everyday life is gravity!® The spatial distribution of ventilation in
the lungs is influenced by gravity, resulting in regional variations. In the upright
position, for instance, the basal region of the lung is more ventilated than its apical
region due to the gravity field. Aging can exacerbate these local variations: reduced
elasticity of lung tissue and related chest wall compliance also impair regional lung
function. These local disparities in ventilation pose a challenge to assessing lung
health. It emphasizes the need for a comprehensive understanding and interpreta-

tion of global and regional lung function measurements in clinical practice!”

16]. Milic-Emili et al. Journal of Applied Physiology, 1966.
1"Michael A. Roman et al. European Respiratory Journal, 2016.
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1.2 Ventilatory system pathology

This thesis aims to evaluate the ventilatory function in healthy human adults
and adult patients with chronically obstructed lungs. This part addresses the
disorders of the ventilatory function, focusing on the functional and structural
modifications resulting from the two most common obstructive diseases: asthma

and chronic obstructive pulmonary disease.

1.2.1 Respiratory diseases impairing the ventilatory
function

Soriano et al. '® found that nearly 545 million people worldwide suffered from
a chronic respiratory disease in 2017, mostly affecting the ventilatory function.
Although health is improving individually, the population is aging and growing,
leading to a global increase of 40 % in these patients to care compared with 1990.
Recently, the virus SARS-CoV-2 has significantly increased the number of patients
with chronic respiratory dysfunction!® placing respiratory diseases at the heart

of public health issues.

The section will focus on the main pathologies primarily affecting the ventila-
tory function, i.e., the ability to inhale and exhale efficiently: the restrictive and
obstructive respiratory diseases. Some of the most prevalent diseases are presented
for each category. As obstructive and restrictive syndromes might occur concomi-

tantly, mixed patterns will also be discussed.

A. Restrictive Respiratory Diseases

Restrictive respiratory diseases involve reduced lung compliance and limited
thoracic cage expansion, leading to decreased lung volumes. A mmnemonic called

"PAINT” categorizes the causes of restrictive lung disease into pleural, alveolar,

18 Joan B. Soriano et al. The Lancet Respiratory Medicine, 2020.
19A. V. Raveendran et al. Diabetes & Metabolic Syndrome: Clinical Research & Reviews, 2021.
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interstitial, neuromuscular, and thoracic cage abnormalities. However, the discrim-
ination of intrinsic and extrinsic lung diseases is preferred?° Intrinsic lung diseases
refer to diseases affecting the lung parenchyma. These conditions cause inflamma-
tion or scarring of the lung tissue (interstitial lung disease) or the occupation of
alveolar space (pneumonitis). Extrinsic lung diseases refer to extrapulmonary dis-
eases. It is caused by dysfunction of some components of the respiratory pump, such
as the chest wall, pleura, and respiratory muscles. Some examples of intrinsic lung
diseases are idiopathic pulmonary fibrosis, sarcoidosis, acute interstitial pneumonia,
systemic sclerosis, or hypersensitivity pneumonitis. Some examples of extrinsic lung

diseases are kyphoscoliosis, pleural conditions, ascites, or neuromuscular disorders.

The prevalence of restrictive diseases is difficult to estimate precisely because
the groups involve multiple pathological conditions, and important differences are
reported between geographical clusters. A survey conducted between 2007 and
2013 in the United States estimated that 6.5 % of participants from a nationwide
probability sample had restrictive impairment?! Idiopathic pulmonary fibrosis and
sarcoidosis are briefly presented as the two most prevalent interstitial lung diseases

in Europe and North America??

— Idiopathic Pulmonary Fibrosis (IPF): IPF is a progressive and often fa-
tal interstitial lung disease characterized by excessive collagen deposition and
lung tissue scarring (fibrosis). This leads to stiffening of the lungs, resulting
in decreased lung volumes. Common symptoms of IPF include persistent, dry
cough, shortness of breath during physical activity and even at rest, fatigue,
and chest discomfort. As the disease progresses, individuals may experience
reduced exercise tolerance and breathing difficulties, leading to respiratory
failure. The exact cause of IPF is unknown, and it usually affects older adults.

Timely diagnosis and management, which may include medication and lung

20 Pedro J. Martinez-Pitre et al. “Restrictive Lung Disease”. In: StatPearls. Treasure Island (FL): StatPearls
Publishing, 2023.

21Ear] S. Ford et al. Chest, 2013.

22Bhavika Kaul et al. Frontiers in Medicine, 2021.
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transplant evaluation in severe cases, are essential to slow the progression of

the disease and improve the quality of life.

Sarcoidosis: Sarcoidosis is a multisystemic inflammatory disease that be-
gins more frequently between 20 and 40 years of age and represents the most
frequent interstitial lung disease?® This rare inflammatory disease affects mul-
tiple organs, most commonly the lungs, in 90 % of cases. Its exact cause is
unclear, but it involves the formation of tiny clusters of inflammatory cells
called granulomas in various organs. In pulmonary sarcoidosis, granulomas
impair lung expansion and gas exchange. Sarcoidosis can manifest with many
symptoms, including a persistent cough, shortness of breath, fatigue, fever,
swollen lymph nodes, skin rashes, joint pain, and eye discomfort or vision
problems. The severity and organ involvement vary from person to person,
making diagnosis and treatment challenging. Treatment may involve medica-
tions to reduce inflammation and alleviate symptoms, but the condition may

sometimes resolve independently.

Obstructive Respiratory Diseases

An increased resistance to airflow characterizes obstructive respiratory diseases

due to narrowed or obstructed airways. Obstructive syndromes represent 80 %

of the pulmonary syndromes. The Forum of International Respiratory Societies

considers asthma and chronic obstructive pulmonary disease (COPD) as the two

main obstructive respiratory diseases and two of the 5 five most important lung

diseases worldwide from a prevalence standpoint?® Although these two patholo-

gies are largely predominant in obstructive lungs, other diseases induce obstructive

syndromes: it is, for example, the case of cystic fibrosis, bronchiectasis, bronchi-

olitis obliterans, etc.

— COPD Chronic Obstructive Pulmonary Disease (COPD): ranks as the third

most prevalent cause of mortality, with about 3.2 million patients dying each

23Stephanie M. Levine and Darcy D. Marciniuk. Chest, 2022.
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year worldwide? Tt constitutes 81.7 % of all deaths attributed to chronic res-
piratory conditions. In 2017, its global prevalence was estimated at 3.92 %18
This progressive and irreversible lung disease is characterized by chronic in-
flammation and airflow obstruction in the lungs. Common symptoms include
persistent cough, increased production of mucus, shortness of breath (espe-
cially during physical activity), wheezing, and chest tightness. COPD is
primarily caused by long-term exposure to irritants such as smoking, air pol-
lution, and occupational dust or chemicals. It is a debilitating condition
that can significantly impact a person’s quality of life and, if left untreated,
can lead to severe complications like respiratory infections and respiratory
failure. Early diagnosis and management, including lifestyle changes, medi-
cations, and pulmonary rehabilitation, can help alleviate symptoms and slow

disease progression.

Asthma: In 2017, asthma global prevalence is estimated at 3.57 %18 It is the
most common chronic disease of childhood, with an increased prevalence for
the past three decades?® Among 301 acute or chronic diseases and injuries,
asthma was the 11th leading cause of disability in terms of years of life lost in
good health in 20152 This chronic inflammatory disorder causes reversible
airflow obstruction due to bronchial hyperresponsiveness and airway inflam-
mation. Triggers such as allergens or irritants can lead to bronchoconstriction
and increased mucus production. Avoidable asthma deaths (about 1000 per
day) occur due to inappropriate management and control of the disease, with
geographical variabilities. This is often due to excessive reliance on reliever

medications and insufficient use of preventive medications?®

Patients can present concomitant features of asthma and COPD, particularly

elderly patients, defining the Asthma-COPD Overlap Syndrome (ACOS) recently

23Stephanie M. Levine and Darcy D. Marciniuk. Chest, 2022.

18 Joan B. Soriano et al. The Lancet Respiratory Medicine, 2020.

18 Joan B. Soriano et al. The Lancet Respiratory Medicine, 2020.

23Stephanie M. Levine and Darcy D. Marciniuk. Chest, 2022.

24Theo Vos et al. The Lancet, 2016.

25GBD 2019 Diseases and Injuries Collaborators. Lancet (London, England), 2020.
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introduced in medical care. The shared symptoms of asthma and COPD, as well
as this mixed ACOS condition, are a real challenge in clinical practice for high

specificity of diagnostics.

C. Mixed patterns

Some patients exhibit the features of both obstructive and restrictive syndromes.
This condition is, however, rare: a retrospective study in 2010 evaluated 43,212
pulmonary function tests and found 130 patients with combined obstructive and
restrictive syndromes?® Mixed patterns are primarily caused by the combination of
pulmonary parenchymal and non-pulmonary disorders (48 % of the cases) and sec-
ondly by pulmonary parenchymal disorder (38 % of the cases). The most prevalent
diseases associated with combined obstructive and restrictive patterners are COPD,

sarcoidosis, and non-parenchymal lung diseases such as congestive heart failure.

1.2.2 Structural and functional alterations in asthma
and COPD

The prevalence of obstructive diseases, particularly asthma and COPD, and
their difficult diagnosis justifies the importance of focusing on these two patholo-
gies. These chronic respiratory conditions are characterized by shared structural
changes in the airways and tissues, altering lung function. However, they differ in
their underlying causes and some clinical features. Understanding these structural
and functional particularities is crucial for a sensitive and specific diagnosis and

management of these respiratory conditions.

In COPD, the lung tissues gradually deteriorate due to prolonged irritant ex-
posure. This leads to the destruction of alveoli, resulting in emphysema (see Fig-
ure 1.5) with reduced elasticity and reduction of the surface area for dioxygen and

carbon dioxide exchange. Chronic airway inflammation (bronchitis) and increased

26Enrique Diaz-Guzman et al. Respiratory Care, 2010.

21



1. The human lung pathophysiology

mucus production contribute to airway narrowing and obstruction, leading to irre-
versible airflow limitation. Fibrosis or scarring of lung tissue can appear over time
due to prolonged inflammation and diminishing compliance, increasing the amount
of effort required to inhale and exhale. This dysfunction of lung ventilation is
mainly assessed in clinical routine with spirometry measurements: airflow is mea-
sured at the mouth during forced expiratory maneuvers. Morphological anomalies
can be detected at an early stage of the disease using imaging techniques through
X-ray findings, such as signs of inflammation and thickening in airway walls, lung

hyperinflation with bullae, fibrosis, or scarring in the lung tissues.

Asthma is characterized by reversible bronchoconstriction, mainly when trig-
gered by allergens or irritants inducing smooth muscle spasms (see Figure 1.5).
Over time, chronic inflammation (driven by an increased number of immune cells
such as eosinophils) can lead to structural changes in the airways, such as thick-
ening of the airway walls, increased mucus, and increased smooth muscle mass.
They contribute altogether to further airflow obstruction. These features can be
observed variably (as a function of the current environment) using morphological
imaging techniques such as CT, particularly to characterize airway inflammation,
hyperinflation, and air trapping. However, the function of bronchoconstriction and

its reversibility need to be assessed for a specific exam to rule out COPD.
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Healthy COPD Asthma

Figure 1.5: Airways and alveoli structural changes under obstructive disorders. COPD
is characterized by chronic bronchitis (airway inflammation and excess mucus) and em-
physema (destruction of alveolar membranes). Asthma is characterized by a hyperre-
sponsiveness of airways, leading to chronic moderate bronchitis and episodes of asthma
attacks when triggered.

Asthma and COPD are chronic respiratory diseases with close but distinct
structural and functional changes in the airways and lungs. Asthma is character-
ized by reversible bronchoconstriction, airway inflammation, and hyperresponsive-
ness, while COPD involves irreversible airflow limitation, chronic bronchitis, and
emphysematous changes. However, the two diseases have overlapping symptoms,
and the differentiation can be difficult. Moreover, some patients present mixed
symptoms of asthma and COPD, particularly in elderly patients, increasing the

difficulty of obtaining specific diagnoses.
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1.3 Standard characterization of pulmonary
diseases

Several lung functions can be affected, leading to discomfort or increased danger
for patients. Based on empirical knowledge, a standardized examination routine
has been built to assess whether the lung functions correctly and what underlying

illness could be present. Most of these exams require the cooperation of the patient.

1.3.1 Pulmonary functional tests (PFT)

Patients follow a clinical routine called pulmonary function tests (PFTs) to diag-
nose and monitor respiratory diseases. The main tests assess ventilatory capacity,

blood gas transfer, and blood dioxygen levels.

A. Spirometry

The best-known and most widely used test is spirometry. The spirometer mea-
sures the flow of air inspired and expired at the mouth as a function of time during
forced inspiration-expiration cycles. Standard spirometry can reach recruitable vol-

umes, i.e., the different lung volumes we can access through muscular action. As

__ dv

= &), it is possible to plot flow-volume

flow @ is the first derivative of volume (Q
conjointly, in what finally is the phase portrait of the volume. Key parameters

obtained from spirometry include:
— Forced Vital Capacity (FVC) and Forced Expiratory Volume in 1 second
(FEV1), which are evaluated under the Tiffeneau coefficient

— Forced Expiratory Flows (FEF) at different fractions of the forced vital ca-
pacity (often 25 %, 50 % and 75 % of FVC).

— Peak Expiratory Flow (PEF)
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These measurements are compared to reference equations of the Global Lung
Initiative (GLI)2"?® based on the sex, age, weight, height, and ethnicity of the
patients and are regularly updated. It provides information about airflow limitation

and potential obstruction or restriction in the airways, as illustrated in Figure 1.6.
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Figure 1.6: Principles of standard spirometry. Typical differences in flow-volume loop
shapes depend on the pathology.

B. Plethysmography

Plethysmography measurements provide insight into non-recruitable lung vol-
ume, such as the total lung capacity (TLC), residual volume (RV), and functional
residual capacity (FRC). It enables the characterization of lung conditions like re-
strictive lung diseases and hyperinflation. Helium dilution is another technique to
assess these non-recruitable volumes. However, body plethysmography is usually

recommended as it is more robust to complex cases of strong airway obstructions?

27Philip H. Quanjer et al. The European Respiratory Journal, 2012.
28Cole Bowerman et al. American Journal of Respiratory and Critical Care Medicine, 2023.
29Claudio Tantucci et al. Respiration, 2016.
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The person sits in a sealed chamber and breathes in and out against a closed valve.
Changes in pressure within the chamber reflect lung volume changes, providing
insights into lung capacity and function through the Boyle law. The Figure 1.7

defines the main volumes assessed through plethysmography exams.
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Figure 1.7: Lung volumes designations during tidal and forced expiratory cycles. Ex-
trema in the curve represents maximal and minimal reachable respiratory states. Figure
extracted from Kindred Grey 3°

C. Diffusion Capacity (DLCO)

Diffusion capacity measures the ability of the lungs to transfer gases from the
alveoli to the bloodstream. Patients inhale a small amount of carbon monoxide
mixed with a trace amount of another gas like helium. They hold their breath
briefly, allowing the carbon monoxide to be absorbed into the bloodstream through
the alveolar-capillary membrane, while the inert gas does not cross the alveolar
wall. The concentration of carbon monoxide in the exhaled breath is measured
after the breath-hold and compared with the initial concentration, factoring in the
lung volume and the time of breath-hold. This diffusion capacity of the lung for
carbon monoxide (CO) is called Dyco and is generally measured in mL/min/kPa.
A lower Dpco value indicates impaired gas exchange capacity, suggesting poten-
tial issues with the alveolar-capillary interface, such as inflammation, fibrosis, or

reduced surface area for diffusion.
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The outcome provides insights into a diffusing capacity for dioxygen (Dro,),
which would be the preferred measurement as O, is the molecule involved in cel-
lular metabolism. Do, is defined as the rate at which the lungs absorb dioxygen,
divided by the partial pressure of dioxygen between the alveoli and blood. Mea-
suring Dy, is a complex task as it necessitates an invasive procedure to obtain
the partial pressure of dioxygen in the pulmonary artery. In contrast, the par-
tial pressure of carbon monoxide in the blood is typically disregarded due to its
strong affinity with red blood cells, making it readily absorbed by them. This is
why Dpco is employed instead of Dy, to estimate pulmonary diffusing capacity,

as explained by West et al.3!

D. Multiple breath washout (MBW)

MBW is a technique that measures the concentration of an insoluble gas (com-
monly nitrogen) over multiple washin/washout breathing patterns. Along with the
expired volume per breath during a washout, it enables the assessment of the spe-
cific ventilation heterogeneity of the gas transport through respiratory tracts. This
technique was introduced in the 1950s and is still available in clinical routine3? The

metric returned is a global measurement of specific ventilation heterogeneity.

E. Arterial blood gas composition

The arterial blood gas (ABG) composition of blood drawn from an artery al-
lows us to measure key parameters that include pH, partial pressure of dioxygen,
partial pressure of carbon dioxide, bicarbonate, base excess, and dioxygen satu-
ration. ABG analysis provides crucial information about a person’s respiratory

and metabolic status.

All these exams are quite simple and reliable. However, their resulting mea-

surements require the cooperation of the patients, which is not always possible.

31 John-B. West. La physiologie respiratoire. 6e édition. Maloine, Nov. 2003.
32Paul D. Robinson et al. Respiration, 2009.
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Furthermore, these exams only provide global measurement. Because many lung
diseases affect specific lung regions (such as pulmonary embolism, pneumothorax,
or lung cancer, for example), and because healthy regions can compensate for
local defects globally, it is necessary to develop techniques allowing regional di-

agnoses of pulmonary function.

1.3.2 The role of imaging techniques in respiratory
studies

Imaging techniques provide complementary information compared with tradi-
tional pulmonary function tests by providing visual, structural, and sometimes
functional information about the respiratory system. They provide unique insights
about the location and extent of lung impairments while allowing a better under-

standing of lung pathophysiology in its spatial complexity.

In clinical practice, lung images from conventional radiography are the most
common routine exam to reveal structural abnormalities such as lung opacities in
pneumonia, lung masses, cavity shape distortion in emphysema, or pneumothorax.
This exam is fast, widely available, and relatively cheap compared to other imaging
strategies. Some examples of conventional radiography can be observed on the
Figure 1.8 extracted from Wang et al. work3?® These 2D projections reflect the
attenuation of X-rays by biological tissues, giving information on the structure of
organs but also the physical properties of tissues (absorption coefficient in the range

of electromagnetic radiation between 10'® Hz and 10%° Hz).

However, diagnoses are not always possible on these 2D projection images, de-
spite efforts in machine learning strategies to support radiologists’ analysis. Com-
puted Tomography (CT) allows the acquisition of higher-resolution images of X-ray
contrast through the three-dimensional reconstruction of multiple X-ray projec-

tions, allowing for more detailed assessments of lung anatomy and diseases. Its

33 Xiaosong Wang et al. “ChestX-ray8: Hospital-scale Chest X-ray Database and Benchmarks on Weakly-
Supervised Classification and Localization of Common Thorax Diseases”. In: 2017 IEEE Conference on Computer
Vision and Pattern Recognition (CVPR).. July 2017. po1: 10.1109/CVPR.2017.369.
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1. The human lung pathophysiology

Atelectasis Effusion

] Mass Nodule | Pneumonia }__Pneumothoraxf

Figure 1.8: Several chest radiography automatically labeled with associated diseases
extracted from Wang et al. work3? For example, air trapping (atelectasis) results in a
high residual lung volume and a flattened diaphragm.

ionizing nature limits its wide clinical application for high volumes, dynamic ac-
quisition, and longitudinal studies. Recent technical progress has made the same
image quality possible to use an average 75 % effective radiation dose using photon-
counting detectors3+3® Deep learning reconstructions are also strong assets for low-

dose CT imaging3® These examinations are usually only morphological and do not

provide information regarding lung function.

To access pulmonary function, specifically pulmonary ventilation, one strategy
consists of making two CT acquisitions: one at the end of inspiration and one at the
end of expiration. Analyzing the two images enables quantifying the ventilation
and its possible defects. However, the patient must cooperate to carry out the
breath-hold acquisitions, and ionization does allow neither longitudinal monitoring

nor temporally resolved acquisition.

34Thomas Flohr et al. Physica Medica, 2020.
35Matthias Michael Woeltjen et al. Diagnostics, 2022.
36E. Immonen et al. Radiography, 2022.
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1. The human lung pathophysiology

Using an exogenous radioactive tracer to radiate gamma rays directly or in-
directly, the ventilation can be estimated conjointly with the perfusion. These
exams are usually used to diagnose pulmonary embolism. They rely on scintig-
raphy or Single Photon Emission Computed Tomography (SPECT) and are com-
monly referred to as V/Q scintigraphy or V/Q SPECT. The "V/Q” stands for
the ventilation-to-perfusion ratio inferred, which should match to ensure the opti-
mal gas exchange. The ventilation maps result from administering an aerosol of
radionuclides distributed throughout the respiratory tracts. In contrast, the perfu-
sion maps result from an intravenous injection of a radionuclide, which remains

in the vascular system?’

Magnetic Resonance Imaging (MRI) has been little used in clinical routine due
to its low availability, high cost, and the technical difficulties in the pulmonary
application that have hitherto been significant. Similar to CT acquisitions, the
two respiratory phases at the end of inspiration and expiration can be analyzed
in clinical routine. However, its innocuousness allows dynamic and longitudinal
exams while maintaining high-resolution imaging, considering it an alternative to
CT imaging3® More recent developments in fundamental research reveal the strong
potential of the technique for both morphological and functional examinations,

including strategies with a small transfer gap for clinic usage.

37Paul J. Roach et al. Journal of Nuclear Medicine, 2013.
38 Michael Puderbach and Hans-Ulrich Kauczor. Pediatric Radiology, 2008.
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2. MR ventilation imaging

Imaging techniques pave the way for improved diagnostic capabilities with re-
gional sensitivity and a deeper understanding of lung pathophysiology. Conven-
tional radiography and CT scans are the most common methods available in clinics.
However, there is growing interest in using pulmonary MRI to image lung function.
Its innocuity means that dynamic and longitudinal lung function studies can be
carried out, and technical advances support its potential to characterize the local
lung function fully. This chapter introduces first why MRI is, at first sight, not
expected to be a relevant exam for lung function testing. The second part focuses
on recent developments that have made pulmonary functional MRI feasible and
a promising technique. Finally, state-of-the-art proton MRI approaches to assess

the ventilatory function are presented.

2.1 MRI of the lungs: an odd idea

MR imaging of the lung has long been a queer application. This section presents
the fundamental physical principles of MRI that challenge its use for lung imaging.
To delve deeper into the physics of MRI and its sequences, it is advisable to refer
to Bloch’s seminal article?® as well as referenced books like Brown et al.2° and
Bernstein et al. #* The difficulties linked to lung imaging by MRI are also explored

in greater detail in the review paper by Kauczor et al. 42

Quantum physics is widely used to describe the underlying physics of nuclear
magnetic resonance. However, MRI usually deals with very large ensembles of
spins (on the order of 10* hydrogen nuclei contained in a typical (1.5 x 1.5 x
1.5) mm?® lung voxel) such that Bloch’s classical theory is suitable to describe

the involved phenomena?

39F. Bloch. Science (New York, N.Y.), 1953.

40 Robert W. Brown et al. Magnetic Resonance Imaging: Physical Principles and Sequence Design. 2e édition.
Wiley-Blackwell, May 2014.

41 Matt A. Bernstein et al. Handbook of MRI Pulse Sequences. 1st edition. Amsterdam ; Boston: Academic
Press, Sept. 2004.

42 Hans-Ulrich Kauczor and Mark Oliver Wielpiitz. MRI of the Lung. Softcover reprint of the original 2nd ed.
2018 édition. Springer Nature Switzerland AG, Dec. 2019.

43Lars G. Hanson. Concepts in Magnetic Resonance Part A,. 2008.
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2. MR ventilation imaging

2.1.1 The origin of the signal in nuclear magnetic
resonance

In a sample of matter, each nucleon particle of an atom nucleus is associated
with a spin, an intrinsic quantum property. For non-zero spins s under a magnetic
field g@, the spin ensemble presents a total magnetic moment that provides the
MR signal. The magnetization M, is defined as the density of the total magnetic
moment and is preferred to describe nuclear magnetic resonance (NMR) physics.

At the sample thermal equilibrium, M, is given by the Boltzmann law °:

s(s+ 1)y2h?

My ~ po ST

where k is Boltzmann’s constant, T is the absolute temperature of the sample,
po the spin density, & is the Planck’s constant divided by 27, and ~ is the gyro-

magnetic ratio of the nuclei.

The net magnetization My is aligned and proportional to By. Following the
Larmor work, the experienced magnetic field produces a torque on MO, resulting in
its clockwise precession at the Larmor angular frequency wy, = vBy. Local frequen-
cies can shift depending on the effective magnetic field By experienced by nucleon
particles relative to their environment. It is characterized by susceptibility effects
at the atomic or molecular level, that is, their ability to get magnetized as they
experience a magnetic field 445 For hydrogen MRI, it was shown that the averaged
resonance frequency increased by 230 Hz at 1.5 T (3.6 ppm) in the lung tissues

compared to mediastinal muscle, which can induce artifacts at the interfaces6:47

The hydrogen nuclei, 'H, commonly called "protons” (only one proton in its
nucleus), have a spin of 1/2, leading to a non-zero dipolar magnetic moment. This

nucleus is particularly interesting and primarily used in MRI because of its natural

44M. N. Hood et al. Radiographics: A Review Publication of the Radiological Society of North America, Inc,
1999.

45Devesh Raj et al. Physics in Medicine & Biology, 2000.
46C J Bergin et al. Radiology, 1991.
4THiroto Hatabu et al. Radiology, 2020.
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abundance in human biological tissues composed mainly of water molecules (around
10%7) HoO % Moreover, the Larmor frequency of the hydrogen nuclei can be reached
with ordinary hardware (gyromagnetic ratio of 42.58 MHz-T~!). The stimulation
of the nuclear magnetic resonance at the resonant Larmor frequency enables the
measurement of the total magnetic moment of the sample in a transverse plane.
However, the lungs, filled with gas, contain little hydrogen nuclei compared to

other tissues: the average hydrogen density is 0.1 in healthy lung tissue?

This low density is the first limitation of proton lung MRI, as the magnetization,
thus the MRI signal, is proportional to it, see (2.1). Some other nuclei with 1/2
spins, such as '*Xe, 3He or 'F, are also used. The dipolar magnetic moments from
1/2 spins are preferred as they are easier to handle than larger dipolar moments,
where coupling Zeeman effects occur. However, they require specific hardware
tuned to associated resonant frequencies, and these nuclei are not naturally present
in lung tissues. If inhaled in a gaseous form, it nevertheless becomes possible to
image them (as it will be detailed in section 2.2.1). For this section, we will focus

on 'H MRI physics, but the physical underpinnings are similar for the other nuclei.

2.1.2 Relaxation in parenchymal tissues

As previously mentioned, the MR signal is obtained by measuring temporal vari-
ations of the total magnetic moment in a plane perpendicular to B}. A transversal
radiofrequency excitation pulse B oscillating at Larmor frequency (63.87 MHz at
1.5 T and 127.74 MHz at 3 T) stimulates the nuclear magnetic resonance. The
magnetization is flipped away from its equilibrium along the By direction. In the

rotating frame, the net magnetization M, processes around B at wy = vB;. The

0]

B for a complete flip of the

RF application pulse duration is defined as T, =
magnetization o = 7/2, t and commonly in the millisecond range. After the RF
pulse, the magnetization vector returns to the equilibrium state ]\7[0 following Bloch

et al. empirical equation?® which includes the relaxation phenomenon. Under an

48R. Pethig and D. B. Kell. Physics in Medicine & Biology, 1987.
39F. Bloch. Science (New York, N.Y.), 1953.
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external static magnetic field g@, the magnetization in the rotating frame of a

sample can be described by :

spin-lattice interaction

1

—=~vM x B —(My — M, - —M 2.2
0t YM X Do+ T1( 0 1) i, 1 (2.2)

precession N————
spin-spin interaction

with ]\7[” and M 1, the parallel and perpendicular components of the magne-
tization relative to the magnetic field direction By. In the equation (2.2), two

relaxation components are defined:

— T relaxation (longitudinal relaxation): After the RF pulse is being tipped
away from go, the magnetization returns to equilibrium. This process is
governed by 7T} relaxation, with 7T} the temporal constant of the exponential
signal decay characterizing the longitudinal component of the magnetization
M |- T1 describes the rate at which energy is transferred from the spins to the
lattice, releasing energy as heat to the surrounding molecular matrix. 7} de-
pends on the molecular structure and environment, which sets the frequency
of the molecular collisions v¢. If v is closed to 2mwy, the energy transfer fas-
tens, and T} is shortened. Gadolinium-based contrast agents are sometimes

used in MRI to shorten 77 and thus the resulting MR signal can be increased

for T7 weighted sequences.

— T relaxation (transverse relaxation): The spins of the excited nuclei also lose
phase coherence due to their interactions with the spins of the neighboring
nuclei. This loss of coherence is characterized by T relaxation, with 75 the
temporal constant of the exponential decay characterizing the transversal
component of the magnetization M. The first factor of dephasing occurs
at a microscopic scale where magnetic moments randomly influence each
other (T3). A second factor happens at a macroscopic scale, where slight
inhomogeneities cause a loss in transverse magnetization as the moments

dephase (T3). Ty (also called "apparent T5”) is related to its two components
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2. MR ventilation imaging

by: T%; = T% + %é Ty or T, usually sets the signal decay and a limit for

sampling it.

Particularly, in the lung parenchyma, which is composed of an important air-
tissue interface (130-140 m?), differences in local magnetic susceptibilities x (Ayx =
8 ppm at parenchyma-air interfaces at 1.5 T) lead to local magnetic field inhomo-
geneities. T3 is thus extremely low: in the order of 2.1 ms at 1.5 T and 0.7 ms
at 3 T while, for example, common T; for muscles are in the order of tens

of milliseconds??.

The temporal evolution of transverse magnetization, which is a free induction
decay (FID), can be probed using a simple radiofrequency coil and directly assessed
along its derivative through Faraday’s law. For an FID signal after a pulse flipping
the magnetization, we would measure a demodulated signal S(t) oc pexp(—t/Ty).

The extremely short T of the lung parenchyma induces rapid signal loss.

2.1.3 Imaging a moving object

The FID signal does not contain any information regarding the spatial origin of
the signal as we measure the total magnetic moment of the sample. Lauterbur ®!
and Mansfield °2 set the ground for the fundamental principles of modern MR imag-
ing by employing time-varying magnetic gradients, noted G (t), Gx(t), Gx(t), corre-
sponding to the MRI system Cartesian axes. These homogenous gradients lead to a
linearly-varying magnetic field with the corresponding spatial dimension. It causes
the precession frequency of protons to vary spatially in the field of view (FOV) as
w(z) = 7(Bo+ Gxx). These gradients are used to encode spatial information in the
phase or frequency of the MR signal. For a gradient Gy applied conjointly with

the data acquisition, the signal S(¢) measured with the receive coil is 4°:

49 Jiangsheng Yu et al. Magnetic Resonance in Medicine, 2011.
50Charlotte Zaeske et al. PLOS ONE,. 2022.

51p. C. Lauterbur. Pure and Applied Chemistry, 1974.

52p. Mansfield. Contemporary Physics, 1976.
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Srip(t) o //FOV sin(a) exp(—é)Mo(x, Y, 2) exp(—i(kx(t)x+k‘y(t)y +kz(t)z))dxdydz
(2.3)
with:
k() = L [ Girydr (2.4)

2 Jo

where ky, ky, and k, are the spatial frequencies encoded by the gradient along
the three directions. We can recognize the 3D Fourier transform of the initial
magnetization. In MRI, we navigate through magnetic gradients directly into the

Fourier volume, called the k-space.

We can retrieve the image by the inverse Fourier transform of the acquired
k-space. To obtain a whole 2D or 3D image, a full k-space, either 2D or 3D,
must be acquired. Usual acquisition times in MRI range between a few seconds
to several minutes. In lung MRI, breathing imposes a movement to the imaged
sample during the acquisition with an average respiratory rate of 12 to 20 cycles per
minute’® The reconstructed image combines information corresponding to different

views of respiratory states. This leads to blurring and aliasing.

The contrasts obtained between tissues on MR images depend on RF pulse
and magnetic gradient schemes. Diverse contrasts and measures can be driven

by two main parameters:

« the echo time (TE): refers to the time between the RF pulse and the data
acquisition, which is usually when the total magnetic moment is refocused
and maximal in the transverse plane;

« the repetition time (TR): refers to the time between two repeated excitation

RF pulses and thus two different acquired lines in the k-space volume.

53], Brady Scott and Ramandeep Kaur. Respiratory Care, 2020.
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2.2 Recent developments in lung MRI

All the aforementioned limitations present strong caveats for lung MRI. They
have been alleviated thanks to innovative methods and technical advances in both
hardware and computer processing. Voskrebenzev et al® recently discussed these

issues and the current directions of the research in a review.

This section presents the most common strategies to cope with low signals
in lung tissues and respiratory motion and an overview of the main techniques
assessing lung function. The last section 2.3 will deepen MR functional lung

imaging with a review.

2.2.1 Tackling low signal in parenchymal tissues

A. Changing the nucleus for magnetic resonance

As the density of hydrogen nuclei is inherently low in lung tissue, other nu-
clei have been used for lung MRI and, particularly, hyperpolarised *Helium and
129X enon® They can be prepolarized up to 92 %, leading to a net magnetiza-
tion greater than the value at thermal equilibrium by five to six orders of magni-
tude before being inhaled and imaged. A fast acquisition is performed, usually
at breath-hold, and a clear image of the airways, where the gas goes, can be

obtained (see Figure 2.1).

However, to carry MRI for these nuclei, in addition to the sparse supply of
SHelium and the cost of the gases, it is necessary to have an MRI equipped with the
suitable RF channels tuned to emit and receive RF signal at the Larmor frequency

of these nuclei ('*Xe at 35.33 MHz and *He at 97.29 MHz at 3 T).

This use of hyperpolarized gases will be further detailed in section A..

54 Andreas Voskrebenzev and Jens Vogel-Claussen. Journal of Magnetic Resonance Imaging, 2021.
55David M. L. Lilburn et al. Journal of Magnetic Resonance, 2013.
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smoker

Figure 2.1: *Helium lung MRI in a healthy volunteer and different subjects with smok-
ing habits, chronic thromboembolic pulmonary hypertension (CTEPH), cystic fibrosis
(CF), chronic obstructive pulmonary disease (COPD), and asthma’% Poorly ventilated
areas, i.e. regions the gas does not reach, appear hypointense.

B. Original sequences

Other developments focus on sequences that mitigate the 75 effects of magnetic
susceptibility inhomogeneities, which are significant in parenchymal tissues and
vary with lung inflation. Gradient echo acquisitions are generally used for shorter
total acquisition times. In any case, measuring the signal before its complete decay
along Ty is necessary. For this, ultra-short echo time (UTE) ®" sequences and a
zero echo time (ZTE) ®® variant have been developed. They make it possible to
obtain contrasts without any 73 weighting and close to the proton density, namely

the tissue density, and thus close to the contrasts obtained by CT (Figure 2.2).

Balanced steady-state free precession (bSSFP) sequences also allow a short
echo time for image encoding®® Moreover, the 'H magnetization is refocused in-

stead of spoiled after each encoding step, permitting higher flip angles than spoiled

57Kevin M. Johnson et al. Magnetic Resonance in Medicine, 2013.
58 Markus Weiger et al. Magnetic Resonance in Medicine, 2011.
60Govind B. Chavhan et al. RadioGraphics, 2008.
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Figure 2.2: CT (top) and 3 T UTE MRI (bottom) axial slices in the lung of two COVID-
19 patients (left and right). These figures are extracted from Jang et al®® The same
radiological findings are found for both modalities: ground-glass opacities (red arrows),
ground-glass opacities consolidation (yellow arrow), air bronchogram (green arrow), and
pseudocavity (blue arrow). CT and UTE MRI present similar contrasts in the lung
parenchyma, which can associated to the soft tissue proton density. The UTE MRI
image has a lower resolution but it is not ionizing.

gradient-recalled (SPGR) sequences. This, in turn, results in an enhanced signal-
to-noise ratio in parenchymal tissues and blood (up to 4 times in comparison to
standard UTE acquisitions at 1.5 T %) although it comes at the cost of an increased
specific absorption rate (SAR), which can lead to radiofrequency-induced patient
heating. Thanks to the inherent combination of T, and 77 relaxation time con-
trast, bSSFP images yield a "bright blood” signal, providing a clear visualization

of pulmonary vessels (Figure 2.3).

61Grzegorz Bauman and Oliver Bieri. Magnetic Resonance in Medicine, 2020.
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_Low-dose CT

Figure 2.3: bSTAR MRI (left) and CT (right) 3D images in the lung of a 74-year-
old patient with granulomatous lung disease®? The bSTAR sequence is derived from
balanced steady-state free precession (bSSFP) sequences with the addition of a second
echo. Contrasts differ, but the excellent signal-to-noise ratio (SNR) obtained with the
bSTAR sequence enables distal vessels to be imaged with a submillimetric resolution
(0.9 mm isotropic resolution in a 12:50 min acquisition).
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C. Toward lower field ?

When we seek to increase the SNR of MR images, it is usual to image at
higher fields as the SNR is expected to increase linearly with the field B, for
magnetic fields higher than 0.4 T2° This could encourage imaging the lung at
higher fields% However, the local magnetic gradients induced by the differences in
magnetic susceptibilities between the gas and the parenchymal tissue also increase
with the magnetic field. The benefit of imaging the lung at lower fields has been
experimentally demonstrated by comparing 1.5 T with 3 T5* and, more recently,
1.5 T with 0.55 T% The Ty is 2.11 £ 0.27 ms at 1.5 T, 0.74 + 0.1 ms at 3.0 T,
and approximately 10 £ 2 ms at 0.55 T demonstrating a non-linear effect of the
field on the decay in 7. No model predicts the SNR in the lung parenchyma
according to the magnetic field. Acquisitions at lower fields have been carried out
at 0.2 T % and 0.35 TS However, hardware differences between such systems and
conventional ones at 1.5 T are too wide to enable magnetic field comparison based
on image quality. Ultra-low-field (< 0.1 T)) proton MRI has not yet been published,
to my knowledge. How low we should go to maximize the signal-to-noise ratio in

the lung is still an open question.

63Mathieu Lederlin and Yannick Crémillieux. Journal of magnetic resonance imaging: JMRI,. 2014.
64Guillaume Chassagnon et al. Radiology, 2019.

65 Adrienne E. Campbell-Washburn. American Journal of Respiratory and Critical Care Medicine, 2020.
49 Jiangsheng Yu et al. Magnetic Resonance in Medicine, 2011.

66Maren Zapke et al. Respiratory Research, 2006.

67Rabea Klaar et al. Radiation Oncology, 2023.
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2.2.2 Handling the respiratory motion

Although often perceived as a "problem” for lung imaging, the respiratory
motion carries valuable pathophysiological information. Different strategies are
adopted depending on the acquisition objectives: motion-free (we avoid the motion),
motion-compensated (we remove the motion), or motion-resolved (we reconstruct
the dynamic, each respiratory state being "motion-free”). Large organs require
long MRI acquisition times for a resolution of the order of millimeters. In clinical
practice, fast acquisitions are typically performed in apnea to avoid respiratory ar-
tifacts, so 3D spatial coverage, SNR, and spatial resolution must be traded off. It is
also possible to use ultra-fast 2D sequences and thus acquire time series for a lung
slice%® Despite losing real-time resolution, only three-dimensional acquisitions can
capture completely the breathing motion. Three-dimensional approaches developed
in research are based on considering the motion prospectively (at the acquisition)
or retrospectively (during image reconstruction). These methods all rely on using a

respiratory signal surrogate and use the pseudo-cyclicity of the respiratory motion.

A. Estimation of the respiratory motion

The most common method available in the clinic to monitor respiratory move-
ment is the use of a pneumatic belt placed at the upper abdomen or the chest of
the patient. The device expands and contracts as the patient’s girth changes with
breathing. A distant sensor is linked through an air hose and measures inner air
pressure variations. However, the signal carries partial information about respira-
tion as it only assesses the anteroposterior and left-right motion while the breathing
is mainly along the superior-inferior direction. Another strategy is to capture mo-

tion information through a supplementary step in the acquisition sequence: they

68 Grzegorz Bauman et al. Magnetic Resonance in Medicine, 2016.
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are called "navigators” and can be 0D, 1D, 2D, or 3D5% 7 These navigations
increase acquisition time, but this is compensated by the time saved in setting
up the belt. Finally, an approach proposed by Pipe et al. in 1999 demonstrates
the extraction of a respiratory signal surrogate from the k-space center’*™ This
is called self-navigation. The contrast information, corresponding to the low spa-
tial frequencies in the center of the Fourier volume, evolves during respiration even
though the phenomena involved and their weighting in the signal are not completely
understood. Some physical explanations could rely onto the motion in and out of
mediastinal contents (hypersignal) and gas inside respiratory tracts (hyposignal),
the variation of coil sensitivities while lung parenchymal signal evolves with proton
density, or the variation of the By homogeneity. However, it has been shown em-
pirically that the DC signal at the center of the k-space correlates well with those

of the respiratory belt, demonstrating the reliability of their measurement.™

B. Prospective gating

Prospective gating is a technique for which MR data is acquired only when
the probed system reaches a selected motion state. For example, in the lung,
the end of expiration for respiratory motion (Figure 2.4 left) can be selectively
acquired where the subject can naturally stay a few seconds without further motion.
This triggered acquisition can be performed for several motion gates’ A real-time
navigator triggers the acquisition at the required respiratory state. This strategy
enables data acquisition to be planned with an apparent motion-free k-space. As

the acquisition is triggered, it leads to longer acquisition times.

69R. L. Ehman and J. P. Felmlee. Radiology, 1989.

70Stefan Weick et al. Journal of Magnetic Resonance Imaging, 2013.

"lThomas A. Spraggins. Magnetic Resonance Imaging, 1990.

72Y Wang et al. Radiology, 1996.

"3Edward Brian Welch et al. Magnetic Resonance in Medicine, 2002.

74 James G. Pipe. 1999.

"SWenwen Jiang et al. Magnetic Resonance in Medicine, 2018.

76 Christoph Kolbitsch et al. Physics in Medicine & Biology, 2018.

"TGuang Li et al. International journal of radiation oncology, biology, physics, 2017.
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C. Retrospective gating

Retrospective gating is a technique where MR data is acquired continuously,
and gating or binning is performed retrospectively during the reconstruction pro-
cess according to a reference respiratory signal Figure 2.4 right). Images are then
reconstructed for each gated dataset to form the respiratory dynamic. When the
gating is performed on the self-navigator signal, it is called "self-gating”. A first
demonstration was made by Pipe et al. ™ This technique is now widely used for
lung dynamic imaging. From this dynamic, strategies have been developed to ob-
tain increased quality images (high SNR and more anatomical details) based on
iterative motion-compensation reconstructions™ The deformation field is inferred
from image registration and incorporated into the 3D+t reconstruction. It provides

valuable morphological information but is computationally very expensive.

Prospective gating Retrospective gating

Respiratory signal

triggered acquisition

Data acquisition

—
data binning .

Y

W Motion-free images m
g | A

Figure 2.4: Motion-free acquisition strategies for lung MRI based on prospective or
retrospective gating of one respiratory state. The prospective gating (left) relies on the
triggered acquisition: the signal is acquired only when the lung is at a chosen respiratory
state (usually end-of-expiration). The retrospective gating is based on data processing
to extract only the data at certain respiratory states.

Image reconstruction

74 James G. Pipe. 1999.
78Xucheng Zhu et al. Magnetic Resonance in Medicine, 2020.
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These two techniques can be considered motion-free, with a negligible intra-
bin motion, and can be derived into more complex motion-resolved approaches
where several respiratory phases are prospectively acquired or retrospectively re-
constructed. Some works demonstrate the feasibility of correcting motion in dy-
namic images by inferring lung deformations induced by respiration® A motion-
compensated image is reconstructed at one fixed respiratory state. For any of these
techniques, the use of sequences less sensitive to motion and with self-navigation
is preferred: radial sequences, for example, introduce an inconsistency in alias-
ing artifacts and lead to improved image quality at the reconstruction (mainly

when using compressed sensing).

2.2.3 MR functional lung imaging

This section introduces the main techniques used to assess lung function. More
in-depth and comprehensive presentations of these techniques can be found in Kauc-
zor et al. *? and Ohno et al. 3 Although, for clarity, the different lung functions
are separated in this section, they are all intertwined. Furthermore, this part
aims only to provide a summary overview of pulmonary function imaging. Sec-
tion 2.3 will deepen techniques used for ventilation imaging upon a state-of-the-art

review over the last 5 years.

A. Ventilation

In lung MRI, exogenous contrast agents or tracers can be administered through
inhalable aerosols to cope with the low MR signal in the lung parenchyma. Dioxygen-
enhancement MRI (OE-MRI), initially reported by Edelman et al.¥? is based on
the shortening of the 7} relaxation time after the inhalation of 100 % Oz (hyper-

oxic) instead of 21 % Os (normoxic). Therefore, the MR signal of ventilated lung

"9Fei Tan et al. Magnetic Resonance in Medicine, 2023.
80Can Wu et al. Physics in Medicine & Biology, 2023.

81 Yoshiharu Ohno et al. Pulmonary Functional Imaging: Basics and Clinical Applications. 1st ed. 2021 édition.
Springer Nature Switzerland AG, Dec. 2020.

82R. R. Edelman et al. Nature Medicine, 1996.
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tissues increases, improving the visualization of ventilated lung tissue. The data
obtained can be presented as dioxygen signal-enhancement maps, or image inten-
sities can be analyzed pixel-by-pixel to generate a lung 77 map. The functional
information obtained through OE-MRI combines ventilation, gas exchange, and
perfusion weighting. By assuming that signal enhancement maps primarily cap-
ture changes in local dioxygen concentration, it becomes possible to quantify the
local proportion of gas exchanged in a single breathing cycle based on the dynamics
of dioxygen wash-in and wash-out and depict regional ventilation defects. However,
separating sources of signal variation is not easy. This strategy based on proton
MRI is readily accessible in clinical use with the additional administration of Os.

However, the required acquisition time is long (around 20 minutes).

A more widespread strategy, still considered as the gold standard for MRI of
the respiratory function, is using hyperpolarized gases as tracers (primarily *Helium
or "Xenon), as seen in section A.. The tracer gas is hyperpolarized outside the
magnet, usually using optical pumping to reach out-of-equilibrium polarizations 5
to 6 orders of magnitude higher than thermal polarizations® The hyperpolarized
gas is then administered before being imaged. Ventilation maps, where the hyper-
polarized gas goes, can be obtained either dynamically during inhalation (wash in)
and exhalation (wash out) or statically during breath-hold. All these techniques
based on inhaled tracer gas can be used statically (breath-hold) or dynamically
with adapted rapid sequences. While *Helium remains in the airways, ?*Xenon
can get dissolved in the blood and the tissue, so perfusion maps can also be ob-
tained with chemically-shifted signal originating from the dissolved tracer. While
*Helium MRI leads to SNRs twice higher at 1.5T than '*Xenon MRI® the lat-
ter offers a more economical alternative and no gas shortage so it is more widely
used. However, the need for specialized signal acquisition hardware, gas polariza-

tion equipment, and expertise poses significant barriers to routine clinical use. To

83Edwin J.R. van Beek et al. Journal of Magnetic Resonance Imaging, 2004.
84Bjlal A. Tahir et al. International Journal of Radiation Oncology*Biology*Physics, 2018.
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overcome this limitation, the use of gases that contain fluorine atoms (**Fluorine) is

also investigated®>® but their use is still not widespread due to the weaker signal.

Ventilation can also be assessed by post-processing a proton MRI series. The
most popular relies on Fourier Decomposition principles, first described by Bauman
et al. 8 This allows a simple clinical assessment of ventilatory function, making this
strategy particularly attractive for clinical practice. These non-contrast-enhanced
MR ventilation strategies will be detailed in the next section of this chapter 2.2.4,
as they are at the heart of this thesis. Ventilation is sometimes assessed indirectly
by evaluating the perfusion function: a perfusion defect can be indirectly identified

by hypoxic vasoconstriction®®

B. Gas exchange

As explained above, OE-MRI maps provide mixed information on ventilation,
gas exchange, and perfusion. The use of hyperpolarized ?*Xe is more commonly
used in the literature to assess solely gas exchange. Thanks to the solubility and
chemical shift of 2Xe in the lung, it is possible to assess gas exchange specifically®’
When inhaled, most of the gas remains in the airspace. At the same time, a
small fraction enters pulmonary tissues and dissolves (Ostwald solubility of 0.27
in red blood cells (RBCs) and 0.10 in barrier/blood-plasma)® Two distinct res-
onances correspond to '*Xe in interstitial tissue and plasma (collectively called
the barrier) and in the RBCs. Xenon MRI can thus be an almost ideal probe

for diffusive gas exchange.

85Marcus J. Couch et al. Radiology, 2013.

86 Ahmed F. Halaweish et al. Chest, 2013.

87Grzegorz Bauman et al. Magnetic Resonance in Medicine, 2009.

88]. Biederer et al. Seminars in Respiratory and Critical Care Medicine, 2014.
893, Sivaram Kaushik et al. Magnetic resonance in medicine, 2016.

893, Sivaram Kaushik et al. Magnetic resonance in medicine, 2016.
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C. Perfusion

To image pulmonary vascularization, we can distinguish two main approaches
in lung MRI?! The first approach involves MR angiography (MRA) to evaluate
the structure of the pulmonary arterial and venous system with higher spatial reso-
lution. The second approach employs perfusion MRI with lower spatial resolution
but higher temporal resolution, facilitating the assessment of tissue perfusion at
the capillary level. Most MRA approaches rely on gadolinium contrast-enhanced
perfusion proton MRI, relying on baseline acquisition followed by one or several
contrast-enhanced acquisitions. The injected gadolinium in the bloodstream in-
duces T} shortening in the vascular tree, enhancing the MR signal in 77 weighted
sequences. The signal enhancement is directly related to gadolinium concentration
in the blood vessel. Contrast-enhanced MRA refers to a static but high-resolution
image. At the same time, it is possible to use dynamic contrast-enhanced (DCE)
MR images to access perfusion with lower spatial resolution but high temporal
resolution similarly?? Although vascularisation assessments are often performed
in clinical routines with contrast agents, recent developments promote techniques

without contrast agents.

ECG-gated Fast Spin Echo (FSE) sequences use the Tp-weighted signal dif-
ferences between fast and slow flows to generate such images without exogenous
contrast. During systole, when the arterial flow is rapid, the MR signal inten-
sity decreases, while the signal in diastole at low flow remain at high intensity.
Subtracting the systolic image from the diastolic image results in a contrast that
highlights the arterial system only?® The in-flow effect of the blood circulation can
be exploited to produce time-of-flight MRA images? Finally, the previously pre-
sented Fourier decomposition for ventilation imaging also allows perfusion-weighted

imaging in a stack of 2D acquisitions, as it indirectly uses in-flow effects along

90Susan R. Hopkins et al. Journal of Applied Physiology (Bethesda, Md.: 1985), 2012.
91Christopher S. Johns et al. European Journal of Radiology, 2017.
92Yaron Gordon et al. Cardiovascular Diagnosis and Therapy, 2014.

93Satoru Morita et al. Radiographics: A Review Publication of the Radiological Society of North America, Inc,
2011.

94 Andrew J. Wheaton and Mitsue Miyazaki. Journal of Magnetic Resonance Imaging, 2012.

49



2. MR ventilation imaging

the cardiac frequency. The latter can lead to quantitative measurements of the

perfusion, as demonstrated by Kjorstad et al.?® ultimately leading to the local
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Figure 2.5: Figure extracted from Sa et al. work %7 using oxygen-enhanced MRI. Maps
of the alveolar ventilation V, (A), perfusion @ (B), and V,/Q ratio (C) in a sagittal
slice of the right lung in a healthy volunteer lying in the supine position. V, and @Q are

expressed in ml/min/ml of lung. Ventilation-perfusion matching mainly occurs in the
posterior dependent regions.

evaluation of V/Q matching?

A

D. Biomechanics

Intrinsically linked to ventilation is the study of respiratory muscle mechanics
and lung parenchyma deformation? These methods are often limited to comparing
two 3D MR images acquired respectively at the end of inspiration and at the end
of expiration. Several diaphragm landmarks lead to muscle excursion between
the two lung states at different locations?® Global lung volumes can be assessed
through segmentation!®® These approaches, widely available in clinical practice,

have low spatial and temporal resolutions. Acquisitions based on spin tagging 191,102

103,104 enable the encoding of motion in the magnetization’s

or MR elastography
phase or magnitude and give insights into deformation velocity. However, the
motion encoding gradient requires large echo times (around 10 ms), much longer

than 75 in the lung. Refocused field echo sequences can be used to minimize the

95 Asmund Kjgrstad et al. Magnetic Resonance in Medicine, 2013.

96 Asmund Kjgrstad et al. Zeitschrift Fur Medizinische Physik, 2015.

98Ryan Amelon et al. Journal of Biomechanics, 2011.

99Khurram Saleem Khan et al. Medical Sciences (Basel, Switzerland), 2019.

100 Ayako Shimada et al. Academic Radiology, 2022.

101Jing Cai et al. International journal of radiation oncology, biology, physics, 2009.
102Q). Chen et al. Magnetic Resonance in Medicine, 2001.

103Yogesh K. Mariappan et al. Journal of Magnetic Resonance Imaging, 2011.
104Faisal Fakhouri et al. NMR in biomedicine, 2019.
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Ty effects. Their acquisition time is, however, too long for clinical application.

Finally, approaches using dynamic breathing series from "H MRI to estimate the

deformation seem promising, as readily applicable in clinical routine!%

105Tanguy Boucneau et al. Scientific Reports, 2020.
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2.2.4 Non-contrast enhanced MR ventilation imag-

ing

The methods previously presented provide rich access to specific pathophysio-
logical information. However, most of these methods are complex and expensive
to integrate into clinical practice. Free-breathing proton MRI strategies without
contrast agents or tracer gases have recently been improved to allow regional es-
timation of ventilation and respiratory dynamics while being easily translatable
to clinical practicel®® These methods are based on dynamic acquisitions of the
lung volume along a given number of respiratory phases. They follow two main
methodological strategies: intensity-based and deformation-based estimation of the
gas intake and output. The principles of both methods are summarized for two

respiratory phases in Figure 2.6.

106 Chuan T. Foo et al. Frontiers in Medicine, 2023.
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Figure 2.6: Intensity-based and deformation-based ventilation quantification using lung
MRI. Circles represent alveoli. In the intensity-based approach (top), the MR signal
is assumed to decrease with the density, which yields directly to an estimation of the
associated gas fraction in the voxel. The schematic is inspired by Kjorstad et al. 197 In
the deformation-based approach (bottom), the determinant of the Jacobian matrix (J)
of the deformation provides the volume variations of a voxel between the two respiratory
phases.
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A. Intensity-based

In 2006, Zapke et al. set grounds for an innovative technique to infer local
ventilation through MR acquisition without contrast agent and in free-breathing 5
Fast MR pulse sequences enable to acquire a series of 2D images, which are retro-
spectively registered non-rigidly on a reference respiratory phase. The MR signal
intensity is assumed to be directly proportional to the density, decreasing from
end-of-expiration to end-of-inspiration, where proton density decreases as the gas
enters the alveoli. The MR signal intensity is thus used to estimate the associ-
ated gas fraction in the voxel and subsequently infer the amount of ventilated

gas as explained in Figure 2.6.

Bauman et al. ¥ developed this idea with a method referred to as Fourier
Decomposition (FD) pulmonary MRI. It conjointly infers ventilation and perfu-
sion components from one dynamic MR acquisition. The technique relies on the
dependencies of the MR signal on both hydrogen proton density changes and the
in-flow effects of the circulating blood. The MR signal is filtered for each voxel
using a temporal Hann window. The power spectrum of the Fourier transforms
highlights the main dependencies on respiratory and cardiac frequencies. Ventila-
tion and perfusion components are separated automatically, and the area under
each peak provides surrogate measures for ventilation and perfusion mapping at
respiratory and cardiac frequencies, respectively. This work set grounds for a new
research scope, where researchers focused on post-processing developments to ob-
tain quantitative measurements of the inhaled gas, improvements of the robustness
of the technique, and opening up to 3D ventilation acquisitions. For this, we can,
in particular, mention SENCEFUL %109 PREFUL "% matrix pencil decompo-

sition (MP)}'? NuFD 13 techniques. NuFD and MP were developed to improve

66Maren Zapke et al. Respiratory Research, 2006.

87Grzegorz Bauman et al. Magnetic Resonance in Medicine, 2009.

108 André Fischer et al. NMR in Biomedicine, 2014.

1091,. Mendes Pereira et al. Magnetic Resonance in Medicine, 2019.

110 Andreas Voskrebenzev et al. Magnetic Resonance in Medicine, 2018.
H1Filip Klimes$ et al. Magnetic Resonance in Medicine, 2021.

112Grzegorz Bauman and Oliver Bieri. Magnetic Resonance in Medicine, 2017.
113David Bondesson et al. Magnetic Resonance in Medicine, 2019.
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spectral estimation robustness of respiratory and cardiac amplitudes. PREFUL
and SENCEFUL propose dynamic reconstructions of an average respiratory cycle,
allowing the study of more quantitative dynamic parameters. They introduced 3D

ventilation mapping as an extension of the Baumanet al. work!%9111

B. Deformation-based

Plathow et al. '* first introduced in 2009 the idea to extract deformation using
a registration approach on 3D dynamic lung images covering the respiratory cycle.
No quantification of lung volumes was then established. Kjorstad et al. introduced
in 2014 the use of the determinant of the Jacobian matrix applied to the deforma-

197 in 2D dynamic

tion field to infer local lung volumes along the respiratory cycle
series. Kolb et al. ' use a mesh model of the lung to estimate local deformation
and flow-volume variations from a retrospectively gated acquisition. A more com-
plete and recent approach combines these approaches and the latest developments
in MRI sequences, referred to as 3D MR spirometry!®® The method combines a 3D
UTE acquisition, a retrospective 3D+t reconstruction of the respiratory dynamics,
and elastic registration to estimate deformations. Relative volumes, and their tem-
poral derivative, relative flow rates, are estimated from the Jacobian determinant

of deformations as illustrated in Figure 2.6. It assumes the incompressibility of

parenchymal tissues to associate local volumic variations to local ventilation only.

C. Approach comparison

Fourier decomposition (FD) techniques are very interesting for clinicians due
to their versatility and implementation simplicity: obtaining ventilation, perfusion,
and V/Q maps in one acquisition is possible. However, this double measurement

is only possible with 2D acquisition stacks to preserve the in-flow effect of the

1091, Mendes Pereira et al. Magnetic Resonance in Medicine, 2019.

1pilip Klimes et al. Magnetic Resonance in Medicine, 2021.

114 Christian Plathow et al. Korean Journal of Radiology, 2009.

107 Asmund Kjgrstad et al. Magnetic Resonance Materials in Physics, Biology and Medicine, 2014.
115 Christoph Kolb et al. Journal of Computer Assisted Tomography, 2016.

105Tanguy Boucneau et al. Scientific Reports, 2020.
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perfusion. Ventilation mapping from FD usually has a better spatial resolution than

deformation-based techniques: smoothing approaches commonly used in the former

are usually sharper (around 5 voxels isotropic) than the registration kernel size

used in the latter (around 20 voxels isotropic). However, FD techniques rely on the

strong assumption of the linear evolution of the signal with proton density, while it

is known that several factors concomitantly affect the MR signal during respiration:

— Proton density: the primary effect of parenchymal signal variation during

respiration.

Gas composition: dioxygen concentration changes along the respiratory cycle
(gas rich in Oy while inhaling and poor while exhaling), and its presence

shortens T7, the resulting MR signal evolves.

Microstructural changes: the inflation of alveoli induces a decreased density
of the interface between gas and parenchymal tissue, leading to reduced mag-

netic susceptibility effects and, thus, an increase of 75

Coil sensitivities: as the lung deforms during the respiratory motion, each
coil element is not sensitive to the same parenchymal tissue element, leading

to respiratory-varying loading of the coil.

By shift: when a consequent amount of air is inhaled, a global shift of the
macroscopic resonant frequency from that of water toward that of air can
occur (3.6 ppm at 1.5 T *®) inhomogeneously across the lung, leading to a shift
towards higher frequencies at inspiration and thus increased magnetization.

16: the perfusion changes

Blood flow dependence of the respiratory state
during the respiration with slight variations of the transpulmonary pressure

at tidal breathing which can affect the MR signal 17 ~119

Quantitative intensity-based methods make the bold hypothesis of a linear evolu-

tion of the MRI signal with the proton density, which might not be true at 1.5 T

46C J Bergin et al. Radiology, 1991.

16K, Toska and M. Eriksen. The Journal of Physiology, 1993.

17Jie J. Cao et al. Journal of magnetic resonance imaging: JMRI,. 2011.
118 Christian Fink et al. Investigative Radiology, 2005.

119Gerhard A. Brecher and Charles A. Hubay. Circulation Research, 1955.
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or 3 T. Measurements based on the Jacobian of deformation are not subjected to
the caveats mentioned above. Two comparisons of the Jacobian-based and the
intensity-based approaches have also been carried out to my knowledge, finding a

better reliability of the Jacobian-based method!07:120

Jacobian

Figure 2.7: Mappings of the lung ventilatory function using dynamic MRI, extracted
from Kjorstad et al!l®” Three fractional ventilation surrogates are inferred from 2D+t
acquisitions in free-breathing: temporal Fourier decomposition to evaluate MR signal
variations (left), intensity differences (middle) and the Jacobian of the deformation (right)
between end-of-inspiration and end-of-expiration respiratory states. Intensity-based and
deformation-based approaches result in different ventilation patterns, which could arise
from the difference in smoothing, MR signal bias, or errors in the registration process.

Unlike ventilation imaging using gas tracers, non-contrast-enhanced MR venti-
lation techniques do not assess the concentration of gases moving through the lung

volume but rather assess the volume of gas for different respiratory phases.

107 Asmund Kjgrstad et al. Magnetic Resonance Materials in Physics, Biology and Medicine, 2014.

120 Fei Tan. Structural and Functional Ultra-short Echo Time (UTE) Proton Lung MRI: Techniques and Clinical
Applications. PhD thesis. UCSF, 2023.
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2.3 Local impairments characterization of
the ventilation: a state-of-the-art re-
view

Weighted or quantitative ventilation mapping approaches flourish in lung MRI,
each research group having its own methods, biomarkers, and pathophysiological
data analysis framework. However, the literature is scarce when it comes to ques-
tioning the physiological information carried by each functional map. This section
reviews the literature over the last 5 years to discuss the ventilatory biomarkers
among functional lung MRI methods, their underlying pathophysiological insights,
the definition of ventilation defect maps, and their clinical interest in asthma and

COPD.

2.3.1 Methodological trends in MR ventilation imag-
ing

A PubMed search was performed in July 2023 for articles on MR imaging tech-
niques assessing local ventilation, using the following search terms in the title or
the abstract for better filtering: [(MR OR MRI) AND (ventilation OR respiratory
mechanics OR respiratory dynamic) AND (local OR regional OR voxel-wise)]. We
limited the search to the last 5 years (2018-2023) and to journal papers, yield-
ing 133 works evaluated for this synthesis. Forty-six of these works were not
articles or about ventilation MRI, resulting in 85 articles finally being included

(see Figure 2.8).

We notice that hyperpolarised gas MRI and non-contrast-enhanced MRI are
the two most common approaches used in recent years. More specifically, '*Xenon
MRI is more common than *Helium MRI, with respectively 40 and 17 articles. In
the non-contrast-enhanced proton MRI, we can mostly distinguish the Fourier De-

composition technique (and affiliated), which is the most prevalent among studies.
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PubMed search the 14t July 2023

(MR OR MRI) AND (ventilation OR respiratory
mechanics OR respiratory dynamic) AND
(local OR regional OR voxel-wise)

133 results

85 articles on MR ventilation

A

r N\
27 on non-contrast- 7 on oxygen-enhanced 57 on hyperpolarized 4 on fluorinated
enhanced proton MRI proton MRI gas MRI gas MRI

Figure 2.8: Flow diagram of the systemic review performed about MR ventilation
techniques. PubMed search on July 14th, 2023. The search was limited to the last 5
years (2018-2023).

A comparison of ventilation maps from four techniques based on a tracer gas is

given in Figure 2.10!2!

A. Hyperpolarized gas MRI

3Helium and '??Xenon lung function MRI rely on similar methodologies and
are thus presented jointly. The two techniques have been historically the first ap-
proaches to assess lung ventilation from MR imaging!?>12? and are today still very
popular. *Helium MRI is used in 18 % of selected studies. Two advantages are
put forward: the very good SNR (higher gyromagnetic ratio and greater achiev-

able polarization compared to '**Xenon and the fact that helium almost does

124)
not cross the alveolar-capillary barrier compared to '2*Xenon, leading to more pre-
cise evaluation of ventilation only, more specifically, the distribution of the tracer

gas in the lung. Because of rising costs and scarcity of *Helium, the MR lung

1211,ukas Ebner et al. European Journal of Radiology, 2017.
122M. S. Albert et al. Nature, 1994.

123Peter Bachert et al. Magnetic Resonance in Medicine, 1996.
124Ummul Afia Shammi et al. Academic Radiology, 2022.
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imaging community is now switching to *Xenon, with 43 % of articles using
this technique. '*Xenon is less diffusive than *Helium (Dxenon = 0.12 cm?/s vs
Dyeium = 0.88 ¢cm?/s in the air), which could be perceived as a drawback: some
regions partially obstructed will not be reached by the gas, and no further analy-

sis can be performed. However, lower diffusivity also makes a better sensitivity

to Xenon MRI1%4

Moreover, the advantageous solubility of **Xenon has recently been exploited
using Dixon methods to separate between components with different resonance
frequencies!?® while *Helium is almost not soluble in surrounding tissues (Ostwald
coefficients in water and blood are respectively: ~ 0.010 and ~ 0.009), the large
polarisable electron clouds of '**Xenon allow it to dissolve largely in parenchymal
tissues, plasma, and red blood cell (Ostwald coefficients are respectively: ~ 0.1,
~ 0.09, and ~ 0.2 '2) Each frequency associated with the gas dissolved in different
environments allows for the specific differentiation of ventilation, septal transfer of

gas, and its transport into red blood cells.

For both tracers, fast gradient echo pulse sequences, like SPGR or SSFP, are
preferred to manage signal decay (75 and diffusion-induced caused by imaging

127) Most acquisitions are performed at breath-hold. A few of them

gradients)
used 2D rapid dynamic acquisitions to enable the study of dynamic hyperpolarized
gas transport in the respiratory tract during breathing cycles and quantitatively
infer the local ventilated gas volume. Some works used diffusion acquisition to
assess lung microstructure!?® ~130 Different volumes were imaged: FRC + 1 L,
FRC + adjusted volumes to subjects’ height, and TLC. The images acquired after

inhalation of hyperpolarized *Helium provide ventilation-weighted maps and, more

specifically, reflect the gas transport in certain pulmonary regions. This transport

124Ummul Afia Shammi et al. Academic Radiology, 2022.

1257iyi Wang et al. The European respiratory journal, 2019.

126Helen Marshall et al. Progress in Nuclear Magnetic Resonance Spectroscopy, 2021.
127Ramanpreet Sembhi et al. Diagnostics (Basel, Switzerland), 2023.

128 Agilo Luitger Kern et al. Magnetic Resonance in Medicine, 2019.

129Naz P. Taskiran et al. Tomography (Ann Arbor, Mich.), 2022.

1307ivi Wang et al. Journal of Applied Physiology, 2021.
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can be convective (in the large proximal airways) or diffusive (in the peripheral
regions) 3. Physiological information can differ greatly depending on the inhaled
gas volume evaluated!3? The effect of airway opening between FRC + 1 L and
TLC demonstrates a decreased heterogeneity with more ventilated areas. 1 L bags

are the most common inhaled volume used for hyperpolarized gas MRI protocol,

which can, however, correspond closely to TLC for smaller patients.

RV RV+1L FRC FRC+1L TLC

V23He
images

V2 129Xe
images

Figure 2.9: Ventilation maps of volunteer 2 (V2) using both *Helium (top) and '?Xenon
(bottom) at different lung volumes: RV (residual volume), RV + 1L (residual volume
plus 1 liter of gas mixture), FRC (functional residual capacity), FRC + 1L (functional
residual capacity plus 1 liter of gas mixture), and TLC (total lung capacity). The reduced
heterogeneity of the gas distribution at TLC is depicted. The Figure is extracted from
Hughes et all3?

B. ““Fluorine MRI

Fluorinated gases can be used with thermal polarization. They are nontoxic and
chemically inert. However, dedicated hardware is required to assess the MR signal,
which resonates at lower frequencies (v = 40.08 MHz/T), and the SNR is lower than
previously presented hyperpolarized gases due to the low polarized *Fluorine sig-

nal. The low solubilities in water and blood enable a specific ventilation assessment.

131Helen Marshall et al. Journal of Allergy and Clinical Immunology, 2021.
132paul J. C. Hughes et al. Journal of Applied Physiology, 2019.
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The imaging protocol is similar to previous techniques based on tracer gas acquisi-
tion for ventilation assessment. Accelerated *Fluorine dynamic MR imaging has
been evaluated and compared to hyperpolarized dynamic imaging!?” Ventilation-
weighted MRI for the different tracer gas lungs is presented in Figure 2.10. The
repeatability of **Fluorine MRI has been demonstrated for quantitative gas volume
ventilation from wash-out decay of the MR signal3? Optimization of acquisition pa-

rameters and benefits of compressed sensing reconstruction have been evaluated 34

Figure 2.10: Tracer gas MR ventilation maps using *Helium (top left), 12*Xenon (top
right), oxygen enhanced (bottom left), and perfluorinated gas (bottom right). The Fig-
ure is extracted from Ebner et al. '?! In oxygen-enhanced MRI, the signal enhancement
extends beyond the lungs into the ascending aorta (indicated by the arrow). Each tech-
nique displays a representative slice extracted from a 3D or 2D stack covering the entire
lung volume. *Helium MRI has the highest SNR, while ??Xenon demonstrates a sim-
ilarly high SNR. Oxygen-enhanced MRI seems less homogeneous as its signal depends
on perfusion and gas exchanges. '"F MRI demonstrates a good SNR with a simpler
acquisition protocol than hyperpolarized gas MRI.

127Ramanpreet Sembhi et al. Diagnostics (Basel, Switzerland), 2023.
133Marcel Gutberlet et al. Academic Radiology, 2019.
134Mary A. Neal et al. Magnetic Resonance in Medicine, 2019.
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C. Oxygen-enhanced MRI

As oxygen-enhanced MRI (OE-MRI) uses the sensitivity of the MR signal to the
paramagnetism of dioxygen molecules, resulting in 7T} shortening, Ti-weighted fast
imaging is thus preferred to assess local dioxygen concentration. OE-MRI is readily
available as acquisitions are performed using standard MR scanners and hardware.
Moreover, the contrast agent, pure oxygen, is broadly available. However, the
signal is conjointly dependent on ventilation, perfusion, and gas transfer, with
hardly distinguishable components. The combined lung function affects the MR
signal and induces differences with *Helium MRI, measuring ventilation only, as
shown in Figure 2.11. This technique is used in 7 % of recent articles. It has
been evaluated at 0.55 T where T relaxivity of oxygen is enhanced compared to
the one at standard 1.5 T, and thus the sensitivity of oxygen-enhanced lung MRI
is improved!3® Some protocols are based on the relation between dynamic signal
changes from fast variations of inhaled oxygen concentrations and the quantitative

measure of the specific ventilation!3¢

D. Non-enhanced proton MRI

Ventilation imaging using proton MRI without contrast agents or tracer gases is
gaining interest due to the recent progress of lung imaging using proton MRI com-
bined with the simplicity of its clinical transfer. We count 28 % of included research
articles using these techniques. However, some do not provide ventilation maps but
use imaging to evaluate aspects of respiratory mechanics, often global or at specific
landmarks. For example, some protocols evaluate the movement of the diaphragm
from dynamic MRI images® This type of study allows a specific assessment of di-
aphragmatic function and is used for neuromuscular diseases. Lung segmentation

can also be performed on several respiratory phases to assess global ventilation !’

1351pshita Bhattacharya et al. NMR in biomedicine, 2021.

136Eric T. Geier et al. Journal of Visualized Experiments: JoVE,. 2019.
99Khurram Saleem Khan et al. Medical Sciences (Basel, Switzerland), 2019.
139yubing Tong et al. Radiology, 2019.
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Figure 2.11: The repeatability of ventilation defect percentage (VDP) was assessed
using oxygen-enhanced MRI and hyperpolarized Helium MRI in a 37-year-old woman
with cystic fibrosis. The examinations, conducted a week apart, showed a similar VDP
despite slight variations in spatial locations of large focal defects outlined in green. De-
fects regions are consistent between techniques but not their surfaces. The average Dice
coefficient 37 for regional defects between examinations was 0.48 for oxygen-enhanced
MRI and 0.72 for *Helium MRI, indicating better repeatability with 3He MRI. The Fig-
ure is extracted from Zha et al. 138

Multivolume Ilung MRI

Multivolume MRI defines the technique of multiple MR acquisition at different
lung volumes (i.e. respiratory states) to explore the ventilatory function. Intensity
changes between expiratory and inspiratory breath-hold images acquired are used
as a surrogate of the ventilation. Only four publications report this method despite
its clinical availability. Proton-density change maps are the most common and set
grounds for defining ventilation defects!4? Other physical or physiological effects on

the MR signal are not considered nor discussed in the papers. Some works use the

140Fyancesca Pennati et al. Furopean Respiratory Journal, 2019.
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multivolume technique to focus on structural markers and lung morphologies !

Fourier Decomposition and derivated methods

The study of ventilation is carried out using dynamic acquisitions. Local ven-
tilation analysis is then performed based on variations in the MRI signal during
respiration, often using methods derived from “Fourier decomposition” These
techniques are increasingly used and represent 77 % of non-enhanced proton MRI
techniques evaluating ventilation and 21 % of all MR ventilation techniques used
these last 5 years. In particular, Phase-Resolved Functional Lung (PREFUL)-MRI
ventilation uses a Fourier decomposition on retrospectively rephased thoracic im-
ages once registered on a reference respiratory phase. It uses a sine model to
estimate each image’s cardiac and respiratory phases, allowing it to reconstruct
retrospectively dynamic images of the cardiac and respiratory cycles and then as-
sess ventilation and perfusion map!'® This method has received significant clinical
attention with studies of its reliability in cohorts of patients: chronic lung allo-
graft dysfunction!4! ~143 COPDM*45 cystic fibrosis 146147 or bronchopulmonary
dysplasial“® This technique makes it possible to generate ventilation and perfusion
maps only using multislice 2D acquisitions (to preserve the inflow effect to evalu-
ate perfusion). A 3D strategy has been developed to assess ventilation only!! A
study showed that using a bSSFP type sequence makes it possible to improve the

robustness of the Fourier decomposition approach to field inhomogeneities!4?

139yubing Tong et al. Radiology, 2019.
87Grzegorz Bauman et al. Magnetic Resonance in Medicine, 2009.
110 Andreas Voskrebenzev et al. Magnetic Resonance in Medicine, 2018.

141 A, Voskrebenzev et al. American Journal of Transplantation: Official Journal of the American Society of
Transplantation and the American Society of Transplant Surgeons, 2018.

142 Tawfik Moher Alsady et al. Journal of magnetic resonance imaging: JMRI,. 2019.
143 Jens Vogel-Claussen et al. Radiology, 2023.

144Gesa H. Pohler et al. Journal of magnetic resonance imaging: JMRI,. 2021.

145 Andreas Voskrebenzev et al. Radiology. Cardiothoracic Imaging, 2022.
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Deformation field methods

A paper based on non-enhanced proton MRI does not use the signal intensity
variations but the deformation field extracted from image registration of the respi-
ration dynamic!? The surrogate of the ventilation is computed from the Jacobian
of the deformation, similar to common CT ventilation mapping approaches. From
the Green-Lagrange tensor, motion descriptors are also extracted to characterize
the deformation. Moreover, the paper evaluates the full dynamic upon 32 respira-
tory phases at inspiration and expiration!®® This technique has no equivalent in
the published studies carried out during the last 5 years. The principle does not
rely on the assumption of linear evolution of MR signal with proton density. How-
ever, only a single proof of concept has been given so far. Only a few other papers
reported the use of the Jacobian approach!7115:151 Tt would require an evaluation

of the reliability of the technique and its clinical relevance for pulmonary disease

diagnosis. It is the purpose of this doctoral work.

The strengths, weaknesses, or issues of each MR ventilation modality are sum-
marized in Table 2.1. The Table focuses on the feasibility and simplicity of clinical
translation (difficulty of techniques and costs), ventilation biomarkers, and the
progress of research scope, particularly the demonstration of clinical sensitivity to

main pulmonary diseases with ventilatory dysfunction.

105Tanguy Boucneau et al. Scientific Reports, 2020.

150Edward Castillo et al. Medical Physics, 2019.

107 Asmund Kjgrstad et al. Magnetic Resonance Materials in Physics, Biology and Medicine, 2014.
115 Christoph Kolb et al. Journal of Computer Assisted Tomography, 2016.

151Fei Tan et al. bioRziv, 2023.
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3He 129X e 9% Oxygen- Multi- FD Green-
enhanced | volumes Lagrange

Protocol

Cost +++ +++ ++ ++ + + +

Specific hardware | yes yes yes yes no no no

Trained staff +++ +++ +++ ++ + + +

Scanning time + + ++ +++ + + +

Processing time + + + + + +++ +++
Image resolution

Spatial +++ +++ + ++ ++ ++ +

Temporal NA NA NA + NA +++ +++
Ventilatory
biomarkers

Gas distribution yes yes yes yes+ yes+ yes yes

Dynamic no no no explored no yes yes

Motion no no no no no no yes
Clinical interest

Lung functions \% V, Q, GE \% mixed V, | mixed V, | V,Q \%

Q, GE Q, GE
Clinical validation | +-++ +++ + ++ + ++ +

Table 2.1: Summary of the key differences between techniques assessing the lung venti-
latory function using MRI.

2.3.2 Biomarkers of the local ventilation

Different biomarkers are extracted from the methods presented, offering diverse
pathophysiological information. This part presents these ventilation measurements,
sometimes local, sometimes global, according to the clinical information they can
provide. These biomarkers are divided into gas distribution, dynamic, and motion
descriptors. Structural biomarkers, coupled with functional analysis, are provided

as an indirect surrogate of the ventilatory function.

A. Gas distribution

Most ventilation studies evaluate gas distribution at a given time and asso-
ciated lung volume. Indeed, ventilation can be seen as the ability to distribute
gases optimally through the bronchial tree down to the terminal alveoli. Most

non-proton MRI studies evaluate the MR signal magnitude at a given lung volume,
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usually at functional lung capacity plus the volume of administered gas mixture!®?

The alveolar oxygen partial pressure (PaO2) is assessed from the evaluation of the
decay of the hyperpolarized *Helium signal over breath-hold!?* For proton MRI,
it is necessary to evaluate the local MR signal magnitude between two respira-
tory phases acquired in breath-hold, usually at the end of inspiration and end of
expiration!4%1% Absolute or differential MR signal magnitude maps thus provide
information on the gas spatial distribution, that is, the relative amount of gas
at any lung location at a given respiratory state. Even though they are labeled
"ventilation maps”, they are more specifically surrogates of inhaled gas volume

maps. The most common ones are:

— Specific ventilation (SV): fraction of the reference lung volume that is replaced

Vy
Vre f

by fresh gas that is: SV =

— Fractional ventilation (FV): fraction of total lung volume of fresh gas on end-

Vr'ef

of-inspiration, that is: F'V = ViV,

with Vy the volume of fresh gas and

Vres the volume of reference.

The percentage of ventilated volume (%VV) or, its opposite equivalent, the ven-
tilation defects percent (VDP) are global metrics of the lung function commonly
evaluated ! For non-proton MRI, the total lung volume (TLV) is measured on a
reference image where lung morphology can be assessed. %VV and VDP are gener-
ally computed relatively to the TLV, but some studies divide the lung into proximal
and peripherical regions3!or lobes and segments!®* These "ventilated” and "non-
ventilated” regions are defined either by thresholding or by segmenting ventilation

maps (using different approaches and bin numbers, usually 4 or 6 bins 15%156).

152Bilal A. Tahir et al. Physics in Medicine and Biology, 2019.

129Naz P. Taskiran et al. Tomography (Ann Arbor, Mich.), 2022.
140Francesca Pennati et al. European Respiratory Journal, 2019.

153 Julius Frederik Heidenreich et al. Radiology, 2023.

131Helen Marshall et al. Journal of Allergy and Clinical Immunology, 2021.
131Helen Marshall et al. Journal of Allergy and Clinical Immunology, 2021.
154Kamran Poorbahrami et al. Journal of Applied Physiology, 2019.
155David G. Mummy et al. Radiology, 2021.

156Mu He et al. Academic Radiology, 2019.
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The inhomogeneities gas distribution maps are also evaluated. Inhomogeneity
maps are computed using a kernel over the ventilated map to ultimately estimate
regional coefficients of variations. Some global statistics can then be extracted over
the entire lung from these maps to provide global biomarkers of the gas distribution:

interquartile range (IQR), median or mean ventilation 32157

B. Dynamic

Imaging the complete respiratory dynamic combined with three-dimensional
space requires long acquisition times and is not feasible for every lung MRI modality.
A strong methodological barrier appears for protocols using gas mixture inhalations
because of the low availability of gas, imaging cost, MR magnetization decays,
and potential health impact for higher gas dose inhalation!®® Subjects are thus
mostly asked to hold their breath at a certain lung volume defined by that gas
mixture bag capacity. Advanced acquisition and reconstruction techniques are
explored to accelerate acquisition greatly (33 frames in less than 7 s in Xiao et

159)_

al. Some studies compute dynamic markers of the ventilation: wash-in and

wash-out methods to compute wash-in and wash-out times constants 27160161 or
delayed ventilation which is measured from delays of ventilation peaks between

each lung region and the trachea!6?

Most dynamic biomarkers are computed from proton MRI non-contrasted imag-
ing while the subject freely breathes. Particularly, retrospective gating provides a
dynamic view of an integrated respiratory cycle during the acquisition time, i.e. dy-
namic respiration images over the acquisition time. The most used functional maps

are minute ventilation (inhaled volume per minute) %3 time to peak ventilation

132Paul J. C. Hughes et al. Journal of Applied Physiology, 2019.

157 aurie J. Smith et al. European Respiratory Journal, 2018.

1589, Sivaram Kaushik et al. Magnetic Resonance in Medicine, 2011.

159Y. Xiao et al. IEEE Transactions on Medical Imaging, 2020.
127Ramanpreet Sembhi et al. Diagnostics (Basel, Switzerland), 2023.

160 Anne-Christianne Kentgens et al. Respiratory Medicine and Research, 2023.
161 Joseph G. Mammarappallil et al. Military Medicine, 2020.

162)Mitchell Chen et al. European Radiology, 2020.

163, Klimes et al. NMR in Biomedicine, 2019.
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(percentage of respiratory time needed to reach local maxima of ventilation) %4,

and flow-volume loops!95:142

C. Motion descriptors

Lung displacement and deformation measurements, particularly of the diaphragm
and the chest wall, can be obtained from multivolume acquisitions obtained at dif-
ferent respiratory states. This can involve landmarks placed in areas of interest %°
or volume variations analysis through global segmentations!®® Voxel-wisel defor-
mations can also be inferred from image registration!% ultimately leading to the
extraction of strain components (along the superior-inferior, right-left, anteropos-
terior axes or eigenvectors), anisotropy deformation index (ADI), or slab-to-rod

index (SRI). By using models, it could then be possible to trace the local mechan-

ical properties of tissues themselves.

D. Structural properties for indirect assessments of the ven-
tilation

Using imaging to assess lung function reveals underlying structures. As the
disease progresses, both function and structure change concurrently at the macro-
scopic and microscopic levels. These structural changes thus provide supplementary

information, indirectly informing about ventilatory function.

Lung morphology

MR imaging enables direct assessment of lung morphology. Abnormal mor-
phologies can be associated with pathologies: it could be, for example, a flattened

diaphragm (gas retention for emphysema or diaphragm dysfunction), obstructed

164Filip Klimes et al. Journal of magnetic resonance imaging: JMRI,. 2021.
105Tanguy Boucneau et al. Scientific Reports, 2020.

142 Tawfik Moher Alsady et al. Journal of magnetic resonance imaging: JMRI,. 2019.
99Khurram Saleem Khan et al. Medical Sciences (Basel, Switzerland), 2019.
139Yubing Tong et al. Radiology, 2019.

105Tanguy Boucneau et al. Scientific Reports, 2020.
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main airways, or abnormalities in respiratory tracts, all of them leading to restric-
tion or obstruction in the ventilatory function. Despite such analyses being carried
out using lung MRI, conventional radiology, and CT scans are generally favored
in clinical practice due to their higher availability and higher spatial resolution,
few studies quantify these aspects using proton MRI in the corpus of selected ar-
ticles. In Tong et al.!®5, a symmetry index between right and left lung volumes
is proposed. The same team used thoracic and lumbar Cobb angles (degree of

166) to evaluate their influence on tidal volumes for thoracic insuf-

spinal curvature
ficiency syndrome!®® An explanation for this lack of such biomarkers in the corpus
may be that the keyword search query did not specifically target techniques as-

sessing lung morphology.

Alveolar microstructures

Biomarkers are extracted from hyperpolarized MR imaging to describe the alve-
olar structure and functions. The alveolar microstructure size (alveolar volume or
acinar duct radius) is the most common parameter evaluated in the literature.
From the apparent diffusion coefficient, the distance of gas molecules restricted
by the alveolar wall can be assessed from voxel-by-voxel decaying exponential fit
of the 5 b-value datal6” Similarly, accessible alveolar volume can be computed
from '?9Xe mapping of ventilation, interstitial barrier uptake, and red blood cell
transfer 3% Septal wall thickness is retrieved from dissolved gas recovery curves!%®
Local diffusing capacity for carbon monoxide (D Lcg) relies strongly on the local

structure and can be assessed, under a model, from ?°Xe mapping of ventilation,

interstitial barrier uptake, and red blood cell transfer!3

165yybing Tong et al. Chest, 2021.

166 Hana Kim et al. RadioGraphics, 2010.

139yubing Tong et al. Radiology, 2019.

167Laura L. Walkup et al. Annals of the American Thoracic Society, 2019.
1307Ziyi Wang et al. Journal of Applied Physiology, 2021.

168Haidong Li et al. Science Advances, 2021.

1307ivi Wang et al. Journal of Applied Physiology, 2021.
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Biomarkers providing absolute values are scarce, whether they are morpholog-
ical or dynamic. Furthermore, most biomarkers assess heterogeneity of gas distri-
bution at a single respiratory volume, whereas it is known that heterogeneity is
very dependent on the volume studied!*! An evaluation of the temporal dynamics
would be beneficial as spirometry demonstrates the importance of flow rates, even
during free breathing!% and peak ventilation phases have shown their sensitivity

on PREFUL clinical investigations!6*

131Helen Marshall et al. Journal of Allergy and Clinical Immunology, 2021.
169K. H. Carlsen and K. C. Lgdrup Carlsen. The European respiratory journal, 1994.
164pilip Klimes et al. Journal of magnetic resonance imaging: JMRI,. 2021.
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2.3.3 Define local ventilation impairments

It is generally difficult to report measurement results of local functional venti-
lation mapping because of the inherent dimensionality (3D or 4D), the density of
information, and the intra- and inter-subject expected morphological and dynam-
ical variations when dealing with human lungs. Furthermore, radiologists often

expect a simple and global metric.

Diagnostic tools developed by the pulmonology and radiology communities aim
to define "impairments” and “defects”. These notions are philosophically chal-
lenging and prone to bias: can we differentiate between normal and abnormal,
healthy and unhealthy? This part reports methods defining such impairments
based on functional lung MRI and some of their methodological limits, as well

as diagnostic performance.

A. Recent developments in ventilation defect mapping

A ventilation defect map is a binary segmentation of the lung volume to high-
light regions defined as abnormally low-ventilated. From a quantitative map of
pulmonary ventilation, a threshold is defined to discriminate between healthy and
defective regions. Methods can vary from one ventilation imaging modality to an-
other and from one research team to another, and there is no absolute threshold
for all lung pathologies. The choice of statistics for assessing ventilation function
and the thresholding strategy for discriminating between healthy and defective

regions are crucial.

Most studies use the mapping of the gas ventilated through the experiment
as the surrogate for assessing the ventilation function. A few studies in proton
MRI, based on the PREFUL technique, assess a correlation between a reference

flow-volume loop with local pseudo-flow-volume loops throughout the lung!4%-147.170

145 Andreas Voskrebenzev et al. Radiology. Cardiothoracic Imaging, 2022.
147Samal Munidasa et al. Magnetic Resonance in Medicine, 2023.
170 Tawfik Moher Alsady et al. Magnetic Resonance in Medicine, 2024.
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This map assesses the gas distribution and the dynamic of the ventilation conjointly,
which reported a good sensitivity to chronic lung allograft dysfunction 42 and

COPD!M4

Most approaches to discriminate healthy regions from defective regions on ven-
tilation maps are inspired by the literature on hyperpolarized MRI, as it pioneered
the field of functional lung MRI. The two main approaches to analyze histograms
of the ventilation biomarker over the lung volume are either single thresholding

143.171) " or non-binary binning !3® usually into 4 or 6 bins.

(from previous analysis
Most reported studies use mean anchored linear binning for the latter, but linear
binning based on a reference population and Atropos (n-class open-source segmen-
tation framework 1) are common!™ The Figure 2.12 extracted from the work of

He et al. summarizes binning methods!5

It would be necessary to benchmark the diagnostic performance of the ventila-
tion defect mapping strategy (biomarker choice and defect binning approach) for
each method and each pathology. Moreover, impairments are almost exclusively
devoted to studying low-ventilated regions (commonly called "defects”) in the liter-
ature. Only in one work, highly ventilated regions are evaluated, which is sensitive

to local lung function impairment for COVID-19 patients!™

2 Tawfik Moher Alsady et al. Journal of magnetic resonance imaging: JMRI,. 2019.
144Gesa H. Pohler et al. Journal of magnetic resonance imaging: JMRI,. 2021.

143 Jens Vogel-Claussen et al. Radiology, 2023.

"1 Laura L. Walkup et al. The European respiratory journal, 2019.

135]pshita Bhattacharya et al. NMR in biomedicine, 2021.

172Brian B. Avants et al. Neuroinformatics, 2011.

173Peter J. Niedbalski and Zackary I. Cleveland. NMR in biomedicine, 2021.

156Mu He et al. Academic Radiology, 2019.

174Cheng Wang et al. Furopean Radiology, 2022.
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Figure 2.12: The pipeline of two hyperpolarized '?*Xe MRI ventilation binning (with
red areas corresponding to defect mapping) presented extracted from the work of He
et al'®®: the linear binning, and adaptive K-means algorithm. In the linear binning
approach, the intensities are scaled to a range of 0-1 based on the top percentile within
the thoracic cavity mask, and pixels are assigned to intensity clusters using thresholds
derived from a healthy reference population’s standard deviation. The adaptive K-means
algorithm involves reducing the histogram to 10 clusters and determining whether the
lowest intensity cluster contains less than 4 %, between 4-10 %, or at least 10 % of all
lung voxels. Defect clusters are identified based on this percentage after two rounds of K-
means, and subsequently, low, medium, and high-ventilation clusters are classified from
the remaining ventilated voxels based on intensity after two more rounds of K-means,
leading to the generation of an adaptive K-means map.
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B. Characterization of impairments in asthma and COPD

In the selected corpus of this review, six papers evaluate the ventilatory func-
tion in asthmatic patients, all using hyperpolarized gas MRI. It has been shown
that the severity of asthma is well correlated with standard lung function tests
for adult and pediatric cohorts and can predict increased health care needs!™ Seg-
mental ventilation defects of *Helium MRI are highly associated with CT mucus
obstruction scoring of the corresponding segmental bronchil?™ Ventilation defects
maps are reproducible for global and slice-by-slice ventilation defects in asthmatic
patients!”” and modeling of asthmatic lung structure and function was achieved,
predicting the pathological flow and airway mechanics!™ Especially the peripheral
lung has a greater response to bronchodilator than the proximal lung!*' These
spatial evaluations of bronchodilator effects can nonetheless be nuanced as aerosol
depositions may vary between asthmatic patients and depend on inhalation at

fast or slow rates!®*

Six papers evaluate the lung ventilatory function of chronically obstructed
patients using various methodologies: hyperpolarized gas MRI, oxygen-enhanced
MRI, or proton MRI. It has been found that hyperpolarized gas MRI and oxygen-
enhanced MRI correlate with CT findings and are sensitive to the alterations in
emphysematous patients!?*17180 PREFUL reliability for COPD patients has been
demonstrated with repeatability assessment!#* Still, the combination of modali-
ties helps to discriminate between affected functions (ventilation, perfusion, gas

exchange), which can vary greatly between patients. However, PREFUL demon-

175 Nancy Y. Lin et al. Journal of Allergy and Clinical Immunology, 2021.
176David G. Mummy et al. Radiology, 2022.

177Sarah Svenningsen et al. Academic Radiology, 2021.

178 Jessica M. Oakes et al. IEEE Transactions on Biomedical Engineering, 2019.
131Helen Marshall et al. Journal of Allergy and Clinical Immunology, 2021.
154Kamran Poorbahrami et al. Journal of Applied Physiology, 2019.

129Naz P. Taskiran et al. Tomography (Ann Arbor, Mich.), 2022.

179Kun Qing et al. Academic radiology, 2019.

180yoshinori Fuseya et al. PLoS ONE,. 2018.

144Gesa H. Pohler et al. Journal of magnetic resonance imaging: JMRI,. 2021.
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strates its inner sensitivity to indacaterol/glycopyrronium COPD treatment, demon-

strating its efficiency, which was validated against standard spirometry!4>18!

The main biomarkers extracted and used in ventilation assessment in MR imag-
ing techniques are summarized in Figure 2.13. Clinical trials on asthmatic and
COPD patients mainly use gas volume distribution in the lung to assess the state
of ventilatory function, leading to VDP (or its equivalent %VV) statistics!7"17®
For asthma, some include the measurement of the dynamic of the ventilation with
flow-volume loops, as standard spirometry demonstrates the inner sensitivity of
flows for obstructive diseases!!! In the case of COPD, some biomarkers aim to
characterize emphysema as perfusion (and V/Q matching) or oxygen uptake. The
spatial distribution can improve the sensitivity of the technique for early disease
with spatialized defects, and many works include lobular, segmental, or proximal-

distal segmentations to characterize obstructions!3%17®

The collected studies do not evaluate the diagnostic performance of the lung
function imaging techniques they use in terms of sensitivity and specificity. This
is explained by the fact that the current gold standard used in the clinic relies on
global measurements and that it is less efficient than these techniques. Furthermore,
comparisons should be cautious as examination protocols differ: local to global
measurement, lying or standing position, free or forced breathing, static or dynamic,
and physical origin of the signal. 3D MR spirometry is compared to other functional

lung imaging approaches in the next chapter, despite these limitations.

145 Andreas Voskrebenzev et al. Radiology. Cardiothoracic Imaging, 2022.
181Dave Singh et al. Respiratory Research, 2022.
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Laminal occlusion
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Figure 2.13: Biomarkers assessing the ventilatory function in obstructive conditions us-
ing magnetic resonance imaging techniques. They provide complementary physiological
information from gas distribution, dynamic, structure, or motion descriptors. They are
able to evaluate airway destruction, laminal occlusion, local gas distribution impairments,
and reduced dynamic motion heterogeneity. Local structural biomarkers are computed
only from hyperpolarized gas MRI, while dynamic and motion descriptors are provided by
hydrogen MRI dynamic lung imaging. Ventilatory biomarkers can be combined, when
available, with gas exchange and perfusion analysis to improve the sensitivity of pul-
monary impairments.
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3. Methodological developments in 3D MR spirometry for clinical investigations

The aim of this PhD is to further develop the work started by Boucneau et
al. 1% and to move it from a feasibility study to clinical research. The proof of
concept includes a number of innovative strategies for local function estimation
and, more specifically, local low and volume measurements. The approach implies
a double paradigm shift from standard to 3D MR spirometry. It is performed in
free breathing and lying position, while standard spirometry is performed standing
or sitting along forced inspiratory and expiratory cycles. Moreover, information
is no longer scalar, measured at the mouth, but three-dimensional, measured ev-
erywhere throughout the lung at the voxel level. The multidimensionality of 3D
MR spirometry provides important information abo