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_________________________________________________________________ 
RESUME en français 

Dans ce travail de recherche doctorale, l’IRM des poumons à temps d'écho courts dite UTE (Ultra-short Echo 
Time) a été utilisée pour détecter le signal RMN du tissu pulmonaire afin de caractériser et étudier des modèles 
expérimentaux de maladies pulmonaires chez les rongeurs (rats et souris). En particulier, la technique radiale 
UTE a été appliquée pour détecter des biomarqueurs dans des modèles de broncho-pneumopathie chronique 
obstructive (BPCO) induite expérimentalement chez les rongeurs. La détection du signal RMN en provenance 
du parenchyme pulmonaire a fourni de précieux indicateurs de la maladie associés à l'élargissement des alvéoles 
pulmonaires et aux processus inflammatoires. De plus, la simplicité de mise en œuvre de cette technique 
(absence de synchronisation cardiaque et pulmonaire) permet de réduire les temps d’acquisition et apparait bien 
adaptée aux études longitudinales. La mesure répétée du centre de l’espace-k à chaque temps de répétition de la 
séquence a été utilisée pour développer une méthode de post-synchronisation reposant sur la détection des 
mouvements cardio-respiratoires, et permettant de produire des images sans artefacts de mouvement. 
___________________________________________________________________________ 
TITRE en anglais 
Short echo time MR Imaging of the lungs: methods and applications for experimental models of lung diseases in 
rodents 
__________________________________________________________________________ 
RESUME en anglais 

In this work, ultra-short echo time (UTE) MR imaging of the lungs is presented as a way of detecting pulmonary 
MRI signal, thus providing an opportunity to develop new imaging tools for the investigation of experimental 
models of lung diseases in rodents. The UTE imaging technique (TE=450 μs) was implemented on a 4.7 T 
scanner and applied to detect indicators of Chronic Obstructive Pulmonary Disease (COPD) induced 
experimentally in rodents. The improved signal detection from the lung parenchyma provided valuable markers 
of disease associated with airspace enlargement and inflammation. When used to investigate of inflammation 
specificity, this technique had advantages when delineating regions of early cellular infiltration into the site of 
inflammation. In the case of edematous signal quantification, the UTE technique was explored to improve the 
reliability of the volumetric measurements. This technique was demonstrated to be of use when easy protocol 
implementation (relatively high throughput and low-cost experiments) and longitudinal studies (limited 
interference with physiopathology) are of concern. The repetitive probing of the k-space center with a temporal 
resolution of the sequence's repetition time achieved with this technique was used to develop a self-gating 
method which relies on the tracking of cardio-respiratory motions, yielding images free from motion artifacts. 
___________________________________________________________________________ 
DISCIPLINE  
Physique 
__________________________________________________________________________ 
MOTS-CLES  
poumons, IRM, imagerie radiale, modèles animaux, BPCO, inflammation, emphysème, élastase, USPIO, LPS, 
lungs, MRI, radial imaging, rodents, COPD, inflammation, emphysema, self-gating  
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Introduction

1.1 Motivation

Chronic Respiratory Diseases (CRD), which include asthma and Chronic Obstructive

Pulmonary Disease (COPD), affect up to one billion people worldwide. According to

a report released by the World Health Organization (WHO) in 2001, five respiratory

diseases (pulmonary infections, COPD, asthma, tuberculosis and lung cancer) account

for 17.4% of all deaths. COPD is the only leading cause of death that still has a rising

mortality rate and it has been estimated that by the year 2020, COPD will be the third

leading cause of death in the world (50).

Medical imaging plays an ever increasing role in modern medicine, as it allows us to

obtain a non-invasive view of internal organs, such as the lungs. These in-vivo images

help detect diseases, track disease evolution, prepare and guide surgery, as well as play

a role in drug testing and other research purposes.

High resolution computed tomography (HRCT) and nuclear medicine techniques

such as gamma-scintigraphy, single photon-emission computer tomography (SPECT),

positron-emission tomography (PET) and the traditional chest x-ray are imaging tech-

niques which comprise the standard approaches for lung disease diagnostics (122). How-

ever, the exposure to ionizing radiation inherent in these techniques limits their exten-

sive or repeated use for accurate follow-up studies - in order to track the evolution of a

disease and its response to treatment or surgery (also known as a longitudinal study).

Limiting cumulative radiation is particularly important in children requiring longitu-

dinal studies as prolonged exposure to x-ray radiation is associated with an increased
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1. INTRODUCTION

risk of developing cancer.

Magnetic resonance imaging (MRI) has been recognized as a powerful and versatile

tool for the non-invasive characterization of internal organs. This technique is based

on physical principles of Nuclear Magnetic Resonance (NMR) and reflects the proton

distribution (hydrogen nuclei) in the water or fat in tissues under study. This modality

uses the magnetic properties of hydrogen nuclei in the presence of two magnetic fields

- a static magnetic field (B0) and a radio-frequency (RF) field - to produce images of

those tissues. The main advantages offered by MR imaging are the lack of harmful

ionizing radiation and improved contrast between the different soft tissues of the body,

as compared to CT. Additionally, this modality allows one to obtain higher spatial

resolution than in nuclear medicine imaging techniques.

To combat any given disease, a treatment must be created which will reduce, neu-

tralize or reverse the effects of that disease. In order to establish the efficacy of the

treatment, it is necessary to understand how therapeutic agents impact upon the body

by validating their composition and by proving their appropriate and safe dosage. Usu-

ally, the validation procedure is performed in pre-clinical trials, as they allow one to

avoid large numbers of human subjects being exposed to experimental drugs with no

therapeutic potential.

Pre-clinical studies are used in the discovery of new drugs by providing evidence of

a drug’s efficacy and its potential toxicity. In the process of drug creation, genetically

modified small rodents are often used to model specific aspects of human diseases.

In pre-clinical, respiratory research studies, invasive and terminal approaches such as:

broncho-alveolar lavage fluid analysis, histology and lung weighing, are the currently

used methods of choice to validate new drugs (91).

The link between pre-clinical and clinical studies requires non-invasive techniques

(like medical imaging) which can translate from animal models to human subjects, by

minimizing changes in experimental protocol while the model organism is changed (101).

There are several reasons why MR imaging, amongst available imaging techniques,

has the potential of ideal translational modality. First, it provides a high spatial res-

olution (pixel dimension in the order of 100μm in rodents) exceeding those obtained

using nuclear medicine techniques (3-5 mm) by an order of magnitude. Therefore, MRI

provides the morphological information which cannot be obtained through the use of

the nuclear medicine techniques. Second, it allows longitudinal studies with minimal
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interference to the health of animals - something which cannot be avoided with ionizing

radiation-dependent techniques. Despite the advantages offered by MRI, the use of this

imaging modality for clinical diagnostic and pre-clinical studies of respiratory diseases

is still limited

The low proton density of the lungs, combined with susceptibility gradients induced

by the air-tissue interfaces and motions within the thoracic cavity, produce an inherently

weak MR signal from the lung parenchyma - making the lung the most challenging organ

to be imaged by MRI.

This lack of MR signal can be overcome with the use of inhaled contrast agents. For

example, large MR signals can be obtained by hyperpolarized (HP) gases, such as 3He

or 129Xe. When inhaled, they allow imaging of their distribution in the pulmonary

tree and alveolar spaces. Unfortunately, the escalating cost and scarcity of 3He have

prohibited its widespread use for medical applications.

Conversely, the lack of signal from the lung parenchyma is also an advantage when

imaging lung pathologies. For example, the gradient-echo sequence (with a conven-

tional echo time in the order of 2 ms) was recently shown to be a powerful tool for lung

investigation in various models of pulmonary diseases (11). Knowing that a significant

contrast between a dark-appearing lung parenchyma and hyper-intense fluids is asso-

ciated with diverse lung diseases, gradient-echo imaging has been successfully applied

to numerous animal models for the detection and quantification of fluid secretion in

asthma (119), Chronic Obstructive Pulmonary Diseases (COPD) (14), emphysema (99),

lung fibrosis (58) and pneumonia (78).

Extending MRI applications to detect different aspects of lung disorders, apart from

inflammatory fluids, is desired. This requires creation of new markers which will serve

as potential indicators of physiological processes, pathologic processes and responses to

therapeutic interventions.

Another challenge in lung research is posed by cardio-respiratory movements. To

address this issue, one can acquire high resolution images using scan-synchronous ven-

tilation, cardiac gating or combined approaches (18), (47). Although synchronizing

image acquisition to the breathing cycle and gating to the cardiac cycle allows one

to obtain high spatial resolution images of rodents’ lungs, it increases the complexity

of the MR protocol. Moreover, the scan-synchronous ventilation technique is invasive

thus, it can cause injury of the lungs, especially if applied frequently (59).
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For drug testing in pre-clinical studies, it is important to keep the acquisition con-

dition as simple as possible so that repetitive, longitudinal measurements can be per-

formed without interfering with the subject’s physiology. Also, simple imaging protocols

are required to preserve imaging efficiency, a key parameter in pharmacological disease

investigation, where a large throughput is desired.

1.2 Aims of this thesis

The primary objective of this work is to develop new MR imaging protocols oriented

toward drug and therapy evaluation in animal models of lung diseases. These proto-

cols must have two general characteristics: keep the experiments simple to maximize

protocol efficiency and be non-invasive to be suitable for longitudinal studies. The ob-

jective of this thesis is composed of two main topics: (i) the development of new MRI

methodologies for proton lung imaging in healthy subjects, and (ii) the development of

imaging protocols to monitor lung pathologies in animal models.

In proton lung MR imaging, the Cartesian-based imaging sequences are typically

used for pulmonary disorder characterization in animal model studies. These character-

izations are based on edema fluid detection, which is associated with many pulmonary

disorders, such as COPD. A radial sequence with ultra-short echo-time is proposed to

improve detection of disease indicators and to achieve better disease characterization.

Subsequently, the radial sequence properties were used to develop novel imaging tools

for longitudinal investigation of pulmonary diseases.

1.3 Main contributions

The main contributions of this thesis are summarized below:

• Implementation and validation of ‘self-gating image reconstruction’ using a signal

derived from lung parenchyma during free-breathing respiration. The retrospec-

tive monitoring of the cardio-respiratory cycle was achieved using radial imaging

features that involve the repetitive sampling of the k-space center. This method

was proposed to simplify the imaging protocol for lung MRI in rodents. It allows

for better control of image contrast and image synchronization at multiple phases

of the cardio-respiratory cycle.
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• Development of a new protocol allowing for reproducible detection of edema ex-

tent. This was achieved by using a specific radial sequence properties adapted

to deal with a signal loss due to cardio-respiratory motion and pulmonary blood

flow.

• Proposal of a new approach for early detection of inflammation by delineation

of cellular infiltration. The detection of cellular infiltration involves susceptibil-

ity contrast, which changes in the presence of inflammation. This alteration is

estimated quantitatively by determining the T2* parameter.

• Proposal of a novel protocol of quantitative assessment of emphysema using T2*

parameters as an indicator of emphysematous lung changes.

1.4 Organization of the text

This thesis is organized as follows:

Chapter 2 includes the functional anatomy of rodents’ lungs.

Chapter 3 presents the background of this thesis. In this section, the essentials of

MR imaging and concepts concerning work presented in later chapters will be provided.

An overview of the MR techniques used in pre-clinical research of the lungs will be

given. Particularly, emphasis is placed on describing the principles of the radial UTE

technique, as it is a major modality used in this thesis. A variety of radial sequence

properties will be introduced and compared against the Cartesian technique. The

second part concerns the details of the UTE sequence implementation on a Bruker

scanner and specific sequence optimization adopted for lung imaging.

Chapter 4 concerns the development and the validation of the ‘self-gating’ method

for motion synchronization using the radial UTE acquisition method. The principle of

cardio-respiratory motion detection from the lung parenchyma is introduced. Next,

the principle method of the self-gating technique is explained. The second part of this

chapter will show the validation of this technique in both phantom and in-vivo studies.

Chapter 5 introduces new approaches for lung inflammation assessment in the

experimental model of COPD induced by endotoxin-LPS. In this chapter, two differ-

ent approaches characterizing the COPD model will be presented. The first approach

concerns reliable, repetitive detection of edema fluids induced by LPS. In the second
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approach, the feasibility of cellular infiltrations to the site of inflammation is investi-

gated.

Chapter 6 includes a novel approach for a non-invasive and non-contrast-enhanced

detection of emphysema, modeled by elastase administration.

Chapter 7 will gather general conclusions. Next, a discussion of future directions

of this work will be presented.

6



2

Functional anatomy of the

rodent’s lungs

The purpose of this chapter is to provide the reader with basic terminology regarding

the anatomy and physiology of the rodent’s lungs.

The morphology of rat and mouse lung is shown in Figure 2.1 (62). The left lung

consists of the one lobe and it is smaller than the right lung. The right lung consists

of four lobes: three in a row (cranial, median, and caudal); and one (accessory lobe)

against the diaphragm to the left of the midline.

Figure 2.1: Anatomy of rat (a) and mouse (b) lung

7



2. FUNCTIONAL ANATOMY OF THE RODENT’S LUNGS

2.1 Structure and function of the tracheobronchial tree

The tracheobronchial tree distributes air throughout the lungs. It can be divided into

the conduction zone and the respiratory zone. The schematic representation of the of

the bronchal tree together with pulmonary lobes of the brown rat lung is shown in

Figure 2.2.

Figure 2.2: Silicon elastomer cast (a), and schematic representation of bronchi and bron-
chioles levels in the tracheobronchial tree (b) The image was adopted from (123).

The conducting zone consists of the trachea, bronchi and bronchioles. This zone

serves as the conductor of air flow in and out of the respiratory zone where the gas

exchange occurs. As seen from Figure 2.2, the trachea (Tr) bifurcates into two primary

bronchi which enter the left and right lungs lobes and then proceed in a monopodal

branching pattern. In rodents, sixteen or seventeen levels of branching occur. The

terminal bronchiole is the smallest airway structure leading to the alveolar ducts which

comprise the respiratory zone unit. The respiratory zone consists of alveolar ducts,

sacs, and alveoli. In this zone, air and blood exchange oxygen and carbon dioxide. The

pulmonary arteries accompany the tracheobronchial tree and their branching follows

the bronchioles deep into the respiratory zone. As a result, each of alveolar sacs ob-

tains its own individual branch of the pulmonary artery. The example of alveolar sacs

surrounded by the network of capillary system are shown in Figure 2.3.

From histological point of view, the tracheobronchial tract is surrounded by a wall

composed of four main layers: mucosa, submucosa, muscularis and adventitia (see

Figure 2.4). The mucosa is lined with epithelium which consists of three main cell
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2.2 Lung physiology

Figure 2.3: Terminal alveoli connected to the network of the capillary system. Adapted
from [F. Netter, 2000].

types: noncillated secretory (Clara cells and Goblet cells), cillated and basal cells. The

epithelium of the conduction zone secrets a mucous film which serves as a defense agent

against airborne particles. Mucus is released throughout the conducting zone by Goblet

cells. It is important to note that high numbers of Clara cells which is present in mice

and rats epithelium helps in the clearance and at regulation of airways tension. The

collagen fibers present in the submucosa prevent the tracheobronchial tree branches

from bursting while inflated. The muscularis and adventitia serve as a support of the

trachea and bronchi.

2.2 Lung physiology

2.2.1 Physiology of respiration

Respiration mechanics are determined by respiratory muscles such as: the diaphragm,

external intercostal muscles, and abdominal muscles. Lung expansion and contraction

is accompanied by superior-inferior movement of the diaphragm to change the vertical

dimension of the chest cavity and anterior-posterior elevation and deflation of the ribs

to increase and decrease the diameter of the chest cavity (see Figure 2.5 and Figure
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2. FUNCTIONAL ANATOMY OF THE RODENT’S LUNGS

Figure 2.4: Tissue layers of the tracheobronchial tree. Reprinted from [D. Lindsay, 1995]

2.6).

The ventilation cycle is characterized by one inspiration and one expiration phase.

In inspiration, the diaphragm contracts, the thoracic volume increases and the internal

pressure decreases. Air flows into the lung following its pressure gradient. This results in

increased size of the alveoli, thus decreasing the overall parenchyma density. Exhalation

is caused by relaxation of respiratory muscle. In exhalation, the elastic fibers contract

(decreasing lung volume), the pressure in the alveoli increases and the air flows out of

the pulmonary structures increasing the parenchyma density.

During a respiratory cycle, the lung volume and the parenchyma density change

with the respiratory phases. The volume curve for the lungs during tidal breathing in

a mouse can be derived following Segars (105). A typical curve is shown in Figure

2.7. The shape of the respiratory curve can be approximated with the cosine function

as described by Lujan (73):

z(t) = z0 − A · cos2n(
π · t
τ

− φ),

where z(t) is the position of the diaphragm in a superior-inferior direction, z0 - a

constant value, and φ - period and phase of the respiratory cycle, n - the parameter
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2.2 Lung physiology

Figure 2.5: Motion of the diaphragm during respiration. During inspiration, the di-
aphragm contracts increasing the volume of the thoracic cavity. During expiration, the
diaphragm relaxes decreasing the volume of the thoracic cavity. Reprinted from [J. West
1995]

Figure 2.6: Motion of the ribs during respiration. The ribs rotate outward and upward
during inspiration increasing the volume of the thorax. Reprinted from [J. West 1995]

influencing flatness and steepness of the curve, and A - amplitude of the respiratory

cycle.

2.2.2 Defense mechanisms

The respiratory defense system constitutes the clearance mechanism in the conduction

zone of the tracheobronchial three and the alveolar clearance mechanism represented

by the mononuclear phagocyte system.

The mononuclear phagocyte system of the lung consists of cells in three categories:
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2. FUNCTIONAL ANATOMY OF THE RODENT’S LUNGS

Figure 2.7: Change in lung volume during tidal breathing in a mouse (105). The period
of the respiratory cycle for normal tidal breathing in a mouse is approximately 0.4 seconds
and the volume change is 0.15 ml [Biology of the Laboratory Mouse, E. Green 1996].

airway and alveolar macrophages, interstitial macrophages and in some species, in-

travascular macrophages (25) (see Figure 2.8). Pulmonary intravascular macrophages

promote lung inflammation and are found in ruminants, horses, pigs, cats, and dol-

phins, (4), (114), (128), (127) but not in primates, rats and mice (17), (40), (114).

In all mammals, the interstitial and avleolar macrophages contribute to phatocyto-

sis of air-borne particles. In those species with intravascular macrophages, all particles

circulating in the blood can potentially be phagocytized by intravascular macrophages

before entering the interstitium (71). Those species without the presence of intravascu-

lar macrophages, can have the ability to recruit them with hepatopulmonary syndrom.

Figure 2.8: The mononuclear phagocyte system of the lung.
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3

Application of MRI techniques to

a rodent’s lung

3.1 MR characteristics of the lungs

The lung is one of the most challenging organs to image by MRI and usually appears

black in MR images (See Figure 3.1). The major reason for this is its unique morphol-

ogy, as the lung consists of air-filled alveoli surrounded by alveolar walls. The alveolar

structure is shown in Figure 3.2.

Figure 3.1: Image of a rat’s thorax in the coronal (a) and axial (b) plane acquired with
a gradient-echo sequence. TE was equal to 2.1 ms. Note, the visibility of the pulmonary
structure is limited to vessels - indicated by the arrow.
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3. APPLICATION OF MRI TECHNIQUES TO A RODENT’S LUNG

Figure 3.2: Alveolar structure of the lungs. The arrow indicates the alveolar wall sur-
rounding the air-filled alveoli (Al). Air constitutes 80% of the lung parenchyma. Adapted
from Albertine 1996.

• Density

The air-filled alveoli constitute the greatest part of the lung’s volume. Therefore,

the density of protons, which are the source of MR signal, in the lung parenchyma is

very low. Consequently, the MR signal emitted from the lung is weak.

The proton density depends on the degree of lung inflation. In humans, at the end

of expiration, proton density is about two times higher (0.3 g/ml) than at the end of

inhalation (0.15 g/ml) (45). This change is a source of the amplitude modulation of

the NMR signal during respiration.

The NMR signal from the lung is mainly emitted from nonparenchymal structures

such as blood vessels, airways, lymph nodes, and connective tissue. In humans, the

blood fraction in the lungs comprises 400 ml which consists of about half of the total

pulmonary tissue volume (900 ml) (2). The remaining tissue volume is represented by

structural elements for lung support and for the alveolar walls. Notably, the vascu-

lar and structural elements comprise a small lung’s volume fraction, compared to gas

volume consisting of about 2.5 L.

• Tissue heterogeneities

Multiple air/soft tissue interfaces inside the lungs produce local magnetic field in-

homogeneities (termed “field gradients”) that result in the dephasing of the already
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3.1 MR characteristics of the lungs

weak MR signal due to T2* decay. The T2* relaxation time is inversely proportional

to the applied magnetic field. For instance, at 4.7 T, a magnetic field commonly used

in small animal scanners, T2* in the lung parenchyma is about 500 μs (9). Thus, lung

parenchyma usually appears dark in MR images acquired with a conventional echo time

(m̃illiseconds) imaging sequences.

T2* relaxation time can be determined from a gradient echo experiment in which

the MR signal is acquired at different echo times:

S(TE) ≈ S(t = 0) · exp

(−TE

T2∗
)

.

Where: 1/T2* = 1/T2 + 1/T2’. Here, 1/T2’ is a contribution to the relaxation time

due to local field inhomogeneities. It results from the external B0 field’s defects and

the internal gradients of the lungs. By locally mapping the T2* within the lungs, one

can measure the lung contribution which might reflect variability in alveolar size. For

instance, Cutillo at al. (30) showed the changes of T2* between inflated and compressed

lungs. The shorter magnetization decay in the case of inflated lungs, was consistent with

a theoretical simulation based on a spherical-shell model (34). These results suggest

that T2* of the lungs may reflect morphometric features of the micro-architecture of

the lung at the alveolar level (30), thus they can be used to diagnose some chronic

obstruction pulmonary diseases like emphysema.

• Cardio-respiratory motion

Breathing and cardiac motions are two major sources of signal change in lung MR

imaging. It has been shown that changes in lung volume cause proportional changes in

MR signal intensity (6). Thus, the NMR signal of the lung, proportional to the proton

density, changes due to breathing and scales linearly with lung volume.

Additionally, taking into consideration the periodic signal changes caused by blood

perfusion during the cardiac cycle, the total signal intensity changes in the thoracic

cavity can be described as (7):

i(t) = i0 − Ar · cos2n(
π · t
τr

− φr) + Ac · sin2n(
π · t
τc

− φc),

where i0 - constant value, τr and φr - period and phase of the respiratory cycle, τc

and φc - period and phase of the cardiac cycle, n, m - parameters influencing the shape

of the curve, and Ar and Ac - amplitude of both cycles.
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3. APPLICATION OF MRI TECHNIQUES TO A RODENT’S LUNG

Concerning the image display, the motion effect of the structures within the thoracic

cavity during the breathing cycle and the cardiac motion is twofold. First, it causes

blurring of pulmonary and vascular structures. Second, it generates ghosting of external

structures such as subcutaneous fat. Both effects degrade the image spatial resolution

and are associated with image artifacts (see Figure 3.3).

Figure 3.3: Gradient-echo image (TE/TR=2.1/7.8, 50 signal averages, 256x256 matrix)
of mouse thorax showing blurring and ghosting artifacts.

3.2 Motion considerations

Cardio-respiratory motion artifacts are more evident in small animals, as their cardio-

respiratory rates are up to an order of magnitude higher than in human subjects. Table

3.1 gathers several biological parameters characteristic for humans, rats and mice. For

example, the rat heart rate of 300 bpm requires a five-fold increase in acquisition speed

over the human heart rate of 60 bpm to capture the same relative phases of the cardiac

cycle (18).

Regarding respiratory motion, usually in human studies the breath can be voluntar-

ily held back and a fast pulse sequence acquisition can be performed whilst the breath

is held in the acquisition window of approximately 20-30 seconds (46). This condition

cannot be achieved in animal studies.
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Human Rat Mouse

Heart rate (bpm) 60 300 700
R-R interval (ms) 1000 200 80

Blood volume (mL) 5200 13.5 2
Respiratory rate (breaths/minute) 12 60 160

Table 3.1: Comparison of physiological parameters in humans, rats and mice.

In general, there are two acquisition approaches which allow one to deal with res-

piratory (and cardio-respiratory) movement in studies of small animals. In the first,

the animals are allowed to breathe spontaneously and the potential movements are

suppressed by means of signal averaging or navigator techniques. The second is based

on the synchronization of movement with acquisition (e.g scan-synchronous ventilation)

with the use of a mechanical ventilator. Below a short description of the two mentioned

techniques will be provided.

Free-breathing methods:

Signal averaging: The averaging method uses the inconsistency of motion artifact

amplitude to reduce overall image ghosting.

Navigator or self-gating techniques: The navigator technique consists of repeatedly

measuring a partial set of k-space data that is processed to track the motion. Two

types of navigators can be distinguished: the explicit (e.g gradient moment nulling), and

implicit (e.g. using radial projection, PROPELLER method (95), multi-coil navigator).

The navigator techniques acquires a partial set of k-space data (usually collected when

passing through the origin of k-space) which is processed to track the motion. The

navigator techniques were applied in numerous studies for breathing and cardiac motion

synchronization in patient and animal studies.

Forced-breathing method

Scan-synchronous ventilation: A key feature of this technique is the use of a me-

chanical ventilator. A breathing valve that is attached directly to the endotracheal tube

allows for independent control of inspiratory and expiratory phases of ventilation(47)

(See Figure 3.4). With the use of a ventilator, the imaging sequence is triggered at a

well defined moment of the respiratory cycle. One of the major disadvantages of using a

ventilator is its possible interference with patho-physiology of the disease and its caus-
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ing lung injury when applied repeatedly. For example, it has been reported that the

use of the ventilator caused pulmonary edema and hypoxemia (59). Additionally, the

use of all synchronization method introduces magnetization instabilities due to variable

TR of the imaging sequence, which may alter the image contrast and influence image

quantification.

Figure 3.4: Scan-synchronous ventilation set-up. Courtesy of Angelos Kyriazis, Instituto
de Estudios Biofuncionales, Universidad Complutense de Madrid, Spain.

The cardiac motion can be reduced by means of ECG synchronization. An elec-

trocardiogram (ECG) is a plot of voltage versus time which indicates the electrical

activity of the heart. The example of an ECG plot is shown in Figure 3.5. The waves

indicated in Figure 3.5 have physiological interpretations. For example, the RQS com-

plex indicates the activation of the ventricles and this complex is used for the ECG

synchronization of MR images.

The cardiac cycle can be divided into systole and diastole. Systole corresponds to

the heart contraction. In the ECG plot, it covers the period from RQS complex to the

end of the T wave. Diastole corresponds to the heart dilatation.
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Figure 3.5: Electrocardiogram.

3.3 MR imaging methods for lung parenchyma

3.3.1 The concept of k-space

MRI techniques are usually described using k-space formalism. K-space is defined as the

spatial frequency domain and represents the signal before an inverse Fourier transform

is applied to form the image. More specifically, spatial frequency vector k describes

the time integral of the magnetic field gradient vector experienced by the transverse

magnetization during an MR experiment (during and before acquisition).

k(t) =
γ

2π

∫ t

0
G(t′)dt′

where G=∇B0, B0 is a static magnetic field and γ is a gyromagnetic ratio of the

considered nucleus (γ/2π for protons is equal to 42.576 MHz/T). The time origin (t=0)

corresponds to the time at which transverse magnetization is created (which is achieved

by means of a RF pulse).

3.3.2 K-space trajectory

The k-space trajectory (ordering scheme) can have an arbitrary form. Each scheme has

its advantages and disadvantages and the appropriate choice will depend on the type of

desired applications (for example temporal resolution versus spatial resolution). For an
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extensive description of different k-space sampling trajectories, the reader is referred to

the MRI handbooks (for example Handbook of MRI pulse sequences, Bernstein 2004).

Depending on the shape of the k-space trajectory, the sequences can be divided into

Cartesian and non-Cartesian. In the Cartesian encoding scheme, the sampling points

are uniformly distributed on the rectangular grid and the Fast Fourier Transform is

applied to reconstruct the image. In the non-Cartesian schemes, such as radial k-space

sampling, the points lie on radial spikes emerging from the k-space center and additional

steps are required (before FFT is applied) for image reconstruction (see section 3.3.4).

The example of the Cartesian and radial encoding scheme is shown in Figure 3.6.

Depending on the sampling scheme, the MR signal can be detected either in the

form of a free induction decay (FID) or in the form of an echo. The free induction

decay is the signal acquired right after the RF excitation. The echo signal is obtained

after the precessing spins are refocused by means of a second RF pulse or a gradient

pulse. The moment when rephrasing is completed is called the echo time (TE).

Figure 3.6: Cartesian (a) and radial (b) k-space scheme

- Cartesian k-space sampling

Conventional MR experiments applied to the lungs use Cartesian k-space sampling.

In Cartesian k-space sampling, each k-space line is acquired after each RF excitation

which is repeated with repetition time TR (see Figure 3.7).

The desired field of view (FOV) of the image and its spatial resolution, δr, deter-

mine the set of points used to sample the k-space. The sampling step size (sampling

frequency), δk, is calculated to be small enough to avoid aliasing artifacts, using the
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3.3 MR imaging methods for lung parenchyma

Nyquist criterion. The k-space range, ΔKmax must be large enough to achieve high

spatial resolution δr. This leads to the following conditions:

δk ≤ 1/FOV

ΔKmax ≥ 1
δr

Among these traditional MRI techniques, the FLASH (Fast Low Angle SHot) sam-

pling scheme proved to be particularly useful in proton lung imaging.

The schematic of the FLASH acquisition sequence is shown in Figure 3.7. FLASH

is a multi-shot gradient-echo sequence. Following each excitation, the echo signal is

acquired at the echo time TE. Usually, TE obtained with gradient-echo is of an order

of milliseconds. The train of RF pulses applied with gradient selective slice Gz is

repeated for each encoding gradient Gy with repetition time TR.

Figure 3.7: Chronogram of FLASH (gradient-echo) imaging sequence.

- UTE radial k-space sampling

Radial acquisition was the first MRI k-space trajectory, developed in 1973 by Lauter-

bur (68). Lauterbur called it zeugmatography (from the Greek word “zeugma”, mean-

ing “that which joins together”, because of the joint use of static magnetic and RF

electro-magnetic fields in the imaging process). Several names were introduced for this
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technique, such as: projection and radial acquisition. The radial acquisition was first

used for lung parenchyma imaging in human extracted lungs in 1991 by Bergin (15).

Soon after, Gewalt et al. (39) showed its application in rodent lung imaging. Despite

these pioneering studies, proton imaging using radial acquisition has not been widely

applied to clinical or pre-clinical investigation of lung diseases. Recently, due to a re-

newed appreciation of the positive contrast allowed by a very short echo time (TE)

achievable with the radial acquisition, a revival of interest in this technique - especially

in the Ultra Short Echo-Time (UTE) imaging sequence, has been observed.

In radial acquisition it is assumed that projections are equally distributed over the

k-space center with angular step, ΔΦ (see Figure 3.6). The maximum k-space radius

kmax is determined by the desired spatial resolution, δr. The sampling step size ΔΦ, is

limited by the Nyquist criterion, described as follows:

kmax · ΔΦ ≤ 1
L

where L is the FOV and kmax − the maximum k-space radius.

To cover π rad, the number of spokes, Ns required to satisfy the Nyquist criterion

is:

Ns =
π

ΔΦ
= π · kmax · L

Interpreting the Nyquist criterion in terms of evenly spaced projections in k-space,

it can be stated that the distance or the azimuthal gap between samples in an azimuthal

direction, ΔΦ, must not exceed the sample distance in radial direction. For example,

when 128 samples in radial direction are acquired to satisfy the Nyquist criterion, 400

azimuthally spaced directions over 2π rad are required.

The radial pulse sequence diagram is shown in Figure 3.8. After a conventional slice

excitation, the two gradients Gx and Gy are turned on simultaneously. This results in

filling in k-space data with radial spokes starting at k=0 with angular range of 0− 2π.

Each radial projection is acquired after each RF excitation with the repetition time,

TR. The signal induced by transverse magnetization Mxy is sampled by the digitizer

(ADC) at constant time intervals, resulting in a set of data points along each projection.

The amplitudes of the Gx and Gy gradients are incremented in equal steps, resulting

in the gradient waveforms defined as follows:
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Gx = G0 · cosΦ
Gy = G0 · sinΦ

where G0 is the maximum readout waveform amplitude (see Figure 3.8). It is

assumed that the sampling is performed in the physical XY plane.

Figure 3.8: Radial sequence chronogram.

Concerning the k-space filling, full or partial (with the range of 0-π) echo data

collection using the radial technique is possible. The use of the partial echo (with

each spoke starting at k-space center) approaches results in the acquisition of the free

induction decay (FID) which is recorded immediately on completion of the slice selective

excitation. Contrary to the full echo acquisition, since the FID us encoded directly,

there is no echo in this case. The echo time is defined then as an interval between

the end of the slice selective excitation and the first point of the recorded FID. It is

this interval that must be minimized in order to improve signal detection from lung

parenchyma.

3.3.3 RF excitation scheme

In an MR experiment, an RF pulse excitation and a magnetic field gradient is applied to

choose a slice from an imaged object volume. The typical excitation scheme is shown in
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Figure 3.9. It consists of a slice-selective RF excitation followed by a gradient-refocusing

interval. The purpose of the slice refocusing gradient pulse is to refocus slice dispersion.

This slice refocusing interval requirement translates into long echo times.

Figure 3.9: Conventional excitation scheme.

There are many approaches which permit us to minimize the echo time intervals.

One can begin the data acquisition during gradient ramping and apply a non-selective,

asymmetric (83) or half-pulse RF excitation (82). With the use of half-pulses, one can

achieve a minimum TE in the order of 8μs (32) restricted only by hardware limitations.

An example of a half-pulse excitation scheme using the half-sinc pulse is shown in

Figure 3.10 (reproduced from (82)).

Figure 3.10: Half-pulse excitation scheme.

Figure 3.11 shows the UTE pulse sequence combined with a half pulse RF excita-

tion. In such excitation schemes two RF excitations are used. The first excitation is

performed in the presence of the positive slice selection gradient. Then the polarity of

the slice selection gradient is inversed and the second RF pulse is executed. Data acqui-

sition is performed after each half-excitation. The same readout gradients are applied

for each pair of half-excitations and the signals of the two individual measurements are
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3.3 MR imaging methods for lung parenchyma

added. The drawback of the presented scheme is the extended acquisition time. Since

the slice selection requires double excitation for each projection, the acquisition time

is doubled. Therefore, the total measurement time associated with the above scheme

is given by 2 · TR · Ns,where TR is a repetition time of the imaging sequence and Ns,

number of spokes.

Figure 3.11: Radial sequence chronogram with the half-pulse excitation. Adapted
from (121)

Note that the studies presented in chapters 4, 5 and 6 were performed using a

conventional excitation scheme in which acquisition was started right after a short

refocusing gradient.

3.3.4 Image reconstruction using gridding algorithm

In the case of radial sampling, MRI data is acquired along a non-uniform grid. Thus,

directly applying the Fast Fourier Transform (FFT) algorithm to reconstruct the image

is not possible. For image reconstruction, a non-uniform discrete Fourier transform

(DFT) could be used, however it requires a considerably longer computation time (75).

Instead, it is much more efficient to resample the data on a uniform grid, by means of an

interpolation, and then perform the FFT. The entire reconstruction process, including

the FFT step, is called gridding. The gridding algorithm can be divided into three

main steps, of which brief descriptions are given below:

1. Density compensation of non-uniformly sampled data
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In order to compensate for the non-even spacing of the data points in k-space, the

radial MR data needs to be multiplied by a density compensation function (DCF).

This function can either be calculated analytically (80) or obtained by geometrical

consideration of a particular k-space trajectory using the Voronoi diagrams (100).

The analytical method relies on the transformation of the coordinates from a non-

uniform to a uniform grid. This approach leads to a density compensation function

that is equivalent to the Jacobian of the transformation. In the case of radial encoding,

the numerical representation of the density compensation function (w) is given by the

following formulae:

w(kr[j], Φ[j]) =
2 · π · kmax · j

(Ns − 1)2(Nr − 1)
for 1 ≤ j ≤ Ns − 1

w(kr[j], Φ[j]) =
π · k2

max

(Ns − 1)2

where Ns denotes the number of sampling points on each radial projection, Nr is

the number of projections, and j is the sample index. 0 ≤ kr ≤ kmax and 0 ≤ Φ ≤ 2π.

2. Convolution with a gridding kernel

After weighting the sampled data, each data point is convolved with a gridding

kernel and the results are sampled and accumulated on a Cartesian grid. The kernel

shape is usually chosen to be a Kaiser-Bessel function as it gives the optimal results

with respect to computation time and reconstruction errors (52). The Kaiser-Bessel

function is defined as:

C(k) =

⎧⎪⎪⎨
⎪⎪⎩

I0

⎡
⎣π · L · a

2

√
1 −

(
2k

L

)2
⎤
⎦ /L for −L/2 < kmax < L/2

0 elsewhere,

where I0 is the zero−order modified Bessel function, and L and a are kernel window

parameters. The convolved data are resampled on a Cartesian grid optimized for a fast

Fourier transform.

3. Deapodization

Once the k-space data is resampled on the Cartesian grid, the FFT can be applied

to reconstruct the image. However, the consequence of convolution in the Fourier

domain has to be taken into consideration; the transformed data must be divided by
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the Fourier transform of the convolution kernel. As the result of this operation, the

aliasing artifacts at the edge of the FOV are amplified. It was proved beneficial to use

an oversampled Cartesian grid to reduce the errors from the aliasing lobes that appear

near the edges of the image ((89), (52)). As a result of oversampling, the FOV is

increased. To preserve the original FOV size, the image should be scaled ignoring the

outer portion of the enlarged FOV.

Gridding represents one of methods for data reconstruction from non-Cartesian

k-space trajectories. Radial MR data can be also reconstructed using a filtered back-

projection (65).

3.3.5 Properties of radial acquisition

The radial acquisition was shown to have the advantages over a Cartesian encoding

when imaging of moving object is of concern (42). The effect of motion is particularly

important in abdominal imaging where breathing, cardiac or peristaltic movement can

occur.

In Cartesian imaging, the motion artifacts are manifested as blurring and ghosting

appearing in the encoding gradient direction, Gy. The typical ghosting artifacts in the

image of the thorax acquired under spontaneous breathing conditions using a gradient-

echo sequence (FLASH) are shown in Figure 3.12.

It was shown by Glover and Pauly (42) that an improved image quality with radial

encoding with respect to motion artifacts can be obtained. This improvement results

from three factors characteristic of radial encoding: (i) the motion artifacts manifest

themselves as radial streaks with low amplitude near the moving object, (ii) streaks

emanate perpendicularly to the surface of the moving object (often appearing in the

image periphery) and (iii) oversampling of the k-space center results in signal averaging

of low spatial frequencies.

Another robust method for motion artifact reduction is signal averaging (see sec-

tion 3.2). Specifically, it was shown by Beckmann et al. (8) that 40-60 signal averages

are sufficient to eliminate motion artifacts from images of freely-breathing animals ac-

quired using a Cartesian (gradient-echo) imaging method.

The properties of a radial acquisition versus that proposed by Beckmann et al.,

based on the Cartesian scheme, with regards to motion artifacts, were investigated
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Figure 3.12: Gradient-echo thorax images of a free-breathing mouse. The contrast and
luminosity were changed in order to emphasize the motion artifacts. The frequency encod-
ing gradient was set up in the direction parallel (left) and perpendicular to the diaphragm
motion (right). Despite 40 signal averages, severe artifacts in thoracic cavity are prominent.
Other sequence parameters were: TR/TE=2.1/7.8 ms, flip angle=15 deg, slice thickness=1
mm.

experimentally. For this purpose, we designed a protocol in which we compared the

effeciency of motion artifacts reduction using these two techniques.

In the study, an oscillating phantom consisting of the water filled syringe attached

to an oscillating piston was designed. In order to verify the efficiency of the averaging

method, averaged acquisitions performed using the Cartesian and radial schemes were

optimized. The Cartesian technique was optimized following Beckmann et al. (8). The

elements of radial sequences optimization with regards to motions can be found in

section 4.9.1. The detailed sequence parameters are given below (Table 3.2):

Figure 3.13 presents images of the oscillating phantom, with an amplitude of 3 mm

and a rate of 30 cycles/min, acquired using the gradient-echo and radial technique.

Application of 50 signal averages in the case of gradient-echo sequence and 20 signal

averages in the case of radial technique did not completely eliminate image artifacts

due to the motion; this can be observed in the severe blurring of the image. It can be

noticed however, that in the case of the gradient encoding scheme, these image artifacts

significantly obscure the image making its correct interpretation impossible.

Auto navigation
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Gradient-echo UTE

Matrix size 128x256 400 projection/128 samples
TR/TE ms 7.8/2.1 80/4.5

Slice thickness mm 1 1
Bandwidth kHz 100 64
Flip angle deg 15 30

Number of signal averages 50 20

Table 3.2: Gradient-echo and UTE sequences parameters used for the assessment of image
quality in the moving phantom study. Number of signal averages was chosen to obtain the
best image quality with regards to the motion artifacts.

Figure 3.13: Averaging efficiency of the radial (a,d) and Cartesian acquisition (b,c,e,f)
estimated in case of oscillating phantom. No averaging (a, b, c) and 50 averages (d, e, f) was
applied. The gradient-echo acquisition was performed with two different phase-encoding
directions (along the motion axis, middle, and perpendicular to the motion direction, right
images).

While discussing the properties of radial acquisition, it is not possible to omit its self-

navigation properties. The navigator consists of each projection crossing the k-space

center at each RF excitation which can be used to monitor, or correct for, motion. For

a more detailed description of the self-gating technique, the reader is referred to chapter
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4.

Sensitivity to the off-resonance effect

Radial encoding is sensitive to off-resonance effects such as susceptibility differences

or chemical shift. The nature of artifacts caused by the off-resonance effect is shown

in Figure 3.14. The off-resonance displacement in the radial technique occurs in all

directions, resulting in blurring. This blurring appears as a ring surrounding the imaged

object, as shown in Figure 3.14. The frequency shift corresponds to the chemical

shift between water and lipids produced in 3T and 4.7 T magnetic fields, respectively.

One can minimize this sensitivity by using a wider acquisition bandwidth; however

the reduced SNR at higher bandwidth is evident. For most of our experiments the

bandwidth of 64 kHz was used as a reasonable operating point to optimize the image

SNR.

Figure 3.14: Axial images of water-filled syringe acquired in resonance a), and off-
resonance conditions corresponding to the frequency shift of fat with respect to water
at 3T (440 Hz)(b) and 4.7 T (700 Hz) (c). Acquisition was performed with a bandwith of
64 kHz

3.4 Methods development

3.4.1 Sequence implementation

The radial UTE sequence was implemented on two 4.7 T MR scanners: one in the

CREATIS-LRMN laboratory (Lyon, France) and another at Boehringer Pharma (Bib-

erach, Germany), both interfaced with a Bruker platform (Paravision environment). A

brief overview of both systems is presented in Table 3.3.

The chronograms of the radial sequence implemented on the Bruker platform are

shown in Figure 3.15.
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Table 3.3: Description of the imaging platform.

Parameter Lyon Biberach

Field strength 4.7 T 4.7 T

Magnet manufacturer Oxford (UK) Bruker (Ettlingen,
Germany)

Gradient manufacturer Oxford, Magnex Bruker (Et-
tlingen, Germany)

gradients slew rate GSR (max
strength/rise time)

1086 mT/m/ms 800 mT/m/ms

gradients maximal amplitude 250 mT/m 200 mT/m

minimum TE achieved with a
Gaussian pulse

450μs 670μs

operating system Paravision 4.0/5.0 Paravision 4.0/5.0

The UTE sequence was programmed using methods developed for FLASH. The

arrays of Gx and Gy gradients were programmed to obtain the radial encoding scheme.

The interface of the UTE sequence is shown in Figure 3.16.

Each of the implemented sequences has the possibility of performing:

• Multi-slice acquisition

• Multiple repetitions allowing repeated sweeps of the sequence

• Signal averaging allowing signal accumulation after each excitation

• Segmented inversion recovery module implemented for T1- weighting

• Arbitrary slice geometry

• Time varying spoiler

Moreover, two different order schemes with evenly spaced projections were imple-

mented. In the first scheme, the projections were spaced sequentially with an increment

of Φ = 2π/Ns. In the second scheme, consecutive projections were obtained by altering

the sign of the imaging gradients before each angle increment. In this projection order,
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Figure 3.15: Chronogram of the radial sequence implemented on the Bruker platform
using Paravision environment.

the k-space is first filled with even projections followed by all odd projections. The

schematics of both above-mentioned profile orders are shown in Figure 3.17.

The total angle variation during k-space filling allows us to describe a circle during

the acquisition of time Tacq and it can be represented as a function of time t:

Φ =
2π · t
Tacq

Then, the gradient wave form shape in time can be described as follows:

Gx(t) sin(
2π · t
Tacq

)

Gy(t) sin(
2π · t
Tacq

).

The gradient waveforms required to fill in one k-space are presented in Figure 3.18.

The gradient waveforms are shown for the two different projection order as described

previously (Figure 3.17).

3.4.2 Sequence optimization

Experiments were performed to validate the radial sequence as our technique of choice

in proton lung MRI. The advantages and disadvantages of using the radial technique
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Figure 3.16: Interface of the UTE sequence. Radial specific sequence parameters: number
of projections and gradients array in read and phase direction are indicated in the Figure.

Figure 3.17: Profile order in case of uniform azimuthal projections distribution with an
increment angle of a) Φ = 2π/Ns and b) increment preceded the projection reflection by
π.

are illustrated below. All data presented here were obtained with a radial technique

developed using ParaVision 4.0 in Lyon, France.
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(a) (b)

(c) (d)

Figure 3.18: Gradient waveforms (Gx, Gy) in the case of two different profile orders. The
curves represent gradient amplitudes in the case of the sequentially projection order (a,b)
and the π−reflected projection order (c,d). For clarity, only 64 projections were used to
fill in the k-space, TR of sequence was eqaul to 20 ms.

3.4.2.1 Gradients

The key parameters which must be considered during a sequence implementation are the

two characteristic gradients’ constants: the maximal gradient strength Gmax [mT/m]

and the maximal gradient slew rate (GSR) [mT/m/msec]. The maximal gradient slew

rate defines the speed of gradients (rise time) employed to achieve their maximum

gradient amplitude, which imposes a limit on the minimum achievable echo time, TE.

The rise time depends on the pre-emphasis and for imaging scanners in Lyon and

Biberach, it is equal to 230μs and 250μs, respectively. The longer the rise time, the

longer the minimum TE. In order to achieve the shortest possible TE, the acquisition

was performed during gradient ramping. The effect of non-uniform point sampling
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during the ramp was corrected by gridding reconstruction (See section 3.3.4)

3.4.2.2 RF Selection pulse

To achieve a short echo time with conventional pulse selection, there must be a trade-off

between the pulse duration and minimum slice thickness, due to the limited gradient

amplitudes.

One can avoid the need for the time consuming selective excitation and large gra-

dients required for thin-slice selection by omitting a refocusing gradient and using a

half-pulse excitation, instead (see section 3.4.1 ).

The second approach which permits us to achieve the relatively short TE without

the need to use the large gradient strength for a given slice thickness, is to apply a

pulse with a high bandwidth.

To compare the effectiveness of slice-selection, acquisitions were performed using

a standard selective Gaussian-shape pulse and also a non-selective, hard pulse. The

phantom (containing NiSO4 (H2O6) (1.25g/L) and NaCl (5g/L) dissolved in 1000g of

H2O) was placed in the magnet in an oblique position, with respect to the slice selection

gradient as shown in Figure 3.19, and coronal slices were acquired.

As seen from Figure 3.19, the hard pulse gives crisper images as compared to the

Gaussian pulse. However, due to the external lobes of the Fourier Transform of this

pulse, it cannot be utilized for quantitative studies.

For further studies the conventional Gaussian-shape RF pulse was used, as it pro-

vides a reliable mean when image quantification is required.

3.4.2.3 Contrast

There are many natural sources of MR image contrast, including spin density (the local

concentration of protons nuclei) or spin relaxation times (T1, T2, T2*). The typical

lung MR images are proton density-weighted. However, it is also possible to obtain

strong T2* or T1 contrast by enhancement or reduction of one of the relaxation path-

ways. This can be achieved by applying appropriate sequence parameters; for example

by increasing the TE value, one can obtain T2* weighted images. The significant reduc-

tion of TR results in the T1 image’s enhancement. Here, we will focus on T1-enhanced

radial imaging.
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Figure 3.19: Coronal images of syringe obtained with Gaussian and hard pulse. The
images were acquired using the radial sequence using the same imaging parameters. Slice
thickness was set up to 2 mm. In case of conventional excitations 4 signal averages were
applied.

In a radial acquisition after a given number of consecutive RF excitations, a steady-

state of the longitudinal magnetization is reached. Under this condition, the signal for

the transverse magnetization can be described similarly to that achieved with a spoiled

gradient-echo acquisition given by:

S(α) =
S0 · sinα(1 − exp − (TR/T1))

1 − cosα(exp(−TR/T1))

where S0 is an equilibrium signal. The flip angle which allows us to maximize the

signal is called the Ernst angle. The value of the Ernst angle can be calculated by

derivating previous equation, yielding:

αErnst = arccos

(
exp

(−TR

T1

))

Furthermore, by changing the flip angle, α or TR of a sequence one can deter-

mine the T1 value of the lung parenchyma. The T1 value of the lung depends on

the concentration of alveolar and dissolved molecular oxygen in lung tissue and blood.

The knowledge of the precise value of T1 parameter is crucial in the oxygen-enhanced
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MRI technique in order to assess ventilation defects in patients with many pulmonary

diseases like embolism, fibrosis or pneumonia.

Figure 3.20 illustrates a series of axial images from a mouse thorax acquired with

different value of TR ranging between 20 ms and 500 ms. By measuring the signal

intensity changes with increasing TR value, one can determine the T1 for the lung

parenchyma.

Figure 3.20: Images of a mouse thorax acquired with TR of 20 ms a), 50 ms b), 100 ms
c), and 200 ms d). Signal from 20 excitations was averaged.

Figure 3.21 shows the signal from the regions of interest (ROI) from the lungs as

a function of TR ranging between 20 ms and 500 ms. The ROIs were chosen to avoid

large vessels. The data points were fitted to the aforementioned equation describing

S(α) using a nonlinear algorithm with adjustable parameters S0, α and T1. The T1

value obtained from this exemplary fit was 698 ± 5 · 10−6 ms (where fitting error was

(CHISQ/(N ∗ M))1/2, where N is the number of TR points, and M is the number of

fitting coefficients). The knowledge of T1 value allows calculation of the Ernst angle

for any TR. For example, the Ernst angle is approximately 25◦ for TR of 80 ms at T1

equal to 700 ms.

Notably, the T1 value obtained from our experiment is shorter than the value re-

ported in the literature for rodents, ranging between 780 at 2T (107) and 1300 at
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Figure 3.21: Signal intensity from the lung parenchyma versus repetition time.

7T (125). The reason for this discrepancy may result from inaccurate flip angle esti-

mation, hovewer further investigations are needed in order to explain this observation.

3.4.2.4 Spoiling

As described is section 3.4.2.3, one of a possible way to obtain the T1-enhanced image

of the lung tissue is to apply a short TE and short TR simultaneously. When a very

short TR is used various unwanted spin coherences can appear leading to complex signal

intensity weighting (combination of T1 and T2 weighting) (27). In order to eliminate

the transverse magnetization prior to the next excitation, the MR sequence employs

signal spoiling. Spoiling can be accomplished in a variety of ways. The simplest is to

choose a sequence TR that is at least four or five times the T2 relaxation time, so that

the transverse magnetization decays to zero by the end of the pulse sequence. The use

of such spoiling approach results in extended acquisition time, which is undesirable for

many imaging applications.

Spoiling can also be achieved using magnetic field gradients, or by phase rotations

of RF pulses, such that the unwanted contributions to the MR signal cancel out. In

such approaches, usually the extended minimum TR values are achieved.

Recently, it was demonstrated that a radial gradient-echo acquisition can generate

images with ideally spoiled signal intensity at a very short TR < 5 ms when a spoiling

scheme with random RF phase and gradients moments is applied (70).
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For our application, an intrinsic feature of a radial sampling approach is used in

which every projection is applied with different gradient direction, thus limiting a sig-

nals summation probability for consecutive TRs. Furthermore, sequence spoiling is

accomplished by a phase rotation of RF pulses.
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4

Robust protocols for

free-breathing MRI of the lungs:

Validation of the self-gating

method

4.1 Introduction

In this chapter, the self-gating technique as a method for artifact-free image synchro-

nization will be presented. First, a detailed description of the method’s theory and the

self-gating reconstruction algorithm will be given. The method will be compared with

two other approaches, namely standard cardio-respiratory gating (CRG) acquisition

and signal averaging (SA) acquisition. The results obtained from phantom and in vivo

studies will be presented. Finally, the potential and the limitations of the self-gating

technique will be discussed.

4.1.1 Motivation

One fundamental limitation of spatial resolution for in vivo MR lung imaging is related

to motion in the thoracic cavity. This problem is more evident in imaging of small

animals as their respiratory and cardiac rates are up to an order of magnitude faster

than in human subjects (see chapter 1). Constant motion can degrade image quality,

typically with blurring, ghosting or radial-striking artifacts that make it difficult to
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distinguish neighboring voxels.

Several methods have been proposed to overcome this limitation in small animal

studies. One can use an MR-compatible ventilator (47) that controls the breathing

cycle and triggers the MR scanner to acquire data only during a specified phase of the

cycle, such as at end-expiration or at full inspired volume. Images are acquired over

multiple breaths to attain sufficient SNR. For example 150 breaths were used to obtain

900 radial samples of Fourier space for one image (22).

Heart motion artifacts can be eliminated using an electro-cardiogram (ECG) which

synchronizes image acquisition with the cardiac cycle (18). In the ECG technique, the

R-wave (see section 3.2) is detected by the triggering system and a trigger delay is used

to set the time point (after which the pulse sequence is performed). Any desired phase

of the cardiac cycle can be imaged by selecting an appropriate delay. Consequently,

images free of motion artifacts, corresponding to different phases of the cardiac cycle,

can be acquired.

Although a method with synchronous ventilation and cardiac gating allows one to

obtain high resolution images (39), (54), the acquisition time is long and imaging proto-

col is complex. Additionally, since the acquisition is triggered by the R-wave, which can

vary in time due to irregularities of the cardiac cycle, the use of a predetermined and

constant sequence repetition time with those techniques is not possible. As a result,

the image contrast is variable in time. This can lead to difficulties in the interpreta-

tion of image readouts when quantification of changes in signal amplitude or in tissue

relaxation time is required.

Alternatively, motion artifacts in the lungs can be efficiently reduced using signal

averaging (9). In this approach, the animals are allowed to breathe spontaneously

and images are acquired without the use of either cardiac or respiratory triggering.

Typically, 40 signal averages are sufficient to suppress most of the potential motion

artifacts (9).

Another technique for motion artifact suppression is the use of a radial encoding

method (42). The radial sequence was shown to have several advantages over Cartesian

sampling techniques. The use of radial sampling leads to: (i) oversampling of low spatial

frequencies, leading to intrinsic averaging of the subject contour, and (ii) the generation

of artifacts as streaks which emanate from the object instead of being arrayed along

a phase-encoding direction in Cartesian encoding (42). Another interesting feature of
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radial imaging is the repetitive sampling of the k-space center giving access to total

NMR signal amplitude after each RF excitation. This can serve as a motion navigator,

which consists in repeatedly measuring a partial set of k-space data that is processed

to track the motion.

This motion navigating property of radial sequence can be used to retrospectively

monitor physiological functions such as cardiac or respiratory cycles. It has been ap-

plied recently in order to acquire time-resolved 3He ventilation images in spontaneously

breathing animals (115). Similarly, in proton MRI this approach has been used to re-

construct time-resolved cardiac images synchronized with the cardiac cycle in humans

(66), (67) and mice (48),(49). In both cases, the technique relies on the retrospective

use of the MR signal intensity variations induced by cardiac and respiratory events.

Regarding proton MRI, the synchronization of the cardiac cycle was possible due to

large variations in blood volume, occurring in slices crossing myocardium cavities be-

tween systolic and diastolic phases. These large variations in blood volume resulted in

large variations of signal intensity allowing for its synchronization (48).

4.2 Proposed solution

We used the specific navigating property of radial acquisition to retrospectively monitor

the signal changes in the lung parenchyma. The signal intensity changes were possible

to detect due to a very short echo time of imaging sequence. These signal changes were

caused by lung volume and density changes due to respiratory cycles and the pulsation

of pulmonary blood. Based on these observations we reconstructed artifact-free images

using the self-gating reconstruction method.

The self-gating method allows one to:

• Obtain sharp images of the thorax that are synchronized to different phases of

the cardio-respiratory cycle within one acquisition.

• Avoid delays associated with the setup of electrocardiographic (ECG) equipment,

thus reducing overall imaging time and cost of studies.

• Ensure constant repetition times of the imaging sequence. This is necessary when

quantitative image analysis is required.
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4.3 Aims of this study

The main aims of this study include:

• Deriving NMR signals from the lung parenchyma and using then as a motion

navigator;

• Implementing the self-gating reconstruction method to synchronize images with

a specific phase of the cardio-respiratory cycle;

• Validating the navigator properties in the phantom stimulating motion;

• Applying and evaluating the self-gating method as a protocol for in vivo high

resolution lung imaging in mice.

4.4 Method principle

4.4.1 Detection of double cardiac and respiratory motion by MRI

Cardio-respiratory gating relies on real-time monitoring of the cardio-respiratory cycle.

The NMR signal intensity changes due to breathing and cardiac motion are monitored

using a repeatedly acquired MR signal at the origin of k-space. For this purpose,

repeated sweeps of a radial sequence are applied and a k-space center after each radial

projection is sampled ( see Figure 4.1). An MR signal amplitude measured at the

center of k-space corresponds to the total transverse magnetization from the whole

imaged volume. If the image volume contains moving or changing structures, a series

of consecutively acquired echoes exhibits peak changes corresponding to proportional

changes in the overall transverse magnetization due to motion (67). Using a radial

acquisition, these signal changes can be detected at each radial view that samples the

k-space origin with sampling frequency limited by the minimum sequence repetition

time.

Figure 4.2 shows the signal amplitude changes versus time at the center of k-space

for a set of consecutive radial views acquired in a spontaneously breathing mouse.

In this example the sampling rate was 12.5 Hz and the display covers 16 seconds of

acquisition.

Signal variation with two signal modulations can be observed: high frequency varia-

tions (4 Hz) due to the cardiac motion and low frequency variations (0.5 Hz) due to the
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Figure 4.1: Scheme of data set acquisition. Signal at the center of k-space is sampled
from repeated sweeps of the sequence.

Figure 4.2: NMR signal amplitude from the center of k-space from a spontaneously
breathing mouse acquired in coronal plane. Low frequency (0.5 Hz) and high frequency (4
Hz) signal modulations correspond to the respiratory and cardiac cycles, respectively. The
line indicates the threshold (See section 4.4.2). The temporal resolution was 80 ms.

respiratory cycle. Using a Fourier filter, it is possible to separate these two signals. An

example of the Fourier spectrum is shown in Figure 4.3. The spectrum shows several

lines: two main lines correspond to the signal from breathing and pulsation of pul-

monary blood in the lung parenchyma, while the remaining lines represent harmonics

with different Fourier coefficients due to the non-sinusoidal shape of the signal.

Regarding the low frequency modulations due to the respiratory cycle (see Figure

4.2), the maxima and minima correspond to the end of expiration and inspiration, re-
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Figure 4.3: Fourier spectrum of the signal from Figure 4.2. The Hann filter was applied
to the signal. Pointers indicate frequency corresponding to the respiratory (0.5 Hz) and
cardiac cycle (4 Hz).

spectively. The inspiration phase is characterized by a reduced parenchyma density,

hence the global decrease of MR signal. On the contrary, in the expiration phase

the parenchyma density increases; this in turn increases the MR signal. Signals from

other organs, such as the liver, during animal respiration may also contribute to the

total signal amplitude. This results in greater changes in signal amplitude than ex-

pected from density changes only. Regarding the low frequency modulations due to the

respiratory cycle (see Figure 4.2), the maxima and minima correspond to the end of

expiration and inspiration, respectively. The inspiration phase is characterized by a re-

duced parenchyma density, hence the global decrease of MR signal. On the contrary, in

the expiration phase the parenchyma density increases, increasing the MR signal. The

signals from other organs such as liver during animal respiration may also contribute

to the total signal amplitude. This results in larger changes in signal amplitude then

expected from density changes only.

Depending on the slice orientation, different signal amplitude variations can be ob-

served. Modulations caused by the animal’s respiratory cycle are more pronounced
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in coronal then in axial images. This is the result of larger lung volume changes in

the superior-inferior direction as compared to the left-right and anterior-posterior ori-

entation. Notably, the detection of signal variations due to the cardiac cycle is not

restricted to slices encompassing parts of the cardiac muscle. Indeed, signal changes

due to pulsing blood flow within pulmonary vasculature can be detected in all imaged

slices. However, the maximum amplitude fluctuations due to pulmonary blood pulsa-

tion were observed in the slice containing a significant fraction of the heart muscle. An

example of signal intensity changes in the axial plane is shown in Figure 4.4.

Figure 4.4: Signal intensity changes in the spontaneously breathing animal measured in
the axial plane. Similarly, as compared to the signal from the coronal plane, two frequen-
cies of signal modulation can be distinguished. The high fluctuation frequency ( 3.5 Hz)
corresponds to cardiac activity. The temporal resolution was 20 ms.

4.4.2 Self-gating procedure

Retrospective self-gating reconstruction was based on the use of a signal extracted from

the center of k-space as a trigger and its use for image reconstruction in spontaneously

breathing mice.

The self-gated reconstruction was performed using in-house software written in IDL

(RSI, Boulder, CO, USA), as follows:

• Self-gating signal extraction: As previously explained, the first sampled data

points of each radial view recorded during the whole acquisition were extracted

from the MR signal and plotted as a function of time. The plotted curve rep-

resents the respiration and cardiac pattern given by the view-to-view MR signal
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amplitude variations. Typically, signals from 20 k-space sweeps were extracted

and inspected.

• SG trigger detection: the view-to-view signal evolution was visually inspected,

and depending on the required phase of the cardio-respiratory cycle, the user-

defined threshold was chosen. Typically, a trigger level was set up at 2̃0% of the

tidal volume (coronal slices) or cardiac peak (axial slices).

• Self-gated reconstruction: The radial views selected in this way were used to fill

in a k-space matrix. Figure 4.5 illustrates the principle of this procedure. A

gridding algorithm (52) was used for the image reconstruction. Reconstructed

images were interpolated into a 512× 512 grid with a Kaiser-Bessel interpolation

kernel (52).

Figure 4.5: Schematic diagram of the retrospective self-getting reconstruction technique.
The threshold selecting the radial projections for image triggering is indicated by a hori-
zontal line.
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4.5 Materials and Methods

4.6 Animal preparation

Female C57BL/6 mice (with an average weight of 25 g) were anesthetized with isofluo-

rane (concentration 1.5%, flow rate 0.4 l/min) administered via a face mask. For cardiac

monitoring, ECG electrodes were placed on the paws of the mice. The breathing cycle

was controlled by a pressure sensor placed in the abdominal area. The animals were

positioned supine in a custom-built Alderman-Grant coil and body temperature was

maintained by a regulated water-flow. The experimental protocol was approved by the

local ethics committee.

4.7 MR acquisition

Experiments were performed on a 4.7 Tesla Oxford magnet (10-cm wide bore) interfaced

to a Bruker MR console. A radial sequence was used for image acquisition. Four

hundred radial views per image with 128 points per view were collected with an angular

sampling range of (0,2π) and increment angle of (number of view)/2π in order to fulfill

the Nyquist criterion (400≈128π) and minimize aliasing image artifacts. The radial

projections were evenly spaced in k-space with a successive azimuthal increment of 180

degrees. Free induction decay (FID) acquisition was triggered during read gradient

ramping, starting immediately after slice excitation and slice refocusing gradient. For

each radial view, the k-space origin was acquired with an effective echo time TE of 450

μs (the effective TE is defined as the interval between the middle of the RF pulse and

the first point of the acquisition). An RF excitation pulse of 0.2 ms was applied to

excite a slice of 1.2 mm thickness.

Data acquisition was carried out using two different approaches: 1) “constant repe-

tition time”imaging, and 2) cardio-respiratory-gated (CRG) acquisition. The “constant

repetition time” protocol was based either on retrospective self-gating (RSG) or on a

signal averaging (SA) approach.

For the RSG and SA acquisition schemes, the repetition time, TR, and flip angle

were set to 80 ms and 30 deg, respectively. In the case of RSG acquisition, twenty

k-space sweeps were performed resulting in a total acquisition time of 10 minutes. The
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SA acquisition consisted in averaging data from 20 consecutive scans before image

reconstruction (total acquisition time of 10 minutes).

The typical repetition time for CRG acquisition was equal to 400 ms resulting in a

total acquisition time of 3 minutes. The flip angle was set to 20◦ .

For reproducibility tests, in vitro studies were performed. This includes the com-

parison of the signal averaged (SA), synchronized and respectively self-gated (RSG)

images acquired in different experimental conditions determined by different rates and

amplitudes of the phantom oscillation.

In order to validate the self-gating in vivo, specifically, signal averaging (SA) and

standard cardio-respiratory gating (CRG) acquisition were used for comparison.

4.8 Quantitative analysis

To show the relative impact of the self-gating method on motion artifacts, the image

quality was assessed using two image parameters, namely sharpness and noise level.

The image sharpness was used to assess the image resolution while the noise level was

measured to evaluate the impact of motion on image quality. Additionally, SNR per

unit time was used as an image quality estimator.

1. Sharpness estimation

Motion in the thoracic cavity can degrade image quality, obscuring important

anatomic structures. If not corrected, the motion can produce image blurring, ghosting,

intensity loss and mis-registration. A simple method for estimating the image quality

corrected for motion artifacts is by investigating its sharpness at the boundary between

different imaged structures. The image sharpness can be represented by the profile-line

steepness crossing the object of interest. Figure 4.6 presents three objects edges that

are progressively less sharp. The line crossing the object corresponds to the profile

through the object. One can notice a dependence: the less sharp the image border the

more inclined the profile-line measured at this border.

The sharpness value can be assessed as follows: the local maximum and minimum

intensity values are determined along an intensity profile and the distance d between

the points having 80% and 20% of profile intensity is measured. The sharpness value
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Figure 4.6: Concept of image sharpness. d represents a distance between 20% and 80%
of the profile line.

is defined as 1/d, see Figure 4.6. A similar approach was applied to vessel sharpness

scoring of coronary arteries and the septum from clinical MR images (108), (66).

In practice, to avoid misevaluation of sharpness due to noise appearance in the

image, an averaging profiles algorithm was implemented.

In order to calculate an average profile along any curved structure border such as:

the diaphragm or vessels, we assumed that any fragment of its shape can be approxi-

mated by a quadratic function:

y = a · x2 + b · x + c

To calculate the profile at any point on this curve, the tangent line was calculated:

dy

dx
= 2 · a · x + b.

The profile line is given by a line perpendicular to the tangent:

yp =
1
a
· x + b.

The lengths of the profiles were determined by defining the coordinates of the bound-

ary points (xa, ya) and (xb, yb) of each profile, crossing the diaphragm at the point

(x1, y1) as follows:
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xa = x1 − dx

xb = x1 + dx

ya = y1 + dy

yb = y1 − dy.

This procedure is illustrated in Figure 4.7.

Figure 4.7: Graph showing the algorithm for calculating the line profiles. A position
of the intensity profile generated and used for the calculation of the image sharpness at
the diaphragm position, is shown. (xa,ya) and (xb,yb), are the coordinates of the profile’s
end-points. The length of the profile was 100 pixels.

The sharpness calculation algorithm was implemented under Matlab and the profiles

were calculated with the following steps:

(i) a set of points lying on the boundary of lung structure (vessels, diaphragm,...)

was selected; (ii) the selected points were fitted with a polynomial function (n=2);
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(iii) the tangents to the polynomial curve and intensity profiles perpendicular to the

tangents were plotted, as explained before. The procedure was repeated iteratively for

each point of the curve and profiles obtained in this way were averaged. We found that

typically, 30 to 40 profiles averaged along the considered structure were sufficient to

correctly assess the border sharpness. Figure 4.8 shows an example of a profile crossing

the diaphragm boundary obtained in the case of no averaging (Figure 4.8a) and with

averaging (Figure 4.8b). The length of the profiles was modified depending on the

considered structures and typically ranged from 18 to 35 pixels.

Figure 4.8: Typical profiles crossing the diaphragm boarder obtained in the case of no
averaging (a) and with 15 averages (b).

In order to determine the sharpness value of averaged profiles several algorithms

were tested:

• The extreme coordinates (Min, Max) of profiles were found manually and the

aforementioned d value was determined according to:

d = a − b, where

a = Min + (Max − Min) · 0.8

b = Min + (Max + Min) · 0.2

• The modeled profile with variable steepness was generated and fitted to a mea-

sured profile curve using a minimization algorithm.

• Additionally, the profile was differentiated and its extrema were inspected (as

shown below).
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2. Noise level

Additionally, quantitative image quality assessments were performed using the noise

level and signal to noise ratio (SNR) per unit of acquisition time. The noise level

was defined as the standard deviation of mean signal intensity measured in a region

of interest (ROI) located in the image background. To make the comparison of this

parameter with different imaging techniques possible, the noise level was normalized

according to the square root of acquisition time of the imaging sequence. The SNR per

unit time was defined as an index of imaging method efficiency.

4.9 Results: Phantom study

In order to validate the proposed self-gating technique, phantom experiments were

performed, simulating respiratory motion. The phantom consisted of a 2-cm plastic

syringe filled with a water solution doped with Gd-DTPA to reduce the T1 relaxation

times. The setup was designed to perform symmetric oscillations along the longitudinal

axis of the syringe with different periods and amplitudes.

Figure 4.9 shows the signal changes over time measured at the k-space center from

an oscillating phantom. In order to demonstrate the navigating properties of the self-

gating technique, images synchronized to extreme positions of the oscillating phantom

were reconstructed. Figure 4.10 compares non-synchronized (left), and synchronized

phantom images synchronized to the maximum (middle) and mimimum (right) ampli-

tude of oscillation. It can be seen that the synchronization permits to avoid the blurring

artifacts due to motion (see Figure 4.10).

Figure 4.11 shows images of the oscillating phantom reconstructed from the averaged

and gated-acquisitions (Figure 4.11a-f). The image triggering was performed at the

maximal phantom displacement. The motion was followed using a pressure transducer

sensor. For self-gating synchronization, the signal from the k-space center was used and

specific amplitudes of phantom oscillation were chosen in the reconstruction process (see

section 4).

Figure 4.12 compares the profiles measured at the boundary of the oscillating phan-

tom for images acquired with oscillation rates of 30 cycles/min and 60 cycles/min and

amplitudes of 1.5 mm and 3 mm, respectively. For both cases, the averaging results in

a gentler slope of the profile while the slopes of the two gating methods are comparable.
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Figure 4.9: Signal intensity changes measured in the case of an oscillating phantom. The
part of signal marked in blue corresponds to the maximum amplitude of oscillation while
the part marked in red corresponds to the minimum amplitude of the oscillating phantom.

Figure 4.10: From left to right: a non-gated (left), synchronized to the maximum (middle)
and minimum amplitude (right) image of oscillating phantom. Lines indicates different
position of phantom reconstructed from corresponding parts of the signal marked in blue
and red in Figure 4.9. Note the presence of blurring and streaks artifacts in non-gated
image.

The quantitative measurements of sharpness are presented in Table 4.1. Comparable

sharpness values were obtained for standard synchronization and the self-gating tech-

nique. In contrast, the sharpness for the averaging approach was approximately two

times lower with oscillations of 1.5 mm amplitude and four times lower with oscillations

of 3 mm amplitude.

Figure 4.13 shows the derivative of the profiles from Figure 4.12. In the case of

the synchronization and the self-gating method, the directional derivative exhibits one

minimum, corresponding to the observed abrupt signal change at the tissue border. It

can be noticed however, that the derivative of the SA profile shows two smaller peaks,

corresponding to a gentler and more blurred profile slope. Particularly, these two peaks
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Figure 4.11: From left to right: averaged, synchronized and self-gating image of phantom
oscillating with the rate of 30 cycles/min and the amplitude of 1.5 mm (a-c) and the rate
of 60 cycles/min and the amplitude of 3 mm (d-f). Oscillations were performed along the
longitudinal axis of the phantom. Arrays indicate the phantom’s boundary in a position
where sharpness was measured.

correspond to two different positions of the oscillating phantom.

Table 4.2 shows the noise level assessed for each of the acquisition methods.

It can be noted that the equivalent noise level was measured in the synchronized

and self-gating images. Contrarily, the noise level observed in the signal averaging

acquisition was twice as big as that of the gated acquisitions.

4.9.1 Results: In vivo

For all three protocols, the images were acquired consecutively in the axial and the

coronal planes. Examples of coronal lung images obtained with RSG, SA and CRG

approaches are shown in Figure 4.14.

From visual inspection, one can note similar features, comparable image quality and

the absence of major motion artifacts related to respiratory or cardiac motion regardless

of the imaging approach.

In order to estimate the degree of blurring suppression for each method, inten-

sity profiles crossing either the diaphragm-liver boundary or going through a right

pulmonary vein were generated for the quantification and scoring of image sharpness.

Typical averaged intensity profiles from coronal images are depicted in Figure 4.15.
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Figure 4.12: Averaged line profiles obtained in phantom oscillating with the rate of 30
cycles/min and amplitude of 1.5 mm (left) and the rate of 60 cycles/min and the amplitude
of 3 mm (right).

Sharpness Averaged image Synchronized image SG image

phantom case 1 [pixels-1] 0.111± 0.003 0.23± 0.02 0.23± 0.03
phantom case 2 [pixels-1] 0.061± 0.004 0.25± 0.04 0.24± 0.02

Table 4.1: Sharpness scores from averaged, synchronized and self-gated images. Values
were obtained for two different rates and amplitudes of oscillation: 30 cycles/min and 1.5
mm (case 1) and 60 cycles/min and 3 mm (case 2), respectively. Each sharpness value
was measured 10 times and averaged. The measurement error represents the standard
deviation of averaged values.

Comparable slopes of the intensity profiles were measured both at the diaphragm-

liver interface and through a pulmonary vein. Table 4.3 summarizes the sharpness value

measured for each acquisition approach in the region of the diaphragm. Comparable

values were obtained for all approaches confirming the qualitative similarity of the

images and the intensity profiles.

Table 4.4 summarizes the noise level assessed for each of the acquisition methods.

In the case of the signal averaging approach, the noise level was scaled with the square

root of the number of averages.

Equivalent noise levels were measured in self- and CR-gated images while the noise

level observed in the signal averaging acquisition was twice as big as that of the gated

acquisitions.

The impact of averaging on the suppression of motion artifacts and image quality
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Figure 4.13: Derivative of the profiles from Figure 4.12

Normalized noise level Averaged image Synchronized image SG image

in image background

phantom (case 1) 3.33± 0.22 1.53± 0.05 1.59± 0.06
phantom (case 2) 3.54± 0.24 1.55± 0.08 1.71± 0.13

Table 4.2: Mean noise level values measured in the averaged, the synchronized and self-
gated images of the oscillating phantom. Case 1 corresponds to the oscillation rate and
amplitude of 30cycles/min and 1.5 mm, respectively while in case 2 the oscillation rate was
60cycles/min and the amplitude was equal to 3 mm.

Figure 4.14: Typical images of mice thorax acquired using signal averaging approach (20
averages) (a), CRG approach (b) and retrospective self-gated procedure (c).

was investigated. Images acquired consecutively with the increasing number of averages

were compared. Figure 4.16 shows coronal images acquired with 1, 5 and 20 averages.

Typically, 20 averages were sufficient to suppress most of the streaking motion artifacts

and the blurring located in the region of diaphragm and lung vasculature. The sharp-

58



4.9 Results: Phantom study

(a)

(b)

Figure 4.15: Averaged line profiles obtained at the diaphram/liver interface (a) and at
the edge fo the right pulmonary vessels (b).

ness was assessed, as described earlier, for images acquired with 1, 5, and 20 averages.

In order to evaluate the sharpness measurement accuracy, the standard deviations of

measured mean distance d were estimated and compared. Calculated standard devi-

ations, 12% in the case of 1 and 5 averages, and 4% for 20 averages, show that 20
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Averaged image CR image SG image

Sharpness in vivo [pixels-1] 0.15± 0.01 0.18± 0.04 0.16± 0.02

Table 4.3: Sharpness scores from averaged, cardio-respiratory-gated and self-gated im-
ages. Values were measured in coronal images from averaged intensity profiles crossing the
diaphragm/liver boundary. The standard deviation values were obtained from repeated
measurements.

Averaged image CR image SG image

Normalized noise level 8.64± 1.73 4.81± 0.26 3.851± 0.23

in image background

Table 4.4: Mean noise level values measured in averaged, synchronized and self-gated
images in vivo. The standard deviation values were obtained from repeated measurements.

averages sufficiently improved the image quality

Figure 4.16: Reduction of motion artifacts by averaging. NA was 1 (a), 5 (b) and 20 (c).
Arrows indicate some blurring artifacts due to respiratory motion.

We saw that the self-gating method can be efficiently used to minimize motion ar-

tifacts arising from respiratory and cardiac movement. However, the major advantage

of the self-gating approach is its feasibility of forming lung images at various cardiac

phases. The example of image synchronization using the self-gating technique to dif-

ferent phases of the cardiac cycle is shown in Figure 4.17. In this case, the radial

projections corresponding to a specific phase of the cardiac cycle were chosen and im-

age reconstructions corresponding to that specific phase were performed. As seen from

Figure 4.17, the sufficiently high SNR of images enables one to detect the signal changes
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between two phases of the cardiac cycle observed in the lung parenchyma. These signal

changes correspond to the pulmonary blood perfusion variation during the cardiac cycle

and they can be detected due to a large volume of blood in the lung parenchyma.

Figure 4.17: Comparison of self-gated transverse pulmonary images triggered in the
systolic (a) and diastolic (b) phases of the cardiac cycle.

4.9.2 Discussion

The effectiveness of the signal averaging approach for motion artifact suppression in

lung proton MRI images was previously demonstrated by Beckmann et al. in rats and

mice using Cartesian k-space scanning (9). Since then, the signal averaging technique

has been successfully applied to numerous animal models of lung disease for the de-

tection and quantification of inflammation, mucous plugging or lung fibrosis (8), (56),

(57). For all the above-mentioned applications, this approach has been recognized as

robust, easy to implement and well-adapted to scanning large cohorts of animals.

The short-echo time radial k-space sampling is the acquisition technique of choice

when increased SNR from lung parenchyma and improved image resolution are sought.

Combined with cardio-respiratory triggering and a ventilation-synchronous scan, the

approach has been shown to be very efficient for depicting the fine anatomical details

of a rodent’s lungs (54), (39), (63). The main objective of this study was to determine

whether short-echo time non-triggered approaches can provide similar results, and thus

two parameters were measured: the sharpness and the noise level of the image. The
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image sharpness was used to assess the image resolution, while the noise level was

measured for evaluating the impact of motion artifacts on the image quality.

The retrospectively cardio-respiratory gated approaches using Cartesian and ra-

dial sampled signals have been previously reported in proton imaging for time-resolved

imaging in humans (67), (86) and small animals (48). The findings of the present study

indicate that the self-gating approach is also applicable for lung imaging in small ani-

mals. Modulations of MR signal intensity induced by breathing and cardiac pulsations

were noticeable in both coronal and axial imaging slices. Modulations caused by the

animal’s respiratory cycle were more pronounced in coronal then in axial images. This

results from larger lung volume changes in the cranio-caudal direction as compared to

the left-right and anterio-posterior orientation. Notably, the detection of signal vari-

ations due to the cardiac cycle was not restricted to slices encompassing parts of the

cardiac muscle. Indeed, signal changes due to pulsing blood flow within pulmonary

vasculature were detected in all imaged slices. These signal changes were used for

reconstructing images synchronized with the cardiac cycle.

The results from sharpness measurements indicate that spatial resolutions equiv-

alent to those of CRG acquisitions can be obtained using self-gated or averaging ap-

proaches. In the case of averaging acquisition, this counterintuitive observation can be

attributed to the peculiar behavior of radial acquisition in the presence of a moving

structure. In radial images, motion artifacts are usually distributed as radial streaks

in the periphery of the image. Furthermore, the acquisition of FID signals at a very

short echo time prevents the phase accumulation of moving spins in the presence of the

imaging gradients.

Similar diaphragm positions for all three imaging techniques were observed in coro-

nal images (Figure 4.14). Cardio-respiratory and self-gated lung images were acquired

at the expiratory phase with the animal breathing spontaneously at tidal volume. As

seen from the MR signal intensity time curve in Figure 4.2, the fraction of time spent

in the expiration phase represents about two thirds of the total breathing cycle of the

animal. As a result, in the signal averaging image, the diaphragm is seen in a position

corresponding to the expiratory phase.

The noise level was measured in the image periphery where the motion artifacts are

presumably mainly located. A two-fold higher noise level was observed in the signal
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averaging acquisition. This higher noise level is an indication of increased fluctuat-

ing signal intensity related to motion as can be suspected from non-gated acquisition.

However, this increase in noise level did not affect the sharpness measurement within

the lung nor did it degrade the overall image quality.

If image SNR is of concern, the SNR per unit time provided by the different ap-

proaches has to be considered. When using appropriate RF excitation at the Ernst

angle, it can be demonstrated that signal averaging and CR-gated techniques can yield

very similar SNR per unit time. On the contrary, the self-gated technique has a re-

duced SNR per unit time due to the discarding of the radial views during the image

reconstruction.

Despite its degraded SNR per unit time, self-gated acquisition offers the possibility

of reconstructing lung images at different cardiac or respiratory cycles. Figure 4.17

shows a typical axial image of a mouse thorax obtained using the retrospective-gated

technique at two different cardiac cycle phases. In this case, the projections correspond-

ing to systolic and diastolic phases of the cardiac cycle were chosen and the images

corresponding to each phase were reconstructed. Depending on the cardiac phase, one

can observe signal intensity variations in the parenchyma that are attributed to changes

in lung perfusion. Furthermore, if needed, the acquired k-spaces can be averaged later

to generate higher SNR images.

The results obtained in the phantom study validate the accuracy of the self-gating

method for motion artifact suppression, the sharpness and noise level were found to be

similar to those obtained with the standard gating technique. However, in contrast to

in vivo experiments, degradation of the sharpness value was observed for signal aver-

aging acquisition. Although the frequencies and amplitudes of phantom displacement

correspond to the breathing rate and diaphragm displacement in mice and rats, the

pattern of the phantom’s motion was different to that observed in vivo (as mentioned

above, the fraction of time spent in the expiration phase represents about two thirds of

the total breathing cycle of the animal).

4.9.3 Limitations of the method

The limitations of our protocol are primarily related to the imaging sequence, one of

which is related to the off-center displacement of the radial trajectory caused by the

imperfections of the gradient system. As a result, the real radial trajectory misses
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the k-space center which results in image artifacts. Consequently, the position of the

first point of the radial views changes as a function of the projection angle. This

signal misalignment can cause unwanted signal modulation with a period equal to the

duration of a complete k-space scan (TR × nb radial projection) (48). Although in our

experimental setup we did not observe the signal modulation which differs from that

defined as the intensity of a cardio-respiratory signal changes. One has to ensure the

correctness of the measured signal variation. Therefore, in the future, a specific method

for the measurement and possible correction of this off-centering effect (93) should be

applied to standardize the self-gating method.

The second limitation of this study is related to the temporal resolution due to a

limited TR value. The TR chosen in this study was equal to 80 ms; this value allows

high SNR images of the lung parenchyma to be obtained. The sampling frequency of the

k-space center (determined by the TR value) allows us to obtain synchronized images for

only two different phases of the cardiac cycle. Figure 4.18 shows images corresponding

to the systolic and diastolic phases of the cardiac cycle acquired with different TR

values. The decrease of the signal with decreasing TR value can be observed. To obtain

sufficient temporal resolution, allowing better cardiac and respiratory synchronization

to be achieved, one can reduce the TR value with simultaneous averaging of the gated-

signal from several k-space to attain sufficient SNR.

Additionally, as mentioned previously, the signal amplitude varies according to the

orientation of the chosen slice. Therefore for each image to be synchronized correctly,

requires inspection by an individual.

4.9.4 Conclusions

In this chapter, based on the self-gating property of the radial UTE technique, we

have shown that signals from the lung parenchyma can be derived and used for the

free-artefacts image synchronization. To validate the self-gating method, different

short echo-time radial imaging protocols were applied for proton lung imaging in small

animals during spontaneous breathing. “Constant repetition time” methods and the

cardio-respiratory gated approach were compared. Within the limit of the nominal

image resolution of this study (pixel size of 54μm × 54μm), parenchyma and vascular

structures in mouse lungs were visualized with equivalent spatial resolution for all the

applied techniques. The use of non-cardio-respiratory-gated techniques offers several
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advantages. First of all, it simplifies the imaging protocol for lung MRI of rodents.

Second, the images are acquired with an operator-defined repetition time, allowing the

control of the image contrast. Finally, the retrospectively-gated approach offers the

possibility of lung imaging at multiple phases of the cardiac or respiratory cycles.
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Figure 4.18: Images in the systolic and diastolic phase of cardiac cycle acquired with TR
equal to 30 ms (top), 50 ms (middle) and 100 ms (bottom). Decrease of the signal intensity
with decreasing TR value can be noticed
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5

Detection of LPS-induced

inflammation in rat lungs

5.1 Introduction

In this chapter, the focus will be on different MR approaches of detecting inflammation

induced experimentally by Lypopolysaccharide (LPS) exposure in rat lungs, model-

ing Chronic Obstructive Pulmonary Disease (COPD). First, characteristic features of

COPD will be presented. Next, the experimental design, the main results and conclu-

sions will be provided. This study raises several interesting issues, including the validity

of the UTE technique for quantifying the extent of inflammation, as well as exploration

of the early stage inflammation investigation approach in animal models by means of

macrophage imaging using MR.

5.2 Aims of the present study

The detection of the extent of inflammation plays an important role in establishing

therapeutic responses and in the development of new treatment agents. Also, the

earlier a disease can be detected and characterized, the greater the chance of being able

to successfully combat the disease with an appropriate treatment. An early estimation

of the extent of inflammation is therefore of crucial importance. To reach these two

goals, two independent studies were designed based on the UTE imaging technique.

The main objectives of the first study (study I) were:
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• To create a tool allowing for reproducible edema detection.

• To develop an MR protocol for lung inflammation assessment with respect to

pharmacological research strategies.

• To verify if utilization of the UTE technique improves in vivo volumetric evalua-

tion of lesion extent.

• To quantify the edema volume.

• To evaluate the validity of the UTE technique for the quantitative diagnosis of

lung inflammation.

The main objectives of the second study (study II) were:

• To investigate the feasibility of the early detection of inflammation assessed by

cellular infiltration of macrophages at the site of inflammation.

• To establish a method for estimation of the inflammation

• To correlate MRI findings with histology

5.3 Experimental animal model

Animal models play an important role in the understanding of the pathogenesis of

chronic obstructive pulmonary disease (COPD). Different experimental COPD models

have been developed in guinea pigs, rats and mice using cigarette smoke and endo-

toxin (81), (129), (69), (76) . For details concerning the experimental COPD models,

the reader is referred to (106), (77), (21). Many of these models mimic emphysema - an

advanced stage of COPD. Emphysema will be described in chapter 6. Here, the focus

will be on early stages of COPD, with a particular consideration to the inflammation

process.

The main feature of the inflammation characteristic for COPD is an increased pro-

duction and secretion of respiratory mucus and influx of inflammatory cells. The in-

flammatory cells contain along neutrophiles and macrophages.

Airway infections similar, to those observed in human COPD patients can be in-

duced by endotoxin-laden bacteria (124), (117). More specifically, the endotoxins are
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lipopolysaccharide-protein molecules released from the walls of some gram-negative bac-

teria. Briefly, the bacterial cell surface consists of an inner cytoplasic membrane and

a tri-layer outer cell wall structure; the outer-most layer consists of lypopolysaccha-

ride, (LPS). The endotoxin refers to the impure extract of LPS combined with different

proteins.

The LPS introduced to the living organism provokes a septic shock initialized

by ligand-receptor interaction with a number of immune cells. This includes the

mononuclear phagocytes (MPs) which comprise circulating monocytes and fixed tis-

sue macrophages.

The macrophages are believed to play a pivotal role in the recognition and the

transduction of LPS. They produce chemotactic mediators such as interleukin 1−α

and β (IL-1 α, β), tumor necrosis factor (TNF-α). TNF-α may account for neutrophil

recruitments and activation(124), (131). More precisely, they increase the adherence of

neutrophils on endothelial cells and migration of neutrophils into the pulmonary spaces

(1). The cellular infiltration into the site of inflammation is considered to be a very

early sign of inflammation.

In this study, two rat species, the Brown Norway (BN) and Wistar were exposed to

LPS to induce the inflammation with features characteristic for COPD. The exposure

to LPS provokes infiltration of the alveolar and bronchiolar air spaces (117) by neu-

trophils, as well as induction of mucous cell metaplasia (44). This process is presented

schematically in Figure 5.1.

5.4 Lung inflammation detection: State-of-the-art

An accurate and sensitive method for inflammation detection and quantification is

indispensable for the development of new therapeutic drugs and for the analysis of the

pathogenesis of diseases.

Traditionally, bronchoalveolar lavage (BAL) is used to estimate lung inflammation

in pharmacological research in small animals (91), (11). The BAL procedure involves

washing the cells and secretions from the alveolar and bronchial airspaces by instilling

saline solution via a fiberoptic bronchoscope and withdrawing the fluid immediately

after. The fluid is analyzed and withdrawn cells counted. A major limitation of this
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Figure 5.1: Schematic of LPS induced inflammation Reprinted from N. Beckmann, [Beck-
mann2001].

technique is the large variability in normal anatomy, which makes it difficult to differ-

entiate among different diseases based on BAL only. Furthermore, the cell findings in

BAL fluid are non-specific in terms of the precise location of the inflammation.

Recently, it was reported that detection of lung inflammation in the COPD was

feasible using 18−fluoro-deoxyglucose and positron emission tomography (PET). The

PET scan is a well-validated method for in vivo monitoring of the metabolic activity

of cells in the brain and to detect tumors. Since inflammatory cells utilize glucose as

a source of energy during their activation, it was suggested that 18FDG uptake by

inflammatory cells in the lung could be used as an in vivo measurement of both total

and regional lung inflammation (64).

It has also been demonstrated that magnetic resonance imaging constitutes a rel-

evant tool in the research of lung diseases in animal model studies due to the high

resolution obtained in MR images and easy protocol implementation.

The induced inflammation modifies the characteristics of pulmonary tissue resulting

in an increase of SNR and T2* (29), (110) as compared to the healthy tissue, which

can be detected by MRI.

70



5.5 Proposed approaches

For instance, Beckmann et al. have shown that standard proton MR imaging can

be used as a diagnostic tool for detecting inflammation during the evaluation of var-

ious pulmonary diseases in animal models (11). The low SNR of lung parenchyma,

coupled with the high SNR of edema (9), (12), allows a precise detection of the edema

extent. Additionally, motion artifacts were suppressed by multiple averaging with a

short acquisition of approximately 70 s for one slice.

Beckmann et al., used a standard gradient-echo technique to investigate MR signal

development in the lungs of rats after intratracheal instillation of LPS (14). Following

the LPS challenge, images exhibited two different types of overlapping features: a diffuse

and bright component associated with edema formation and the second component with

irregular appearance and weaker intensity. Histological analysis was correlated with

MRI findings, suggesting that the second component of the detected signal was due to

secreted mucus. Also, mucus concentration was the only parameter that significantly

correlated in the BAL measurement. Furthermore, Quintana et al. investigated the

inflammatory effects at early time points (3 and 6 hours) after endotoxin challenge

(98). At these time points, irregular fluid from inflammatory regions was detectable

and it was associated to edema. BAL fluid analysis showed an increase of inflammatory

parameters including macrophages and neutrophiles (98).

More recently, Flogel et al., investigated the LPS-induced inflammation process

by means of emulsified perfluorocarbons (PFC) (35). Intravenous application of PFC

particles resulted in its accumulation in the inflammatory regions of the lungs and was

detectable with 19F MRI. Furthermore, the regions where PFC infiltration was detected

showed the presence of edema on proton MR images, at the later time points.

5.5 Proposed approaches

Study I

Conventional gradient-echo MR imaging has been recognized as an efficient tool in

assessing the edema volume (11) . Furthermore, in this approach, motion artifacts can

be reduced by averaging (9). Despite multiple averaging, Cartesian-based MRI in the

lung remains sensitive to ghosting and motion blurring. This can lead to misevaluation

of the inflammation extent. We proposed using the UTE technique to study the repro-
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ducibility of edema detection, as this technique is robust against motion and provides

improved image resolution compared to the standard gradient echo technique.

Study II

It has been reported that iron oxide nanoparticles (IONPs) can be used to de-

tect the infiltration of macrophages to the sites of inflammation. For review refer to

(10), (26), (104). These particles, injected intravenously, are not immediately removed

from the blood circulation by the mononuclear phagocytic system but may be taken up

by macrophages by means of endocytosis. The iron-loaded macrophages can later be

tracked by MRI due to the signal modulation they produce in the inflammatory regions

infiltrated by these cells. Therefore, the inflammation extent, defined as the area of

cellular inflammatory infiltrates can be delineated.

Although this approach was used in pre-clinical animal models of various dis-

eases, (13), (55), (94), (126) it was never applied to lung imaging. This is due to two

particular challenges. The first is concerned with the fact that the iron particles largely

affect T2* relaxation of protons - usually leading to attenuation of the MR signal (26).

Since lung images (under traditional gradient echo imaging) appear black, applying

the negative contrast agent will not provide additional information. The second, bi-

ological, challenge is related to the existence of different populations of macrophages

(see - section 2.). The first difficulty is addressed by employing the UTE imaging se-

quence which allows the visualization of lung parenchyma, thus allowing detection of

contrast changes due to the presence of iron particles. To address the second challenge,

the specific conditions of contrast agent administration must be preserved to optimize

opportunities available for macrophages labeling. Here we examined the feasibility of

detecting the macrophage infiltration into the lungs following the LPS instillation.

5.6 Materials and methods

5.6.1 General study design

In this chapter, two independent study protocols (I, II) are presented. The global

structure of this study is presented in Figure 5.2.

Study I focuses on the evaluation of the UTE technique for accurate measurement

of the extent of edema in LPS exposed Wistar rats.
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This study was performed in collaboration with Boehringer Pharma in Biberach,

Germany. The experimental protocol of this study is shown in Figure 5.3.

Figure 5.2: Study design.

Study II focuses on the detection of the early stages of inflammation (i.e. by detec-

tion of inflammatory cells infiltration) in Brown Norway rats), by means of macrophage

MR imaging. This study was performed at the Creatis-LRMN lab in Lyon, France.

The schematic of the experimental protocol of this study is shown in Figure 5.4.

5.6.2 Animal preparation

Both studies were performed in accordance with Ethics Committee regulations. Study

II was performed with the approval of the local Ethics Committee of the Rhone-Alpes

region (license No. 302).

The experimental protocol was different for studies I and II with regards to species

used throughout the study and administration of LPS. The experimental protocol of
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Figure 5.3: Protocol design for study I.

both studies is detailed in Table 5.1.

Briefly, in both studies, 1 mg/kg of LPS was dissolved in 0.2 mL of saline. The rats

were anesthetized by intramuscular injection of a mixture of ketamine and xylazine.

After the animals lost their toe pinch reflex, they were positioned supine on a board

with their heads tilted up (see Figure 5.5).

In study I, LPS was selectively instilled into the left lung using a fiberoptic bron-

choscope while the right lung serving as a control.

In study II, the intubation was performed with a 26-gauge flexible polyethylene

catheter attached to the 1mL syringe and 0.2 mL of the solution was instilled into the

trachea. In this way, it could later reach both, the left and right lung.

In order to have a homogeneous distribution of the product in the lungs, the animals

were ventilated by means of a mechanical ventilator at a frequency of 60 breaths per

minute for approximately 1 minute. After instillation the animals were allowed to

recover maitaining their body temperature on a heating pad.

5.6.3 Contrast agents

There were no contrast agents used in study I. The imaging sequences parameters

were chosen to ensure the T1 enhancement of detected fluids.

In study II, the ultrasmall superparamagnetic particles of iron oxide (USPIO),
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Figure 5.4: Protocol design for study II

specifically, Ferumoxtran-10 (Sinerem; Laboratory Guerbet, Roissy, France) were uti-

lized as a contrast agent.

The nanoparticles consist of iron oxide nuclei (Fe2O3 and Fe3O4) crystals coated

with dextran. The mean diameter of the particles is 35 nm and its half-life in rat blood

is between 2 and 3 hours at a dose of 40 μ mol/kg (26).

Due to the action of the phagocytic system - which is responsible for removing all

intrusive particles from the blood stream - these intravenously injected particles are

removed from the circulatory system. The blood resistance of iron oxide nanoparticles

differs between species. The particle’s intake is dependent on their physical proper-

ties such as a particle size and their surface type and is proportional to the particle’s

concentration.

The biodistribution studies performed with Ferumoxtran-10 showed that with a

dose of 3.4 mg of Fe per kg, 38% of these particles were found in the spleen, 26% in
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Table 5.1: The summary of the materials and methods.

Study Animals
species

LPS exposure Contrast
enhance-
ment

Imaging time

I Wistar
(n=7)

Selective into
left lung

No contrast
used

24 h after LPS
administration

LPS dose: 1
mg in 0.2 mL
of saline

T1-
weighening
of imaging
sequence

II Brown
Norway
(n=12):

Homogenous
distribution

USPIO:
admin-
istration
i.v., (dose
600 μM of
Fe/kg)

With respect
to LPS admin-
istration: 6h
and 24 h post
instillation

USPIO in-
jected, LPS
instilled
(n=8)

LPS dose: 1
mg in 0.2 mL
of saline

T1/T2* en-
hancement
of USPIO

With respect
to USPIO
injection: 48h
and 72h post
administration

Control:
only LPS
instilled,
(n=4)

the liver and 10% in the lymph node with the peak appearing between 6 and 24 h

after contrast injection (5). Insignificant changes in iron level during the first 24 h after

i.v. administration was demonstrated in other tissues like the lungs, kindey, brain and

heart.

A progressive saturation of macrophage uptake by the liver and other macrophage-

rich organs, result in a long half-time of these particles which renders them suitable for

its labeling outside of these organs.

The USPIO particles have strong magnetic properties that affect both the T1 and
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Figure 5.5: An example of the LPS-instillation setup. For instillation of agents, a rat is
positioned supine with the head tilted up. It is intubated perorally with a 26-gauge flexible
polyethylene catheter into the trachea. 0.2 mL of solution is injected.

T2 proton relaxation times, as well as result in magnetic field perturbation leading to

T2* effects (26). The relaxivities, r1 and r2, of freely dispersed Ferumoxtran-10 at 4.7

T are 2.8 and 118 mM-1s-1, respectively (19), and they decrease while particles are

compartmentalized in macrophages down to r1 = 0.1 and r2 = 79 mM−1s−1 (19). The

opposite effect is noted in the case of r2* relaxation, which is equal to 66mM−1s−1

in freely dispersed particles and increases up to 540 mM−1s−1 when macrophages are

labeled (19).

The magnetic properties result in contrast modulation attributed to the particles

distribution in the subject. Typically, negative (T2*) contrast is obtained with the use

of these particles, however positive contrast can also be obtained with the USPIO (41)-

for example using the UTE imaging sequence.

Furthermore, it must be noted that the magnitude of the relaxivities also depends

on many other factors such as compartmentalization of the contrast agent, type of

imaging sequence and aggregation of the contrast agent as well as a strength of the

magnetic field.

The contrast agent used in this study was delivered as a powder and reconstituted
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prior to the experiment with 15 ml of 0.9% NaCl giving solution containing 21.6 mg

Fe/ml. It was administrated intravenously by means of the rat tail vein at a dose of

600μmol of iron/kg (33 mg Fe/kg). The administration was performed 24 h before LPS

challenge (See Figure 5.3) and 48 h and 72 h before MR imaging.

5.6.4 Imaging Parameters

Study I

Measurements were carried out with a Biospec 47/40 scanner (Bruker, Germany)

operating at 4.7 T. The details concerning the MR scanners parameters are presented

in chapter 3.

Two different approaches were compared: the first approach used a conventional

gradient-echo imaging sequence which permits one to obtain a high contrast between

dark-appearing lung parenchyma and the expected fluids due to inflammation. Further-

more, using this imaging sequence, motion artifacts can be reduced by signal averaging.

The second approach, based on a radial ultra-short echo time sequence, is less sensi-

tive to motion and blurring artifacts occurring in the thoracic cavity during respiration.

It can, thus, provide a more reliable visualization of fluids due to the inflammation. To

evaluate the accuracy of edema detection using these two approaches, a set of axial im-

ages covering the entire lung volume was obtained using a multi-slice acquisition. The

sequence parameters were chosen to ensure vizualization of edema via T1 enhancement.

The following sequence parameters were used:

- Gradient echo imaging

TR=150 ms, TE=3 ms; bandwidth=100 kHz, flip angle=30◦ , FOV=6 × 6cm2,

matrix size=256×256, slice thickness=1.5 mm and interslice interval=2 cm. 20 averages

were applied to limit motion artifacts in the free-breathing animals resulting in an

acquisition time of 13 minutes. To cover the entire lung volume, 12 consecutive axial

slices were used.

- Radial ultra-short echo time imaging

TR=80 ms, TE=670μs; band width=64 kHz, flip angle=20◦ , FOV=6 × 6cm2,

800radial views/image, 128 points/view and slice thickness=1.9 mm. A multi-slice

acquisition with 4 averages was applied. Neither cardiac nor respiratory gating was

used. The total acquisition time was equal to 8 minutes with an acquisition covering

12 contiguous axial slices.
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During MR acquisitions rats were anesthetized with isoflurane (1.7%) in a mixture

of O2:N2O (1:2) administrated via a face mask. Circulating water was used to maintain

the body temperature of the rats during image acquisition.

Study II

MR measurements were performed with a 4.7 T Oxford magnet (10-cm wide bore)

interfaced to a Bruker MR console (Bruker, Ettlingen, Germany). In order to delin-

eate the inflammation extent, the radial UTE T2*-weighted multi-echo sequence and

T2*-weighted gradient-echo sequence were used throughout the study. The following

sequence parameters were applied:

- Radial ultra-short echo time imaging

TR=200 ms, TE= (0.67, 0.97, 1.17, 1.67, 2.1) ms; band width=64 kHz, flip angle=30◦,

gaussian-shaped pulse length=0.2 ms, FOV= 6 × 6cm2, 400 radial views/image, 128

points/view and slice thickness=2.5 mm. A multi-slice acquisition with 2 averages

was applied. To cover the entire volume of the lungs, 13 contiguous axial slices were

acquired. Neither cardiac nor respiratory gating was used.

- Gradient echo imaging

TR=5.6 ms, TE=2.7 ms; bandwidth=100 kHz, flip angle=15◦ , FOV= 6 × 6cm2,

matrix size=256× 128 and slice thickness=2.5 mm. A single slice with 60 averages was

acquired. 13 slices in total were acquired with slice positions corresponding to the ones

acquired with the radial sequence.

During the MR examination, the animals were kept under dissociative anesthetics

(mixture of ketamine and xylazine) for approximately 1 hour.

For both protocols, image reconstruction from radial acquisition was performed

using a gridding algorithm (see Chapter 3) with IDL. The reconstruction oversampling

factor was equal to 2, sampling density compensation was performed using the Jacobian

of the transformation, Kaiser-Bessel kernel parameters were the following: shape factor

a = 2.8, window width L = 3.0, final reconstruction matrix was equal to 512 × 512.

The regional T2* values were calculated from linear fit as described in Chapter 6.

5.6.5 Optimal imaging times

According to literature, the optimal imaging time to observe edema is between 24-48

h after LPS exposure (14), (88) with a peak appearing at 48 hours after instillation.

However, according to some studies (14), (98) the inflammation can be detected in the
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pleura during earlier stages of inflammation (6h after the challenge). Furthermore, it

was reported that in endotoxin-induced lung inflammation model, the cellular infiltra-

tion occurs several hours following the challenge.

The imaging protocol of study I was performed 24 h after LPS instillation. At this

time point, all animals developed a severe edema (visible as hyperintense signal regions

on the T1-weighted images). For early stage inflammation detection (study II) the

imaging protocol was performed at 6 h and repeated at 24 h after LPS instillation.

5.6.6 Quantitative analysis

Study I

For quantitative analysis, the volumetric measurements of lesion extent were per-

formed. Twelve slices covering the lungs of each individual animal were inspected and

regions comprising the lesions were manually delineated. From the defined region, the

logical mask was created and enclosed pixels counted. An exemplary logical mask

covering an inflammatory region is shown in Figure 5.6

Figure 5.6: The example of image from rat thorax instilled with LPS. The arrow indicates
a mask covering an inflammatory region.

For repeated measurements, the mean, standard deviation and the coefficient of

variation of the segmented regions were calculated. Coefficient of variations was defined

as normalized measure of dispersion (CV=σ/mean), where σ is a standard deviation .

Study II
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For quantitative analysis, the signal intensities on multi-echo UTE images and T2*

values on T2* maps were measured within the regions of interest (ROI) on the images

acquired 6 h and 24 h following LPS administration. TE values for T2* measurement

ranged between 0.67 ms and 2.1 ms (see section 5.6.4)

The ROIs were placed in the inflammatory region, within the healthy region of

the lung parenchyma, and in the muscle. The mean signal intensity of the ROIs were

calculated from the images acquired with two different echo times (TE) equal to 0.6 ms

and 2.1 ms. The T2* values and signal intensities measured in inflammatory regions

were statistically analyzed with the Student t-test.

The statistical analysis involved the data from the rats exposed to LPS and USPIO

versus control (only LPS instilled). Two different groups were established, as the USPIO

administration was performed 48 h and 72 h prior to imaging, namely (LPS+/USPIO

48 h) for the group USPIO treated 48 h before imaging, and (LPS+/USPIO 72 h) for

the group USPIO treated 72 h before imaging.

Additionally, statistical analysis of the kinetics of T2* and signal intensity values

was performed. Statistical significance was determined at the level of P<0.05.

5.6.7 Histology

Study I

The protocol for study I, did not involve histological analysis.

Study II

Immediately after the acquisition was finished, the rats were euthanized with an

overdose of pentobarbital (250 ml/kg). For the tissue fixation, the lungs were removed

from the thorax and perfused via a trachea with buffered neutral formalin, then sec-

tioned and embedded with paraffin. Lungs were trimmed and sliced for histological

analysis. The staining was performed with (i) hematoxylin and eosin to assess the

general morphology, (ii) Perl’s Prussian blue to demonstrate iron presence, (iii) mon-

oclonal antibody ED1 to show macrophages and (iv) ED1/Perls to detect whether

iron was phagocyted by macrophages. The histological analysis was performed at the

Novotec lab (Lyon, France).
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5.7 Results

Study I

Figure 5.7 shows some representative axial slices acquired with Cartesian (gradient-

echo) and radial UTE sequences after exposure to LPS. The corresponding gradient-

echo and UTE images were acquired in the same session with the same animal.

Figure 5.7: UTE radial images (A-C) and corresponding Cartesian images (D-F) acquired
in the same animal. A diffuse edematous signal is indicated. White arrows indicate motion
artifacts from arteries, the heart and diaphragm motion.

For both MR sequences, the left lung instilled with LPS exhibited significant hy-

perintense regions, as compared to the control (right) lung, see Figure 5.7. These

hyperintense regions were attributed to fluids due to inflammation. They were ob-

served as having a diffuse appearance (see for example Figure 5.7A) similar to that

observed by Beckmann at al. (12) after an allergen challenge and they were related to

edema formation as described in (8), rather than to mucus (14).

Considering the contrast of images, one can note that UTE images provide improved

contrast for detecting inflammatory regions as compared to these of gradient-echo im-

ages when the boundary of edema and muscles are of concern (for example see Figure 5.7

A and D).

White arrows in Figure 5.7 indicate the presence of motion artifacts due to the
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arterial flow (Fig 5.7D), heart beating (Fig 5.7E) or diaphragm motion (Fig 5.7F). None

of these motion artifacts significantly affects the corresponding radial UTE images.

Figure 5.8 shows the mean lesions volume quantified from the gradient-echo and

UTE images for individual animals. The volumetric measurements were performed at

two different time points. The coefficient of variation was used to estimate intra-rater

reliability (61) of the segmentation procedure.
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Figure 5.8: Mean lesion volume quantified from the gradient-echo and UTE images for
individual animals. The bar error represents standard deviation of the measurements.

The images were manually segmented, by an observer having expertise in lung

anatomy, yielding lesion volume for each protocol. The same images were then seg-
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5. DETECTION OF LPS-INDUCED INFLAMMATION IN RAT LUNGS

mented again by the same observer two days later. Combining the volumetric results

obtained over two segmentations gives a mean lesion volume and a standard deviation

of the volume calculation (109). These two values yield the coefficient of variation. This

procedure was repeated for each of the 12 slices covering the lungs of each individual

animal (N=7). The mean coefficient of variation (averaged across 7 animals) for each

protocol is shown in Figure 5.9. The CV calculated for the UTE technique was found

to be less than half that of the Cartesian technique, showing segmentations performed

on data acquired using the UTE technique to have improved intra-rater reliability.
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Figure 5.9: Mean coefficient of variation for Cartesian and radial imaging protocol.

Study II

5.7.1 MR Imaging

Six and twenty-four hours after LPS instillation, the inflammatory area with fluid

secretion could be detected on the images. This fluid was attributed to edema (98) and

it likely correlates to inflammatory cells assessed in the broncho-alveolar lavage fluid,

including macrophages, as reported previously in (120).

Figure 5.10 and Figure 5.11 show the result from quantitative measurements. The

signal intensity versus TE, as well as T2* values measured with respect to 6 h (Fig-

ure 5.10a) and 24 h (Figure 5.10b) following LPS instillation are presented.

The MR signal was measured in ROIs placed in the regions of the lung parenchyma

containing edema and normal tissue. Additionally, the signal was measured in regions
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Figure 5.10: Mean signal intensity measured from images at very short (0.67 ms) and
long TE (2.1 ms) at 6 h (a) and 24 h (b) after LPS administration
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of muscles. The measurements were performed in a group of animals treated with both,

USPIO and LPS (i); and a control group - treated only with LPS (ii).

Considering regions from the normal lung parenchyma, as seen from Figure (Fig-

ure 5.10), the signal intensity measured at a short TE were comparable in USPIO/LPS

treated and control animals.

A slightly steeper gradient of the signal intensity decrease with a longer echo time

was observed for the group of the animals treated with USPIO as compared to the

control group ( 5.10b). Nevertheless, the T2* values measured in the regions with the

normal parenchyma between those two groups, did not show a statistical differences.

The signal intensity measured in the edematous regions of the lung parenchyma was

comparable for the two groups of animals at the shorter echo time. Hovewer, at the

longer echo time a pronounced signal intensity drop was visible in the group of animal

treated with USPIO. This observation was consistent with lower T2* values found in

the USPIO-treated group (Figure 5.11).
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Figure 5.11: T2* kinetics measured in the inflammatory regions, healthy parenchyma,
and muscle following LPS administation in the control group and USPIO-treated group of
animals. In the group of animals treated with USPIO, the rats were challenged with LPS
after USPIO was administred. Significant statistical differences were observed at 6 h and
24 h after LPS challenge (P<0.004). # P < 0.001, ## P < 0.00001
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The T2* value drops were statistically more pronounced (P<0.0004) at 24 h follow-

ing the LPS instillation (mean: 0.84±0.2), as compared to those at 6 h after challenge

(mean: 1.47±0.6). Accordingly, significant drop; 5 ms in LPS group versus 1.9 ms in

the USPIO group at 6 h following LSP challenge, and 5 ms in LPS group versus 0.6 ms

in the USPIO administrated group, was observed. Statistical significance of the signal

drop was P<0.001 at 6 h following LPS administration and P<0.00001 at 24 h after

challenge. No statistical differences in T2* values were found in the regions from the

muscle between groups at any point in time with regards to LPS challenge.

Figure 5.12 compares a series of radial images with increasing TE value acquired 24

h following LPS administration with USPIO injection (Figure 5.12 top) and without

the contrast agent (USPIO) (Figure 5.12 bottom). Considering the images acquired

following the USPIO injection, the edematous regions with strong signal intensity de-

crease at longer TE, could be delineated. These regions were characterized by very short

relaxation times, visible on T2* maps (Figure 5.13). Contrarily, long life-time signal,

characterized by a long T2*, was observed in the control rats which were exposed to

LPS exclusively.

Figure 5.12: Series of images acquired with different echo times (0.67, 0.97, 1.17, 1.67,
2.1) ms at 24 h following LPS administration in control (top) and USPIO administrated
(bottom) rat. Note strong signal decay (white arrows), due to susceptibility effect of USPIO
administrated 72 h prior to imaging. None of these effects was visible in control images
acquired 24 h after LPS challenge without the USPIO contrast agent.

The effect of a signal drop at longer TE values, visible with USPIO-treated animals,

was attributed to the susceptibility effect due to the presence of iron-loaded macrophage

infiltration into the site of inflammation. The presence of macrophages with intracel-

lular iron accumulation was proved by histological examination (See Figure 5.18(c)).
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Figure 5.13: An example of T2* map for rat injected with USPIO at 24 h prior to LPS
instillation. Arrows indicate strongly attenuated signal in the region of inflammation.

The images acquired at 6 h (Figure 5.14) following the LPS instillation, showed dif-

ferent distribution patterns of inflammatory areas as compared to those of 24 h after the

challenge, (Figure 5.14). The lower value of T2* parameter at 24 h following LPS in-

stillation suggests that this is likely due to an accumulation of iron-loaded macrophages

from intravascular to the alveolar compartments.

Figure 5.14: Images of rat’s thorax acquired from the same animal treated with LPS at
48 h (left) and 72 h (right) following USPIO administration. Note inflammatory pattern
changes with time in the inflammatory area.

Figure 5.15 shows an example of an image acquired prior to and 24 h after LPS

administration for the group of animals receiving USPIO. The images corresponding to

the later time point (24 h) acquired with gradient-echo (Fig 5.15 c) and UTE sequence

(Fig. 5.15 b) were compared. Considering the lung tissue, one can note the regions

with attenuated sinal intensity visible at UTE images (see Figure 5.15 b,c). These
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regions are likely associated with macrophages infiltration causing local susceptibility

gradients, even though no edematous signal was visible in the images. Notably, the

signal alterations due to the susceptibility effect were pronounced in UTE images and

make it possible to delineate the inflammatory region while the same region was hardly

distinguishable in the corresponding image acquired with the gradient-echo sequence.

Figure 5.15: Axial images acquired prior (a) and 24 h after LPS challenge (b and c). The
rat received USPIO 72 h before MR imaging. The arrows indicate inflammatory regions
detected in UTE image (b), which cannot be delineated in the corresponding gradient-echo
image (c).

It was of interest to examine whether this signal attenuation is detectable in the lung

parenchyma even if no inflammation was induced. Figure 5.16 compares the images

from the control rat (without USPIO administration) and image acquired 48 h after

USPIO administration. It can be seen that no regions with signal attenuation due to

the susceptibility effect were noticeable in the lung parenchyma images.

Notably, MR imaging confirmed that at this point in time, the iron particles were

accumulated in the liver (Figure 5.17 a) and lymph’s node (Fig 5.17 b). The signal

enhancement detected in the vessels suggests that free iron particles can circulate in

the vessels at this time point.

5.7.2 Histology

Figure 5.18 presents a histological section of lungs treated with LPS. Hematoxylin-

eosin staining showed a mixed cellular infiltration of polymorphonuclear cells and

macrophages around vessels (Fig 5.18 a,b). It was observed that iron-staining was

co-localized with macrophages in the antigen (CD68) challenged section (Fig 5.18d).

Also, iron particles stained with Perls Prusian blue were found in the same areas where

iron-containing macrophages (Fig 5.18c). No free iron particles were present in the
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Figure 5.16: Images of the rat’s thorax without the contrast agent (a) and USPIO injected
48 h prior to MR imaging (b).

Figure 5.17: Images of the rat’s thorax at different thorax level, showing distribution of
iron at 48 h after USPIO injection. The animal was not exposed to LPS.

parenchyma tissue. However, 72 h after USPIO administration, a few free iron parti-

cles were found is the vessels. No iron particles or iron containing macrophages were

found in rats that had not received USPIO prior to the image acquisition.

5.8 Discussion

In these studies, the detection of inflammation markers in rat lungs following LPS ad-

ministration was demonstrated using the ultra-short echo-time MRI. Considering MRI,

traditionally the extent of the inflammatory area is defined by the edema pattern, vis-

ible as regions with signal enhancement on T1-weighted MR images. The challenge of
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(a) (b)

(c) (d)

Figure 5.18: Histological analysis. H&E stainning of lung tissue from LPS treated rat
(a). Note, a significant perivascular cellular infiltration. V indicates a vessel. The cellular
infiltration constitutes numerous granulocytes and histiocytes indicated by the arrow in
(b). Iron staining shows staining in macrophages indicated by black arrows (c). Immunos-
tainning with the anti-macrophage antibody and iron shows staining in the macrophage
(d).

edema volume estimation in the lungs rises from motion in the thoracic cavity which

can influence the quantification of the inflammatory areas - frequently leading to over-

estimation of the lesion volume. Thus, the choice of the acquisition strategy is crucial

to assess the extent of inflammatory regions. Conventional gradient-echo MR imaging

combined with the signal averaging strategy has been recognized as an efficient tool in

assessing the edema volume, considering that a significant contrast is obtained between

a dark-appearing lung parenchyma and a hyperintense edema and assuming that the

motion artifacts can be suppressed for the images following the sufficient number of

averages.

In the study I, we have shown that the detection and quantification of edema was
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feasible with the radial UTE technique. Due to the robustness of this technique against

motion, neither respiratory, nor ECG triggering was necessary, and rats were freely-

breathing during acquisition.

To validate this technique for in vivo edema detection, the images acquired with

UTE and traditional gradient-echo sequence were compared. When the motion of or-

gans is of concern, we have shown the advantages of the UTE radial technique compared

to Cartesian-based acquisition.

In our experimental set-up, image contrast in UTE images was clearly superior for

detecting inflammatory regions when the boundary of edema and muscles is of concern.

This high contrast achieved with UTE sequence allowed for a more reliable delineation

of the lesion volume compared to the gradient-echo approach.

In our protocol, it was not possible to estimate which acquisition method gives a

more accurate estimate of fluid volume because a histomorphometric correlation study

was not performed. The correlation study is envisaged to be performed by means of

quantitative histology and the micro CT techniques.

In order to compare quantitatively the two techniques, the reliability of the cal-

culated lesion volume was estimated. The reliability of lesion volume estimation for

the two protocols were assessed by means of an intra-rater reliability test assuming

that the quality of image impacts the results of volumetric measurements (61). The

results showed a two-fold improvement in the coefficient of variation for the volumetric

estimation using the UTE technique compared with the gradient-echo method. This

result demonstrated that more reproducible volume measurements can be obtained us-

ing UTE image acquisition. Furthermore, we suggest that this acquisition technique

would be preferred when automatic segmentation is performed due to its improved

lesion extent delineation as compared with gradient-echo technique.

Another advantage of the radial UTE acquisition technique is its inherently short

TE. One can expect that a measured volume with the UTE technique might give higher

scope of the lesion extent compared to those detected with the gradient-echo acquisition.

It is because of the contribution of the short T2* components in the inflammory fluids

that might derive from mucus. These components can be detected with the UTE

approach but it is not possible to visualize them with conventional imaging, as they

are operating at higher TE.
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In our protocol the volume detected with UTE technique was not greater than

those calculated for gradient-echo approach. The reason for that is the characteristic

of presented fluids in LPS challenged animals. The appearance of these fluids in our

protocol was edema-like characterized by long T2* relaxation times. Therefore, MR

signal from observed fluids could be detected in the TE regime of both UTE and

gradient-echo sequence. The appearance of inflammatory fluids was different from

those reported previously by (8) with weakly apparent MR signals from mucus. The

reason for acute inflammation with strong edema formation after LPS can be attributed

to a two-fold increase in the LPS dose as compared to those used by Beckmann et al.

(14), since the product was instilled selectively into one lung. Additionally, a different

strain of rat (Wistar versus Brown Norway) was used for the experiment, which could

contribute to the observed differences.

In order to understand why signal patterns differed from those observed by Beck-

mann et al., (8) and establish the origin of the observed signals, a histological analysis

should be performed.

Study II

The identification of inflammatory regions via the detection of hyperintense regions

in proton MR images relies on an increased proton density due to the edema formation

in the lung.

An alternative criterion to define the extent of inflammation would be to determine

the area of cellular inflammatory infiltrates. The tracking of inflammatory cells in the

lungs following the LPS exposure was the objective of the second study (study II).

The early response to endotoxin-induced lung inflammation includes neutrophilic

infiltration and mononuclear phagocytes (MPs). These cells invasion, play decisive roles

in different inflammatory states and it occurs as an early response to inflammatory

stimuli.

Quintana et al., showed that a three-fold increase of the number of macrophages

was observed in the BAL fluid 6 h following the LPS challenge (98). Neutrophils

constituted 80% of the total cell detected. The presence of these cells was suggested to

be a likely reason for the early activation of a pathway following administration of LPS

that precedes mucus release observed at the later time intervals (98).

In this study, we demonstrated that iron oxide nanoparticles, such as USPIO can

be used to localize the cellular infiltration by means of the contrast modulation due to

93



5. DETECTION OF LPS-INDUCED INFLAMMATION IN RAT LUNGS

their susceptibility effects on UTE MRI in the lungs. Injected intravenously USPIO are

phagotyced by monocytes in the blood which under inflammatory stimuli get activated

and migrate to the site of inflammation.

The infiltration of the iron-labeled cells into the inflammatory regions was reported

in several animal models of disease. However, this approach of inflammation assessment

to the lung, remained elusive.

A major challenge when using IONPs is the need to recognize the regions of signal

void due to their accumulation which in case of dark-appearing MR in the conventional

images of the lungs, is unachievable.

Here, the localization of macrophage infiltrates was possible to delineate due to the

contrast modulation with progressively increased TE using the UTE technique.

Accordingly, the use of the UTE technique resulted in the detection of MRI sig-

nals from cellular infiltrates at points in time when gradient-echo images provided no

evidence of lung damage (Figure 5.15).

The strong signal attenuation due to the susceptibility effect in the edematous

regions detected in T2* maps allowed us to make conclusions regarding the presence

of the inflammatory cells in the edema extent. This observation was correlated with

histological findings showing infiltration of IONPs into the inflammatory regions.

Complex signal behavior was observed with regards to time after LPS exposure.

The T2* kinetics measured within the inflammation regions was assessed. (Figure 5.11).

Lower signal intensity and shorter T2* values due to a higher susceptibility effect with

time were demonstrated at 24 h as compared to those measured at 6 h after LPS

administration. This effect could be explained by the progressive accumulation of

iron particles accordingly with the increased cellular infiltration at later time points of

inflammation.

This increase in T2* susceptibility can also be attributed to the reorientation of

IONPs into inflammatory cells since this modify T2* relaxivities. It is because the

intracellular compartmentalization restricts particle diffusion and thereby enhances the

T2* effect of the USPIO in cells. Therefore, the measurement performed 48 h after

intravenous USPIO administration might reflect intra and extracellular iron particle

distribution, while at the later time intervals (72 h) most of particles were internal-

ized by macrophages, increasing T2* effect. Considering this scenario however, the

specificity and sensitivity of this approach might be of concern.
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The lung’s mononuclear phagocyte system consists of along the resident alveolar and

interstitial macrophages which are always present in the lung parenchyma to protect

them against air-born particles, as the lung is an open organ (114).

Hypothetically, USPIO is endocyted in monocytes or macrophages of the blood-

streams in pulmonary capillaries or elsewhere before the loaded-cells enter the infected

area. However, the passive transmigration of free iron particles through the interen-

dothelial junctions in pathologic tissue in which a subsequent increase of the vessel per-

meability occurs cannot be excluded. In these cases the particles might be internalized

by resident macrophages. This might explain the gradual increase of the susceptibility

effect in time.

This biological riddle can be answered by microscopic analysis. From our histolog-

ical observation, it was not possible to distinguish between the alveaolar macrophages

from the blood borne macrophages. Since no free iron was visible in the parenchyma tis-

sue, this allows us to believe that iron was internalized before entering the parenchyma.

However, this observation has to be proved quantitatively or by applying more re-

fined techniques allowing the discrimination between the alveolar and the bloodstream

macrophages.

In future studies, in order to increase the sensitivity of detection and inflamma-

tion localization one should avoid the contribution of lung resident macrophages in

phagocytosis.

This represents one of the major challenges of this work. To rise to this chal-

lenge one has to optimize the opportunities available for macrophage labeling by an

appropriate dosage of the contrast agent, as well as finding an appropriate time for its

administration.

5.9 Summary and Conclusions

In these studies, we have proposed new approaches for inflammation extent delineation.

These approaches were based on the ultra-short TE acquisition method. Using the

specific properties of the UTE technique, namely robustness with respect to motion and

a very-short echo time, we aimed at the development of protocols for accurate detection

of inflammation markers. For this purpose, two different experimental protocols were

used. In the first one, a severe edema as a marker of inflammation was induced and
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the UTE technique was compared with a well establish method based on Cartesian

encoding to test the reproducibility of volumetric measurement. In the second one,

thanks to the ultra-short TE offered by UTE, the progressive infiltration of cellular

inflammation markers was detected.

USPIO-enhanced pulmonary imaging opens new areas to assess functional infor-

mation on a cellular level, however further investigations are required to validate

the USPIO signal enhancement by inspection of their affinity to specific uptake by

macrophages.
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6

Non-invasive and non-contrast

enhanced assessment of

emphysema markers using UTE

MRI

6.1 Introduction

In this chapter, a new approach based on UTE imaging for emphysema marker detection

will be presented. After a brief description of the disease, the current state-of-the-art

in the emphysema diagnostic will be presented. Next, the objectives and the principle

method for validating of quantitative measurement of emphysema will be presented.

Finally, the experimental results will be demonstated and discussed.

6.1.1 Emphysema

Emphysema is characterized by an enlargement of air-spaces distal to the terminal bron-

chiole (i.e., alveolar ducts and alveoli) caused by destruction of the alveolar wall (116).

An illustration of this effect is presented in Figure 6.1. Emphysema can be classi-

fied into two groups: panacinary and centroacinary, depending on the location of the

enlargements. In panacinar emphysema, the entire respiratory acinus, from the respi-

ratory bronchiole to the alveoli, is expanded. One hypothesis is that the breakdown of

collagen and the elastic fiber network causes the enlargement (111). According to the
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protease-antiprotease hypothesis, lung tissue releases proteases which are hydrolytic

enzymes that attack connective tissue proteins. This destructive mechanism of pro-

tease is controlled in healthy tissue by releasing protease inhibitors. In the event of too

much protease, or not enough inhibitors, emphysema is the result. In centriacinar (or

centrilobular) emphysema, the respiratory bronchiole (the proximal and central part

of the acinus) is expanded, however, the distal acinus or alveoli are unchanged. The

emphysema subgroups are displayed in Figure 6.2. Destruction of parenchyma leads

to a decreased alveolar surface area with increased alveolar gas volume and decreased

elastic recoil. This leads to air trapping, hyperventilation and consequently to the gas

exchange impairment.

Figure 6.1: An example of the alveolar structure of healthy lungs (left), and emphyse-
mateous lung parenchyma (right). Reprinted from J. West, Pulmonary Physiology and
Pathophysiology, Lippincott, 2001 [West2001].

6.2 Problem definition

Several methods to quantify emphysema in humans and animal studies have been pro-

posed. The most accurate method is histomorphometry, however this method is ter-

minal thus cannot be used in follow-up studies. Micro-computed X-ray tomography

can be used to estimate emphysema, however its frequent use should be avoided due to

the constant exposure to radiation. The hyperpolarized (HP) 3He apparent diffusion

coefficient (ADC) tracked by MRI was proposed as a sensitive indicator of emphy-

sema (103), (130), (24). However, escalating cost and scarcity of 3He have inhibited
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Figure 6.2: Normal (a), centrilobular (b) and panlobular (c) emphysema. A detones
alveoli. Scheme modified from Konietzko and Wandel.

its widespread use for medical applications. Thus, there is a need for new sensitive

markers of emphysema, suitable with:

• accurate detection and characterization of the disease,

• quantitative assessment of emphysematous damage,

• widespread use for clinical and preclinical diagnostic.

The application of proton MRI to emphysema detection is motivated by its inherent

non-invasiveness, its potential to translational research and its complementary diagnos-

tic information as compared to those of CT imaging. However, the low proton density of

the lungs combined with the large susceptibility gradients, when conventional imaging

sequences are applied result in dark, difficult to view MR images of the lungs.

6.3 Aims of the present study

The main aims of this study were to:

• develop a non-invasive, non-contrast enhanced MR method for follow-up diagnos-

tic purposes in emphysema,

99



6. NON-INVASIVE AND NON-CONTRAST ENHANCED
ASSESSMENT OF EMPHYSEMA MARKERS USING UTE MRI

• study the feasibility of marker detection of emphysema,

• study the correlation between MR findings and histological emphysema results,

• evaluate the validity of the method for diagnosis of COPD.

6.4 State-of-the-art

Traditionally, the lung function test is used to monitor the progression of emphysema

in COPD patients. Spirometry tests measure the forced expiratory volume in one

second (FEV1), which is the greatest volume of air that can be exhaled in the first

second of a large breath. Forced vital capacity (FVC) is the greatest volume of air

that can be exhaled in a whole large breath [West1999]. Depending on the FEV1/FVC

ratio, emphysematous changes can be detected. However this technique is not sensitive

to early and mild changes in emphysema (118). Thus, a more sensitive modality is

required to assess the early development and progression of disease.

High-resolution computed tomography (HRCT or CT) opens the possibility of em-

physema assessment including exact location and estimation of the degree of damaged

lung parenchyma tissue. Due to tissue destruction in emphysema, the damaged regions

of the lung show lower attenuation, due to tissue density dependent absorption in CT.

Differentiation of patients with severe emphysema from those with early stage COPD,

using CT, is thus possible. However, inherent exposure to ionizing radiation limits the

extensive use of this technique, especially for repeated use in follow-up examinations.

Additionally, other emphysema characteristics contributing to airspace enlargement,

such as air trapping and perfusion impairment, influence CT attenuation. Therefore,

there is a need for new emphysema markers which are capable of sensitive measure-

ments of the disease’s progression and which are suitable for longitudinal studies of the

disease.

The hyperpolarized (HP) 3He apparent diffusion coefficient (ADC) tracked by MRI

is known to be a sensitive indicator of emphysema (31). When hyperpolarized, 3He is

inhaled, diffusion of the gas is restricted by the boundaries of the alveoli, and measured

ADC reflects the size of peripheral airway spaces (130). The dependence of ADC

values on the dimensions of the alveolar space has been thus proposed as a noninvasive

approach for probing alveolar structure, and more specifically, the airspace enlargement
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characteristic in emphysema. These 3He ADC values have been shown to significantly

increase in patients with emphysema, when compared with healthy volunteers (103).

Unfortunately, escalating cost and scarcity of 3He have inhibited its widespread use

for medical applications. It has been suggested that 129Xenon may also be suitable

for diffusion weighted MRI [Mugler et al., Proc ISMRM 2004], (79). It was recently

demonstrated that hyperpolaraized ADC measured with Xe are sufficiently sensitive

to pulmonary microstructure to differentiate between healthy volunteers and COPD

patients with early stage emphysema [Kaushik et al., Proc. ISMRM 2010].

The good solubility of xenon in lung tissue allows one to differentiate between its

presence in the alveoli (gas phase) and in tissue (dissolved phase) since xenon dissolved

in tissue experiences a large chemical shift ( hundreds of ppm) relative to the gas phase.

Xenon polarization transfer contrast (XTC) aims to probe the xenon exchange

between alveolar spaces and their surrounding septal walls. This method is based on

the selective destruction of xenon polarization in lung parenchyma. Due to the rapid

exchange of xenon between the gas and tissue-dissolved phases, the depolarization of

xenon dissolved in tissue affects the MR signal from the gaseous phase. The exchange

of xenon is measured by monitoring the modulation of the gas phase magnetization due

to its exchange with the dissolved phase. It was suggested that this technique might

be used to detect global and regional changes in septal wall thickness and tissue-to-

alveolar-volume ratio to differentiate between healthy and emphysematous lungs (102).

Emphysema in animal models has been extensively studied using micro-CT, 3He

and 129Xenon MRI. With regards to MRI, experimentally-induced emphysema has

been investigated in rats (24), (92), mice (33), and rabbits (79) using 3He and 129Xe

diffusion MRI, and more recently, a 3D XTC technique [Dregely2010].

Experimental pulmonary emphysema with features of human panacinar emphysema

can be induced by porcine pancreatic elastase (PPE) (20), (37), (51) administrated

intra-tracheally. Porcine pancreatic elastase has ability to hydrolyze elastin, thus re-

sulting in the alveolar wall damage (16).

Regarding the animal model of elastase induced emphysema, histomorphometry is

the most sensitive quantification technique. It is the gold standard for quantifying

emphysema (43), (38), (85), using parameters such as: number of alveoli per unit lung

volume, mean linear intercept (Lm), and acinar airway radii, (90). It has been reported

that micro-CT correlates well with histomorphometry (60).
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Recently, proton MR imaging using sequences with reduced echo-time were applied

in animal studies of pulmonary disorders. The findings offered by this technique were

complementary to those assessed by CT and histology. For example, in a model of

cystic fibrosis induced in rats, a short echo-time spin-echo sequence provided results

which were well correlated with those obtained with CT (53). More recently, the UTE

modalities were applied also to detect experimentally induced emphysema.

Olsson at al., (87) used Single-Point Imaging (SPI) with an echo time of 0.2 ms

to detect emphysematous changes in the lungs using a tight skin experimental model.

The results he obtained correlated well with histology and CT measurements. How-

ever this technique cannot be applied in the large scale for follow up studies of the

pharmacological interventions, as SPI requires long acquisition times (87).

Also, a 3T UTE radial technique was proposed to demonstrate the discrimination

between healthy and emphysematous lungs in transgenic Klotho mice [Takahashi et

al. Proc. ISMRM 2009]. However, these finding were not confirmed by morphometric

measurements.

6.5 Proposed solution

The major feature of emphysema is the enlargement of the alveoli. This can lead

to reduced local proton density, as well as susceptibility differences of the tissue, as

compared to healthy lung parenchyma. Thus, the signal intensity changes and the

susceptibility-influenced signal life-time could serve as markers of emphysema, if they

were possible to detect.

We propose a radial UTE technique which enables signal from the lung parenchyma

to be detected, allowing the investigation of micro structural changes in the parenchyma.

We used this technique to probe structural changes of lung parenchyma in an experi-

mental elastase-induced emphysema model in mice. We postulated that measured T2*,

together with improved signal detection offered by the UTE technique could provide

an additional or alternative quantitative tool to current diagnostic methods. This tech-

nique could be easily translated to evaluate regional changes in diagnosing emphysema

in human patients. To evaluate the validity of the technique for quantitative emphy-

sema assessment, the MRI findings will be correlated with a linear intercept parameter
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determined by histology. Nevertheless, although this study is beyond the scope of this

chapter, it will be related in due course in section 6.7.5.

6.6 General study design

The experimental protocol of this study is shown in Figure 6.3. This work was con-

ducted in collaboration with a team at INSERM U955 Paris, France. The experi-

mental model as well as histology was performed by the group from Paris (L. Boyer,

P. Caramelle, J. Boczkowski) while MRI and image analysis were performed in Lyon,

France (M. Zurek, Y. Crémilliex).

Figure 6.3: Experimental protocol design.
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6.7 Materials and methods

6.7.1 Animal care

Experiments were carried out following the INSERM guidelines regarding the fair treat-

ment of animals. The MRI was performed under gaseous anaesthesia with isofluorane

(concentration: 1.5%, flow rate: 0.4 L/min) while intramuscular injection of ketamine

(1.6 mg: Merial, Lyon, France) and xylazine (300 μg: Bayer, Puteaux, France) was

used for elastase challenge and euthanasia procedure.

Male, eight-week-old C57BL/6 mice (N=16) weighing 24-26 g were supplied by

Charles River Laboratory (Lyon, France). The experiment was performed after one

week of animal accommodation in ambient temperature and 12 h dark-light phase.

Elastase was instilled in 9 mice, while the rest of the mice instilled with saline solution

served as a control (N=7).

6.7.2 Administration of elastase

Emphysema was induced by intra-tracheal injection of a porcine pancreatic elastase

(PPE) into the lungs (see Figure 6.4). All animals were anaesthetized with an intra-

muscular injection of a ketamine/xylazine mixture, and 5 U in 50 μL of PPE (Elastin

Products, Owensville, MO) or saline was administered into the surgically exposed tra-

chea (96).

Figure 6.4: Administration of PPE by intratracheal injection in mouse.

104



6.7 Materials and methods

All animals survived to the end of the protocol. However, one mouse, 24 h after

PPE administration had bristling hairs and appeared be more sedentary compared to

the other mice in the cage, demonstrating signs of pain.

6.7.3 MR protocol

A longitudinal study was performed on spontaneously breathing mice before PPE or

saline were instilled (baseline) and 24 h as well as 3 and 8 weeks after the challenge.

At the end of the protocol, the animals were euthanized for histological analysis.

MR measurements were performed with a 4.7 T Oxford magnet (10-cm wide bore)

interfaced to a Bruker MR console (Bruker, Ettlingen, Germany). A radial sequence

was used for image acquisition. Four hundred radial views per image with 128 points

per view were collected with an angular sampling range of (0, 2π) and increment angle

of 2π/400 in order to fulfill the Nyquist criterion (400 ≈ 128π) and minimize aliasing

image artifacts. The radial projections were evenly spaced in k-space with a successive

azimuthal alteration of 180 degrees before each angular increment.

Free induction decay (FID) acquisition was triggered during read gradient ramping,

starting immediately after slice excitation and slice refocusing gradient. For each radial

view, the k-space origin was acquired with repetition time of 80 ms. The flip angle was

set, according to the Ernst angle condition, to 20◦ . The minimum effective echo time

was equal to 550 μs (the effective TE is defined as the interval between the middle of the

RF pulse and the first point of the acquisition) and was achieved with a Gaussian-shape

pulse excitation of duration of 0.4 ms and slice thickness of 1.7 mm.

Multi-slice scans with 6 axial slices and inter slice distance of 2.5 mm were per-

formed. Signals from 8 sweeps of radial acquisition were accumulated, resulting in 4.2

minutes of acquisition time. For the T2* assessment of the lung parenchyma, a series

of axial images with progressively increasing TEs was acquired. Images with 5 different

TE value (0.55, 0.97, 1.26, 1.76, 2.46 ms) were acquired, resulting in 21 minutes of

acquisition protocol for each animal.

Image reconstruction was performed using an in-house program developed in IDL.

Following the gridding algorithm, the images were interpolated to a 512x512 image

matrix.
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6.7.4 Image analysis

For quantitative analysis, signal intensity and T2* values were measured within the

regions of interest (ROI) prior to, as well as 24 h, 3 and 8 weeks after elastase admin-

istration. The ROIs were placed in the left and right lungs at identical positions over

time, and in the area of the skeletal muscle. The location of ROIs in the lungs were

defined in the axial plane, as shown in Figure 6.5, avoiding regions of large pulmonary

vessels. The ROI chosen within the muscle served as a reference. The normalized signal

intensity, defined as signal intensity measured from ROIs placed in the lungs divided

by signal intensity of the muscle, was assessed. The same ROIs location were used to

assess regional T2* changes over time, per animal. For T2* assessment, the ROIs were

propagated over images acquired with decreasing echo time (TE) and signal intensity

from each image were measured.

Using a linear regression function, the natural logarithm of the mean signal of the

ROIs were fitted versus TE data and the T2* value was extracted. A similar procedure

was applied for T2* map calculation.

The data acquired before and after elastase administration were compared using

Student’s t-test.

Figure 6.5: Exemplary axial images of thorax with manually delineated ROIs for quan-
titative image evaluation.
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6.7.5 Histology

Immediately after the MRI protocol, animals were anesthetized with injection of ke-

tamine/xylazine mixture and euthanized by exsanguination. A catheter was inserted

into the trachea, the lungs were removed from the thorax and were suspended for per-

fusion. For the tissue fixation, the lungs were perfused via a trachea with a 2.5 %

glutaraldehyde solution to a pressure of approximately 25 cm H2O for about 1 hour.

Next, the lungs were tied off and immersed in a vial filled with 4% formaldehyde for

24 h. They were then sectioned and embedded with paraffin. To correlate histological

and MRI finding, great-axis transversal sections (5 μ m) of the left and right lung were

cut in a systematic fashion and were stained with hematoxylin and eosin. The quantifi-

cation procedure was as discribed previously (96). Ten digital photomicrographs were

acquired per lung distributed on the cranial, medial, and caudal regions of each slide

at x20 magnification, excluding areas where large bronchi or vessels predominated.

In addition, emphysema will be quantified measuring the mean chord length of

alveoli (132) by L.B and P.C, using the public domain NIH Image program at the

National Institutes of Health (available at http://rsb.info.nih.gov/nih-image).

6.8 Results

6.8.1 MR Imaging

The effect of elastase was already observed in the lungs 24 h following the administra-

tion. In the group of 9 elastase-challenged mice, most of them (7) showed expanded

lung volume and attenuated normalized signal intensity, as compared to their baseline

images.

In particular, two of the challenged mice showed regions with fluid signals, (see

Figure 6.6a) with an appearance comparable to that found by Quintana et al (99)

following lung exposition to LPS. According to the experimental model of emphysema

induced by elastase, this signal was attributed to inflammation, although histology

analysis at this time interval was not performed to confirm this hypothesis.

Together with inflammation, regions with strongly attenuated signal intensity were

observed, (see Figure 6.6a). These areas were assigned to a presence of hemorrhage, as

described previously (84), (20).
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Neither signal elevation due to the inflammation nor evidence of signal decline due

to hemorrhage were elusive in MR images at later time intervals (Figure 6.6).

Figure 6.6: Images of mouse thorax from different mice imaged 24 h after administration
of elastase (a-c). The black arrows indicate fluid signal related to inflammation, while the
white arrows indicate regions with hemorrhage. Part b shows expanded lung volume with
lower relative intensity signal, compared to the baseline image. No difference in signal
intensity was observed for image c.

Figure 6.7 illustrates the images of the same mouse thorax across the time of the

experiment. The example of images acquired 8 weeks after PPE or saline administration

are shown for comparison (Figure 6.8). As seen from Figure 6.7, more significant

expansion of the lung volume was visible at later time intervals of the protocol (3

and 8 weeks after PEE administration). In many cases, this volume expansion was

particularly visible in the left lung as compared to the right one, revealing stronger

response with respect to elastase challenge in the left lung. The control mouse, imaged

at 8 weeks after saline instillation, did not show expanded lung volume - the feature

observed in the case of the mouse instilled with elastase (Figure 6.8).

Together with the lungs enlargement, a reduction in the MR signal intensity was

detected in MR images. The normalized signal intensity changes in the lungs measured

at TE equal to 0.55 ms was significantly lower in the animals treated with elastase, as

compared to their control values.

The result from quantitative measurements are shown in Figure 6.9. The normalized

signal decrease measured at the first day after challenge, in the case of the left lung, was

30 %, while the signal decrease measured for the right lung, was 25 %. Subsequently,

gradual signal decreasing was observed at later time intervals of the experiment (see

Figure 6.9).
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Figure 6.7: Images of mouse thorax from the same animal acquired prior to (a) and 24
h (b) as well as 3 (c) and 8 weeks (d) following the elastase challenge.

The results from quantitative T2* measurements prior to and 24 h as well as 3 and

8 weeks with respect to the PPE administration is shown in Figure 6.10. The T2*

shortening in time can be observed in the left lung while in the right lung no specific

T2* behaviour was determined. Concerning the left lung, the most prominent T2*

changes (30% of T2* decrease) were observed at the later time point (3 and 8 weeks) as

compared to the T2* measured prior to PPE administration. Significantly T2* decrease

was found between the first day (prior to PPE administration) and 8 weeks following

challenge (p<0.05).

Similarly to the kinetics of signal intensity, T2* changes between two later time

points (3 and 8 weeks) were not significant, showing that emphysema develops quickly

after challenge and its progress slows down, afterwards. No specific changes in T2*

were detected for the right lung.

6.8.2 Histology

Representative histological images from the left lung are shown in Figure 6.11. Fig-

ure 6.11a illustrates the lung parenchyma from the elastase-treated mouse at 8 weeks
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Figure 6.8: Axial images of control (a) and PPE treated mouse (b) at the same age,
acquired at 8 weeks after challenge and saline administration. Note that in the expanded
lungs (b) the heart is displaced in the direction of the right lung.

after PPE instillation. Note, significant enlargement of the alveolar spaces compared to

the control mouse (Figure 6.11b). This enlargement was attributed to the development

of emphysema.

Despite the lack of completed

Despite the lack of completed histological analysis for this study, the data from a

previous study including the exact experimental protocol were analyzed.

Notably, the previous experiment showed that the airspace enlargement was more

pronounced in the left lung compared to the right lung (see Figure 6.12) revealing that

the stronger development of emphysema occured in the left lung.

The severity of emphysema was assessed based on the visual observation. For quan-

titative histological assessement, the score between 0 (without emphysema) and 6 (more

than 80 % of emphysema in the lung) was assumed. A higher score (mean: 3.2 ± 1.2

versus 2.1 ± 1.1) assessed for 11 animals was found for the left side of the lung.

6.9 Discussion

In modern research and diagnostics of emphysema, two modalities are currently used to

detect its presence, assess its severity and follow its progression. The X-ray attenuation

detected by CT is used to assess density of the lungs (74) and HP 3He diffusion-weighted

MRI is used to estimate alveolar size (130), (31). Although these techniques correlate
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Figure 6.9: Signal intensities measured from the left (a) and right (b) lung parenchyma
with regards to time after administration of PPE. The bottom and top of the box are the
lower and upper quartiles, respectively; the band near the middle of the box is the median;
the ends of the whiskers represent the minimum and maximum of all the data; the open
squares represent the mean.

with morphological analysis by measuring mean linear intercept (Lm), (60), (92), (130),

their widespread use both in clinical and pre-clinical research is limited.

A short echo-time offered by UTE MRI technique enables signal detection of the

lungs parenchyma. Moreover, by varying the TE of this sequence it is possible to assess

the T2*.

111



6. NON-INVASIVE AND NON-CONTRAST ENHANCED
ASSESSMENT OF EMPHYSEMA MARKERS USING UTE MRI

D0 24h 3weeks 8weeks

-1

0

1

2

3

4 p=0.04

 

T 2* 
- l

ef
t l

un
g 

[m
s]

Time with respect to
 PPE administration

p>0.05

(a)

D0 24h 3weeks 8weeks

0.0

0.5

1.0

1.5

2.0

 

 

 

T 2* 
- r

ig
ht

 lu
ng

 [m
s]

Time with respect to
 PPE administration

(b)

Figure 6.10: T2* changes measured in the left (a) and right (b) lungs at different time
intervals with regards to administration of PPE. The bottom and top of the box are the
lower and upper quartiles, respectively; the band near the middle of the box is the median;
the ends of the whiskers represent the minimum and maximum of all the data; the open
squares represent the mean.

(a) (b)

Figure 6.11: Histological slices of mouse lung from the left lung. The lung tissue 8 weeks
after PPE administration (a) and saline administration (b).

Since the signal detected from the parenchyma is weighted by proton tissue density

and T2* reflects morphometric changes of the alveolar structure (30), this sequence

gives unique opportunities to detect markers of emphysema non-invasively and without

the use of any contrast agent. In the present study, the quantification of the kinetics
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(a) (b)

Figure 6.12: Comparison of histological slices from the left (a) and right (b) lung from
mouse treated with PPE.

of murine elastase-induced emphysema model using UTE MR imaging, was performed.

The results were compared with histological analysis.

Our study demonstrates that signal intensity and T2* are lower in lungs with em-

physema, than those in healthy animals.

The signal decreasing was observed as early as 24 h after elastase administration. At

the same time interval, MRI images (see Figure 6.6a) showed presence of fluid signals

accompanied by regional significant signal drop. This observation reflects acute inflam-

matory response caused by elastase administration and it was consistent with previous

studies demonstrating that administration of elastase results in formation of inflam-

mation accompanied by hemorrhage (20). Consequently, the results from quantitative

measurement concerning the first day after PPE administration were excluded from the

statistical significance test to ensure there will be no interference with inflammatory

signals.

At 3 weeks, a significant decrease in signal intensity was observed compared with

baseline. This result reflects the lower overall pulmonary density and is consistent with

previous studies with the use of gradient-echo and SP imaging (99), (87).

During the suffering of emphysema, the alveolar walls are destroyed leading to an

increase of gas volume in alveoli, loss of lung elasticity and obliteration of the pulmonary

capillary bed. Further consequences are: increased lung volume, air trapping and

impairments of gas exchange. The increased pulmonary volume as well as increased air
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volume relative to tissue mass, cause local decreasing of tissue density. As a result a

reduction of MR signal in the lung parenchyma is observed.

A similar effect showing the dependence of the MR signal and lung density is ob-

served during the physiological conditions of respiration (30),(45). The inhalation phase

involves increasing the thoracic volume and airflow into alveoli. This results in lower

proton density thus, lower MR signal intensity compared to the exhalation phase, where

parenchyma contraction occurs.

With the progression of emphysema across time, no significant signal decrease was

observed at 8 weeks compared to those at 3 weeks (p>0.05). This showed that more

dynamic disease evolution occurs during earlier stages after which a plateau is observed.

This observation is consistent with the previous studies involving Lm measurements,

which confirms that dynamic disease progression occurs up to 2 weeks after elastase

challenge with a peak occurring between 5 and 10 days (72). After that, a slow-down

of the disease progression is observed.

Quantitative T2* measurements showed similar characteristics to those observed

for signal intensity. The T2* values dropped at 24 h after elastase administration and

progressively decreased at later time points of the experiment. This result reflects the

fact that emphysematous alveoli are larger, thus resulting in higher internal suscepti-

bility gradients, when compared to healthy animals. A similar effect was found in an

excised rat lung inflated to a pressure of 20 cm H2O by Cuttilo (30). Inflated lungs had

inhomogeneous line-broadening (equivalent to lower T2* values), that was not found in

collapsed lungs.

This observation was confirmed by simulating the susceptibility effect, utilizing the

spherical-shell and foam model (28). Simulation including different air ratios showed a

higher susceptibility effect with increasing ratios of air (30), (34).

In the physiological conditions the T2* differences between inhalation and exhala-

tion with shorter T2* value observed in inspiration were reported (45).

T2* shortening in the case of inhalation of 100% oxygen were seen in humans (97).

In emphysematous lungs, high alveoli inflation and higher level of oxygenation, resulting

from air trapping, occurs.

Since lung inflation and higher oxygenation are related one can assume that param-

agnetic properties of molecular oxygen and higher susceptibility in inflated lungs would
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add and amplify T2* shortening in emphysematous mice compared to the healthy sub-

jects.

The T2* values measured in our experiment ranged between 0.8 - 1.4 ms which are

longer than the 4.7-T value in rodents reported, by Olsson and Beckmann (ranging

between 0.4 - 0.5 ms). One possible explanation for that includes the use of different

imaging sequence parameters. Sequences reported previously had much shorter TR

than that used for our study (1.5-5.6 ms versus 80 ms) and thus a stronger T1-weighting.

As a result, the relative contribution to MR signal intensity of the different proton

comparments (blood, tissue water, etc) associated with given T1 and T2* values is

modified. This modification in the contribution of proton components might affect the

overall measured T2* values.

Notably, T2* as well as signal intensity reduction was more pronounced in the left

lung compared to the right lung. These results were confirmed by histology and they are

consistent with previous research, including experimentally induced inflammation (8).

A possible explanation of why the left lung shows a stronger response to the elastase

challenge relates to the anatomical structure of the tracheobronchial tree. Since the

elastase administration was performed by intra-tracheal injection, one could expect

that the probability of the solution entering the left and right lung is equal. As the left

lung is smaller than the right lung, and only consists of one lobe, there is likely dosage

amplification as compared to the right lung (where the solution is distributed into four

lobes). The higher probability of affecting the left lung is further strengthened by the

fact that its branching starts at a higher level, than the right lung.

6.10 Conclusions

We have shown that the UTE radial technique was successfully applied to detect changes

at the alveolar level in elastase-challenged mouse modeling emphysema. Tracking of

the disease progression was feasible by a non-enhanced proton MRI using two MR

parameters, namely: signal intensity and transverse relaxation time, T2*. The proton

signal intensity decrease reflects tissue density reduction and T2* shortening correspond

to the increase in the size of the alveoli.

Our imaging protocol was performed without the use of a mechanical ventilator,

allowing the mice to breath spontaneously. The motion artifacts were effectively re-
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duced thanks to the behavior of radial acquisition in the presence of cardio-respiratory

motion (42). As compared to scan-synchronous ventilation approach, used for motion

artifacts reduction, this technique is less invasive and enables higher throughput.

The non-invasiveness of the present approach opens the way for its widespread

use for routine drug testing in experimental MR lung research as well as its possible

transition to clinical studies.
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Conclusions

In this final section, we discuss the most important issues and contributions of this

thesis, as well as ideas for future work.

7.1 Summary of contributions

In this work, ultra-short echo-time (UTE) MR imaging of the lungs is presented as a

way of detecting pulmonary MRI signal to develop new imaging tools and to expand

MR applications for experimental models of lung diseases in rodents. In particular,

this technique was used to detect a large spectrum of pathological indicators associated

with pulmonary morphological changes characteristic of Chronic Pulmonary Obstruc-

tive Disease (COPD). The morphological characterization of lung tissue was assessed

by applying the following steps.

1. Implementation of an image synchronization technique to track cardio-respiratory

motions in mice.

A navigating technique was developed and validated, in order to track respiratory

and cardiac motion during the free-breathing respiration of mice, yielding images

free from motion artifacts. This was possible to achieve using radial k-space sam-

pling, in which repetitive probing of the k-space center (after each RF excitation)

occurs.

Taking advantage of this interesting feature of UTE radial sampling, we demon-

strated the feasibility of tracking the MR signal changes derived from the lung
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parenchyma. These signal changes were possible to detect due to a variation of

pulmonary density and volume during respiration.

The main asset of the proposed technique is its non-invasiveness. Thus, in view

of pharmacological research, the same animal can be used as its own control

(measured at the baseline) and it can be monitored repeatedly during the disease’s

progression without affecting its physiology. This simplifies imaging protocols,

increasing throughput, and it enables us to achieve a constant repetition time

of the imaging sequence - providing easier control of image contrast and making

quantitative image analysis feasible.

2. Application of the UTE MRI technique for reproducible edema detection.

The intrinsic advantages of radial UTE sampling over Cartesian encoding (with

respect to diminished artifacts from cardio-respiratory motion) were used to de-

velop a new approach for investigating inflammation in rat lungs. The identifi-

cation of inflammatory regions relied on the detection of hyperintense areas in

proton MR images caused by edema formation in the lung.

Considering the fact that the detection of the edema’s extent plays an important

role in establishing therapeutic responses and the development of new treatment

agents, a robust protocol was introduced to improve the reproducible delineation

of the edema’s extent. The proposed method was shown to increase the reliability

of volumetric measurements, compared to currently established methods.

3. Detection of cellular infiltration in the lungs by MRI.

The extent of the edematous areas frequently leads to the misevaluation of regions

of inflammation, thus a new approach used to delineate the extent of inflammation

was introduced. In the proposed method, UTE was used to track inflammatory

cells in the lungs following the induction of inflammation.

The detection of inflammatory regions was possible by tracking magnetically la-

beled macrophages (labeled with IONPs particles) due to susceptibility effects in

MR imaging. Since the susceptibility effects were detectable as early as six hours

after the induction of inflammation, we have shown that this technique can be

useful for the early diagnosis of diseases.
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Specifically, we have shown the utility of cellular tracking to define early inflam-

matory activities in chronic inflammation, modeling COPD in humans. The pro-

posed experimental approach could potentially be transferred to clinical studies.

4. Non-invasive and non-enhanced MRI detection of emphysema in a murine model.

The UTE technique was demonstrated to detect the markers of emphysema and

characterize emphysema progression with respect to time. MRI indicators of

emphysematous tissue were established and they correlated well with alveolar

expansion, demonstrated by histology.

The main advantage of the proposed technique over currently established methods

(ie. based on histological analysis and CT), is its non-invasiveness. This allows

repeated measurements on the same animal to be performed over time, without

interfering with the animal’s physiology.

In summary, the UTE proton MRI was shown to provide insight into pathologi-

cal indicators like inflammation and airspace enlargement associated with major lung

diseases such as COPD. Relevant structural and functional information concerning the

lungs was obtained thanks to the MR signal from lung parenchyma. This technique

was shown to be useful when easy protocol implementation (relatively high throughput

and low-cost experiments) and longitudinal studies (limited interference with subject’s

physiopathology) are of concern.

7.2 Future research

Some ideas and issues for possible line of future research are discussed below:

1. Sequence development: To ameliorate image quality, the prospect of implementing

the projection order based on“golden ratio”ordering is appealing. The advantages

of such k-space ordering are twofold. First, it would diminish residual streaking

by reducing inter-projection inconsistencies during motion. Second, as it allows

for significant under-sampling of k-space without reducing image quality, it yields

a reduced acquisition time and therefore improves protocol efficiency.

2. Improvement of a temporal resolution for self-gating reconstruction: section 4

shows the results of self-gating reconstruction with image synchronization to the
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defined phase of the cardio-respiratory cycle. The synchronization should be per-

formed ideally to multiple phases of the cardio-respiratory cycle, yielding a CINE

reconstruction of the cardio-respiratory cycle. To achieve this goal, a four-fold

or higher reduction in temporal resolution is required. The CINE reconstruction

is expected to provide information related to perfusion and ventilation. Subse-

quently, signal loss can be recovered by averaging across many k-spaces.

3. Appropriate dosing of the contrast agent: section 5 illustrates detection of the

infiltration of macrophages into the lung. In order to maximize the labeling of

inflammatory macrophages in the lung, it is important to correctly choose the

time interval and appropriate dosing of the contrast agent. Subsequently, the

distribution of the labeled-macrophages in the body should be assessed quantita-

tively.

4. General research perspectives: There is great interest in investigating the re-

lationship between anatomical and functional changes in lung disorders. For

instance, proton lung MRI combined with ventilation imaging using hyperpolar-

ized gases was explored in order to examine the correlations between the lesion

areas detected by proton MRI and the observed ventilations defects (88). To

assess regional pulmonary ventilation, oxygen-enhanced MRI is the technique of

choice (36), (23). This method offers quantitative estimation of regional ven-

tilation of lung parenchyma (3). Recently, the oxygen-enhanced technique was

applied to the diagnostics and evaluation of a variety of pulmonary disorders in

humans; including pulmonary emphysema, diffuse lung disease (including pul-

monary fibrosis), embolism, and pneumonia (112), (113). More recently, Watt et

al. demonstrated the feasibility of oxygen-enhanced imaging in mice (125). In

previous studies, inversion recovery spin-echo sequences have been used to quan-

tify ventilation changes. The spatial resolutions of images were, however, limited

due to the low signal from the lungs and time constraints. To improve image

quality, we propose to use radial UTE acquisition conjugated with golden-ratio

projection distribution. This new MR ventilation imaging technique may give an

insight into pulmonary physiology, as well as pathopysiology, in many pulmonary

diseases including emphysema, fibrosis and pulmonary embolisms.
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Validation of Simple and Robust Protocols for
High-Resolution Lung Proton MRI in Mice

Magdalena Zurek, Amine Bessaad, Katarzyna Cieslar, and Yannick Crémillieux*

One fundamental limitation of spatial resolution for in vivo MR

lung imaging is related to motion in the thoracic cavity. To

overcome this limitation, several methods have been pro-

posed, including scan-synchronous ventilation and the car-

diac gating approach. However, with cardiac and ventilation

triggered techniques, the use of a predetermined and con-

stant sequence repetition time is not possible, resulting in

variable image contrast. In this study, the potential of two

‘‘constant repetition time’’ approaches based on retrospective

self-gating and signal averaging were investigated for lung

imaging. Image acquisitions were performed at a very short

echo time for visualization of the lung structures and the pa-

renchyma. Highly spatially resolved images acquired using

retrospective self-gating, signal averaging technique and con-

ventional cardiorespiratory gating are presented and

compared. Magn Reson Med 64:401–407, 2010. VC 2010 Wiley-

Liss, Inc.

Key words: self-gating; free-breathing; gated acquisition;
short echo time imaging; lung MRI; UTE; mouse imaging

Recent applications of MRI techniques in lung disease

evaluation have raised growing interest in lung proton

MRI of small animals (1,2). As demonstrated in recent

studies (3–7), proton-based MRI can be envisioned as a

powerful and versatile tool in pharmacological investiga-

tions of pulmonary disorders. It can be used for noninva-

sive pathology characterization and the evaluation of

new treatments’ effects in vivo.
However, lung imaging using proton MR remains a

challenge. Low proton density in the lung parenchyma,
combined with local magnetic inhomogeneities around
air-filled alveoli, results in low image signal to noise ra-
tio (SNR) and rapid signal loss due to the T2* decay. For
instance, at 4.7 T, a magnetic field commonly used in
small animal scanners, T2* in the lung parenchyma is
about 500 ms (8). Thus, lung parenchyma usually
appears dark in MR images acquired with a conventional
echo time (�milliseconds) imaging sequences. Therefore,
submillisecond echo time sequences are required for vis-
ualization of the lung parenchyma.

Additionally, the motion of the structures within the
thoracic cavity during the breathing cycle and the car-
diac motion cause image artifacts, degrading the spatial
resolution. To address this issue, one can acquire high-
resolution images using scan-synchronous ventilation,
cardiac gating, or combined approaches (9–11).

Although synchronizing the image acquisition to the
breathing cycle and gating to the cardiac cycle allows
one to obtain high spatial resolution in images of
rodents’ lungs (10,12), it increases the complexity of
the MR protocol. This yields a reduced imaging proto-
col efficiency, a key parameter in investigation of ani-
mal models or in pharmacological studies of diseases,
where large throughput and simple imaging protocol
are usually sought. Moreover, cardiac and ventilation
triggered techniques do not allow the use of sequence
constant repetition time, resulting in a possibly varying
image contrast. This can lead to difficulties in the inter-
pretation of image readouts when quantification of
changes in signal amplitude or in a tissue relaxation
time is required. Alternatively, motion artifacts in lungs
can be efficiently reduced using signal averaging (8). In
this approach, the animals are allowed to breathe spon-
taneously and images are acquired without the use of
either cardiac or respiratory triggering. This technique
has been applied in numerous investigations of lung
diseases in rats and mice (1,2,4–8).

Another efficient way to reduce motion artifacts is
the use of radial k-space trajectory (13–15). Radial k-
space acquisition has proven to be appropriate for lung
imaging applications (16–19). Besides the advantage of
artifact reduction generated by moving structures (13–

15), this type of k-space sampling enables a significant
shortening of the echo time and thus increases the sig-
nal from the lung parenchyma. Another interesting fea-
ture of radial imaging is the repetitive sampling of the
k-space center, giving access to total NMR signal ampli-
tude after each radiofrequency excitation. This property
can be used to retrospectively monitor physiologic func-

tions such as cardiac or respiratory cycles. It has recently
been applied for the acquisition of time-resolved 3He ven-
tilation images in spontaneously breathing animals (20).
Similarly, in proton MRI this approach has been demon-
strated for the reconstruction of time-resolved cardiac
images synchronized with cardiac and respiratory cycles
(21). In both cases, the technique relies on the retrospec-

tive use of the MR signal intensity variations induced by
cardiac and respiratory events.

In this study, we investigated and compared the per-
formance of a short echo time radial sequence for lung
MRI in mice in three different experimental setups,
namely, standard cardiorespiratory (CR) gating acquisi-
tion, signal averaging (SA) acquisition, and cardiorespir-
atory retrospective self-gated (RSG) acquisition.

MATERIALS AND METHODS

Animal Preparation

Experiments were performed on 4.7 T 10-cm-bore mag-
net (Oxford, UK) interfaced to a MR consol (Bruker,
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Ettlingen, Germany). Female C57BL/6 mice (average
weight of 25 g) were anesthetized with isoflurane (con-
centration 1.5%; flow rate 0.4 L/min) administered via a
face mask. For cardiac monitoring, electrocardiographic
(ECG) electrodes were placed on the mice paws. The
breathing cycle was controlled by a pressure sensor
placed in the abdominal area. The animals were posi-
tioned supine in a home-built Alderman-Grant coil and
body temperature was maintained by a regulated water
flow. Experimental protocol was approved by the local
ethics committee.

MR Acquisition

For visualization of the lung structures (blood vessels,
bronchial tree) and the parenchyma, all MR acquisitions
were performed with a short-echo-time radial imaging
sequence. Four hundred radial views per image were col-
lected, with an angular sampling range of 2p. The radial
projections were evenly spaced in k-space, with a suc-
cessive azimuthal increment of 181.1� to reduce motion
artifacts. Free induction decay acquisition was triggered
during read gradient ramping, starting immediately after
slice excitation and slice refocusing gradient. For each
radial view, the k-space origin was acquired with an
effective echo time of 450 ms (the effective echo time is
defined as the interval between the middle of the radio-
frequency pulse and the first point of the acquisition). A
radiofrequency excitation pulse of 0.2 ms was applied to
excite a slice of 1.2 mm thickness.

Data acquisition was carried out using two different
approaches: (1) ‘‘constant repetition time’’ imaging, and
(2) cardiorespiratory-gated acquisition. The constant
repetition time protocol was based either on RSG or on
signal averaging approach.

For RSG and signal averaging acquisition schemes, the
pulse repetition time and flip angle were set to 80 ms
and 30�, respectively. In the case of RSG acquisition, 20
k-space sweeps were performed, resulting in an acquisi-
tion time of 10 min. The signal averaging acquisition
consisted in averaging data from 20 consecutive scans
before image reconstruction (total acquisition time of
10 min).

The typical repetition time for cardiorespiratory gating
acquisition was equal to 400 ms, resulting in a 3-min
total acquisition time. The flip angle was set to 20�.

For all three protocols, the images were acquired con-
secutively in the axial and the coronal planes.

To assess the accuracy of the investigated methods,
the image synchronization algorithms were also tested
on a phantom simulating breathing motion. The phan-
tom consisted of a 2-cm-diameter syringe filled with a
water solution doped with gadolinium-diethylenetria-
mine penta acetic acid (Gd-DTPA) to reduce T1 and T2

relaxation times. For the reproducibility tests, the phan-
tom movements were performed along the longitudinal
axis of the syringe, with two different oscillation rates of
30 and 60 cycles/min. The amplitude of oscillations was
chosen to mimic the changes of the diaphragm position
during respiration in mice and rats, with amplitudes of
1.5 and 3 mm, respectively (22). The phantom experi-

ments were performed using the radial sequence with
the same sequence parameters as for the in vivo studies.

Retrospective Lung Gating Procedure

A gridding algorithm (23) implemented in IDL (RSI,
Boulder, CO) was used for the image reconstruction.
Reconstructed images were interpolated into a 512 � 512
array with a Kaiser-Bessel interpolation kernel (23).

For RSG image reconstruction, the first sampled data
point of each radial acquisition was extracted and plot-
ted versus time. The typical pattern of the signal ampli-
tude variations with two periodic signal modulations
generated by both respiratory and cardiac cycle was
observed (Fig. 1). The radial views within the user-
defined range corresponding to the specific period in
the breathing and the cardiac cycle were then selected
based on these plots and used to fill in a given k-space
matrix. Images were retrospectively synchronized to a
given phase of the breathing and the cardiac cycle
simultaneously.

Quantitative Analysis

In order to estimate and compare image quality, two pa-
rameters were evaluated: the sharpness and the noise
level of the images. The noise level was defined as the
standard deviation of signal intensity measured in a
region of interest located in the image background. The
sharpness was assessed using the standard procedure
applied to vessel sharpness scoring of coronary arteries
and septum from clinical MR images (24,25). The local
maximum and minimum intensity value were deter-
mined along an intensity profile, and the distance d
between the points at 80% and 20% of profile intensity
was measured. The sharpness value was defined as 1/d.
The sharpness measurement was performed using a pro-
gram developed using Matlab (The Mathworks, Inc.,
Natick, MA) with the following steps: (i) a set of points
lying on the boundary of lung structure (vessels, dia-
phragm, . . .) was selected, (ii) the selected points were
fitted with a polynomial function (n ¼ 2), (iii) tangents
to the polynomial curve were plotted for each point of
the curve, and (iv) intensity profiles perpendicular to the
tangents were plotted and averaged. This procedure is
illustrated in Fig. 2. Typically, 30 to 40 profiles were
averaged along the considered structure to assess border
sharpness.

RESULTS

Phantom Experiments

Figure 3 shows moving phantom images reconstructed
from the averaged and gated-acquisitions (Fig. 3a-f). The
image triggering was performed at the maximal phantom
displacement. The motion was followed using a pressure
transducer. For self-gating image synchronization, a sig-
nal from the k-space center was used and specific ampli-
tudes of phantom oscillation were chosen in the recon-
struction process (see ‘‘Retrospective Lung Gating
Procedure’’). The acquisition and processing algorithm
used for the phantom studies was identical to that used
for in vivo studies.
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To show the relative impact of averaged and gated
acquisitions on motion artifacts, the image quality was
compared by using two image parameters, the sharpness
and the noise level. Figure 4 compares the profiles meas-
ured at the boundary of the oscillating phantom for
images acquired with oscillation rates of 30 cycles/min
and 60 cycles/min and amplitudes of 1.5 mm and 3 mm,
respectively. For both cases, the averaging shows a gen-
tler slope of the profile, while the slopes of the two gat-
ing methods are comparable. The quantitative measure-
ments of sharpness are presented in Table 1. Comparable
sharpness values were obtained for standard synchroni-
zation and the self-gating technique. In contrast, the
sharpness of the averaging approach was shown to be
approximately two times lower with oscillations of 1.5
mm and four times lower with oscillations of 3 mm.

Table 2 shows the mean standard deviation scoring.
The results indicate that the gating techniques permit
the reduction of the noise level as compared to the aver-
aging approach. No significant differences were found
between the two synchronization techniques for any ex-
perimental setup.

In Vivo Experiments

Figure 1 shows the time course of the signal amplitude
at the center of k-space for a set of consecutive radial
views. The signal evolution for both coronal (Fig. 1a)
and axial (Fig. 1b) slice orientation is depicted. Signal
variation with two signal modulations can be observed:
high-frequency variations due to the cardiac motion and
low-frequency variations due to the respiratory cycle.
Retrospective gating to the cardiac and respiratory cycle
was based on the amplitude changes between the inspi-

ration and exhalation phase in the breathing cycle and
on the systole and diastole amplitude changes in the car-
diac pulsation.

RSG and averaged and CR-gated images acquired in
axial and coronal planes were compared. Examples of
coronal lung images obtained with RSG, signal averag-
ing, and cardiorespiratory gating approaches are shown

FIG. 2. Example of the intensity profiles generated and used for

the calculation of the image sharpness at the diaphragm position.
For clarity, only five intensity profiles are shown.

FIG. 1. NMR signal amplitude from the center of k-space acquired in coronal (a) and axial plane (b). Low-frequency (0.5 Hz) and high-

frequency (5 Hz) signal modulations correspond to the respiratory and cardiac cycles, respectively, as clearly seen in the top plot.
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in Fig. 5. From visual inspection, one can note similar
features, comparable image quality, and the absence of
major motion artifacts related to respiratory or cardiac
motion regardless of the imaging approach.

In order to estimate the degree of blurring suppression
for each method, intensity profiles crossing either the di-
aphragm-liver boundary or going through a right pulmo-
nary vein were generated for quantification and scoring
of image sharpness. Typical averaged intensity profiles
from coronal images are depicted in the Fig. 2.

Comparable slopes of the intensity profiles were meas-

ured both at the diaphragm-liver interface and through a

pulmonary vein. Table 1 summarizes the sharpness

value for each acquisition approach measured in the

region of the diaphragm. Comparable values were

obtained for all approaches, confirming the qualitative

similarity between images and intensity profiles.

Table 2 summarizes the noise level assessed for each

of the acquisition methods. In the case of the signal aver-

aging approach, the noise level was scaled with the

square root of the number of averages.

Equivalent noise level was measured in self- and CR-

gated images, while the noise level observed in the sig-

nal averaging acquisition was twice as big as that of the

gated acquisitions.

The impact of averaging on the suppression of motion

artifacts and image quality was investigated. Images

acquired consecutively with an increasing number of

averages were compared. Figure 6 shows coronal images

acquired with one, five, and twenty averages. Typically,

20 averages were sufficient to suppress most of the

streaking motion artifacts and the blurring located in the

region of diaphragm and lung vasculature. Sharpness

was assessed, as described above, for different numbers

of image averages. To evaluate the sharpness measure-

ment accuracy, the standard deviations of measured

mean distance d were estimated and compared. Calcu-

lated standard deviations, 12% in the case of one and

five averages and 4% variation for 20 averages, show

that using 20 averages is sufficient for precise estimation

of the image sharpness.

FIG. 3. From left to right: Averaged, synchronized, and self-gating

image of a moving phantom with an oscillation rate of 30 cycles/
min and an amplitude of 1.5 mm (a-c) and an oscillation rate of

60 cycles/min and an amplitude of 3 mm (d-f). Motion was per-
formed along the longitudinal axis of the phantom.

FIG. 4. Averaged line profiles obtained in vivo at the boundary of the diaphragm (a) the right pulmonary vein (b) and in the boundary of
the moving phantom, with an oscillation rate of 30 cycles/min and an amplitude of 1.5 mm (c) and an oscillation rate of 60 cycles/min

and an amplitude of 3 mm (d).

Table 1

Sharpness Scores From Averaged, Synchronized, and Self-gated Images*

Averaged image Synchronized image Self-gated image

Sharpness in vivo (pixels�1) 0.15 6 0.01 0.18 6 0.04 0.16 6 0.02

Sharpness phantom, case 1 (pixels�1) 0.111 6 0.003 0.23 6 0.02 0.23 6 0.03
Sharpness phantom, case 2 (pixels�1) 0.061 6 0.004 0.25 6 0.04 0.24 6 0.02

*Values were obtained in coronal images from averaged intensity profiles crossing the diaphragm/liver boundary and the oscillating
phantom, with the rate and amplitude of oscillation of 30 cycles/min and 1.5 mm (case 1) and 60 cycles/min and 3 mm (case 2). The

standard deviation values were obtained from repeated measurements.
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DISCUSSION AND CONCLUSIONS

The efficacy of the signal averaging approach for motion
artifact suppression in lung proton MRI images was pre-
viously demonstrated by Beckmann et al. (8) in rats and
mice, using Cartesian k-space scanning. Since then, the
signal averaging technique has been successfully applied
to numerous animal models of lung disease for the detec-
tion and quantification of inflammation, mucous plug-
ging, or lung fibrosis (4–7). For all the above-mentioned
applications, this approach has been recognized as ro-
bust, easy to implement, and well adapted to scanning of
large cohorts of animals.

The short-echo time radial k-space sampling represents
the acquisition technique of choice when increased SNR
from lung parenchyma and improved image resolution
are sought. Combined with cardiorespiratory triggering
and ventilation-synchronous scan, the approach has
been shown to be very efficient for depicting fine ana-
tomic details of a rodent’s lungs (12,19,26). The main
objective of this study was to determine whether short-
echo-time non-triggered approaches can provide similar
results, and thus two image parameters were measured,
namely, the sharpness and the noise level. The image
sharpness was used to assess the image resolution, while
the noise level was measured for evaluating the impact
of motion artifacts on the image quality.

The retrospectively cardiorespiratory-gated approaches
using Cartesian and radial sampled signals have been

previously reported in proton imaging for time-resolved
imaging in humans (25,27) and small animals (21). The
findings of the present study indicate that the self-gating
approach is also applicable for lung imaging in small
animals. Modulations of MR signal intensity induced by
breathing and cardiac pulsations were noticeable in both
coronal and axial imaging slices. Modulations caused by
the animals’ respiratory cycle were more pronounced in
coronal then in axial images. This results from larger
lung volume changes in the craniocaudal direction as
compared to the left-right and anteroposterior orienta-
tion. Interestingly, the detection of signal variations due
to the cardiac cycle was not restricted to slices encom-
passing parts of the cardiac muscle. Indeed, signal
changes due to pulsing blood flow within pulmonary
vasculature were detected in all imaged slices. These
signal changes were used for reconstructing images
synchronized with the cardiac cycle.

The results from sharpness measurements indicate that
spatial resolutions equivalent to those of cardiorespira-
tory gating acquisitions can be obtained using self-gated
or averaging approaches. In the case of averaging acquisi-
tion, this counterintuitive observation can be attributed
to the peculiar behavior of radial acquisition in the pres-
ence of a moving structure. Indeed, in radial images
motion artifacts are usually distributed as radial streaks
in the periphery of the image. Furthermore, the acquisi-
tion of free induction decay signals at a very short echo
time prevents the phase accumulation of moving spins
in the presence of imaging gradients.

Similar diaphragm positions for all three imaging tech-
niques were observed in coronal images (Fig. 5). Cardior-
espiratory and self-gated lung images were acquired at
the expiratory phase, with the animal breathing sponta-
neously at tidal volume. As seen from the MR signal in-
tensity time curve in Fig. 1a, the fraction of time spent
in expiration phase represents about two thirds of the
total breathing cycle of the animal. As a result, in the
signal averaging image, the diaphragm is seen in a posi-
tion corresponding to the expiratory phase.

The noise level was measured in the image periphery,
where the motion artifacts are presumably mainly
located. A 2-fold higher noise level was observed in the

Table 2
Mean Noise Level Values Measured in Averaged, Synchronized,

and Self-gated Images In Vivo and the Oscillating Phantom, With
Rate and Amplitude of Oscillation equal to 30 Cycles/Min and 1.5

mm (Case 1) and 60 Cycles/Min and 3 mm (Case 2)*

Normalized noise

level in image
background

Averaged
image

Synchronized
image

Self-gated
image

In vivo 8.64 6 1.73 4.81 6 0.26 3.85 6 0.23
Phantom case 1 3.33 6 0.22 1.53 6 0.05 1.59 6 0.06

Phantom case 2 3.54 6 0.24 1.55 6 0.08 1.71 6 0.13

*The standard deviation values were obtained from repeated
measurements.

FIG. 5. Typical images of mice thorax acquired using the signal averaging approach (20 averages) (a), the cardiorespiratory-gated
approach (b), and the RSG procedure (c).
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signal averaging acquisition. This higher noise level is
an indication of increased fluctuating signal intensity
related to motion, as can be suspected from non-gated
acquisition. However, this increase in noise level did not
affect the sharpness measurement within the lung, nor
did it degrade the overall image quality.

If image SNR is of concern, the SNR per unit time pro-
vided by the different approaches has to be considered.
When using appropriate radiofrequency excitation at
Ernst angle, it can be demonstrated that signal averaging
and CR-gated techniques can yield very similar SNR per
unit time. On the contrary, the self-gated technique has a
reduced SNR per unit time due to discarded radial views
during the image reconstruction.

Despite its degraded SNR per unit time, self-gated
acquisition offers the possibility of reconstructing lung
images at different cardiac or respiratory cycles. Figure
7 shows a typical axial image of mouse thorax
obtained using the retrospective-gated technique at two

different cardiac cycle phases. In this case, the projec-
tions corresponding to systolic and diastolic phases of
the cardiac cycle were chosen and the images corre-
sponding to each phase were reconstructed. Depending
on a cardiac phase, one can observe signal intensity
variations in the parenchyma which are attributed to
changes in lung perfusion. Furthermore, if needed the
acquired k-spaces can be averaged later to generate
higher SNR images.

The results obtained in the phantom study validate
the accuracy of the self-gating method for motion arti-
facts suppression; the sharpness and noise level were
found similar to those obtained with the standard gating
technique. However, in contrast to in vivo experiments,
a degradation of the sharpness value was observed for
signal averaging acquisition. Although the frequencies
and amplitudes of phantom displacement correspond to
the breathing rate and diaphragm displacement in mice
and rats, the pattern of the phantom’s motion was

FIG. 6. Comparison of image quality for different number of averages (NA). NA was one (a), five (b), twenty (c).

FIG. 7. Comparison of self-gated transverse pulmonary images corresponded to the systolic (a) and diastolic (b) phases of the cardiac
cycle.
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different to that observed in vivo (as mentioned above,
the fraction of time spent in the expiration phase repre-
sents about two thirds of the total breathing cycle of the
animal).

In conclusion, in this study different short echo time
radial imaging protocols were applied for proton lung
imaging in small animals during spontaneous breathing.
Constant repetition time methods and the cardiorespira-
tory-gated approach were compared. Within the limit of
the nominal image resolution of this study (pixel size of
54 mm � 54 mm), parenchyma and vascular structures in
mouse lung were visualized, with equivalent spatial re-
solution for all the applied techniques. The use of non-
cardiorespiratory-gated techniques offers several advan-
tages. First of all, they simplify the imaging protocol for
lung MRI of rodents. Second, the images are acquired
with an operator-defined repetition time, allowing the
control of the image contrast. Finally, the retrospectively
gated approach offers the possibility of lung imaging at
multiple phases of the cardiac or respiratory cycles.

In the future, these non-gated short-echo time radial
approaches might be profitably used for the large-scale
and high-throughput investigation of lung structural or
functional changes in mice or rats models of lung
diseases.
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15. Schäffter T, Rasche V, Carlsen IC. Motion compensated projection

reconstruction. Magn Reson Med 1999;41:954–963.

16. Bergin CJ, Pauly JM, Macovski A. Lung parenchyma: projection,

reconstruction MR imaging. Radiology 1991;179:777–781.

19. Gewalt SL, Glover GH, Hedlund LW, Cofer GP, MacFall JR, Johnson

GA. MR microscopy of the rat lung using projection reconstruction.

Magn Reson Med 1993;29:99–106.

18. Shattuck MD, Gewalt SL, Glover GH, Hedlund LW, Johnson GA. MR

microimaging of the lung using volume projection encoding. Magn

Reson Med 1997;38:938–942.

19. Bergin CJ, Glover GM, Pauly J. Magnetic resonance imaging of lung

parenchyma. J Thorac Imaging 1993;8:12–17.

20. Stupar V, Canet-Soulas E, Gaillard S, Alsaid H, Beckmann N,

Crémillieux Y. Retrospective cine 3He ventilation imaging under spon-

taneous breathing conditions: a non-invasive protocol for

small-animal lung function imaging. NMR Biomed 2007;20:104–112.

21. Hiba B, Richard N, Janier M, Croisille P. Cardiac and respiratory

double self-gated cine MRI in the mouse at 7 T. Magn Reson Med

2006;55:506–513.

22. Segars WP, Tsui BMW, Frey EC, Johnson GA, Berr SS. Development

of a 4D digital mouse phantom for molecular imaging research. Mol

Imaging Biol 2004;6:149–159.

23. Jackson JI, Meyer CH, Nishimura DG, Macovski A. Selection of a con-

volution function for Fourier inversion using gridding. IEEE Trans

Med Imaging 1991;10:473–478.

24. Shea S, Kroeker R, Deshpande V, Laub G, Zheng J, Finn J, Li D. Coro-

nary artery imaging: 3D segmented k-space data acquisition with

multiple breath-holds and real-time slab following. J Magn Reson

Imaging 2001;13:301–307.

25. Larson AC, Kellman P, Arai A, Hirsch GA, McVeigh E, Li D, Simo-

netti OP. Preliminary investigation of respiratory self-gating for

free-breathing segmented cine MRI. Magn Reson Med 2005;53:

159–168.

26. Kuethe DO, Adolphi NL, Fukushima E. Short data-acquisition times

improve projection images of lung tissue. Magn Reson Med 2007;57:

1058–1064.

27. Oechsner M, Pracht ED, Staeb D, Arnold YFT, Köstler H, Hahn D,
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Chapter 24

MRI of the Lung: Non-invasive Protocols and Applications
to Small Animal Models of Lung Disease

Magdalena Zurek and Yannick Crémillieux

Abstract

Magnetic resonance imaging (MRI) can be used in pre-clinical studies as a non-invasive imaging tool
for assessing the morphological and functional impact of lung diseases and for evaluating the efficacy
of potential treatments for airways diseases. Hyperpolarized gases (3He or 129Xe) MRI provides insight
into the lung ventilation function. Lung proton MRI provides information on lung diseases associated
with inflammatory activity or with changes in lung tissue density. These imaging techniques can be imple-
mented with non-invasive protocols appropriate for longitudinal investigations in small animal models of
lung diseases. This chapter will detail two 3He and proton lung MR imaging protocols applied on two
models of lung pathology in rodents.

Key words: Magnetic resonance imaging, MRI, lung, mouse, rat, rodent, hyperpolarized gases,
Helium-3, Xenon-129, lung ventilation imaging, bronchoconstriction, methacholine, asthma
model, LPS, lung inflammation, spontaneous breathing lung imaging.

1. Introduction

The low proton density of the lungs (approximately 20–30%)
combined with susceptibility gradients induced by the air–tissue
interfaces and motions within thoracic cavity produces an inher-
ently weak MR signal from the lung parenchyma and makes
the lungs the most challenging organ to be imaged by means
of MRI.

Despite difficulties associated with lung MRI, there is grow-
ing interest in the potential of MR techniques applied to lung
diagnostics in patients or to the investigation of lung diseases
in animal models. This increase in MR applications for lungs
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is related to technological breakthrough (use of hyperpolarized
gases such as 3He or 129Xe), hardware improvement (MR gra-
dient performance), and methodological progress (for instance
short echo time imaging or oxygen-enhanced lung MRI). The
application of MRI to lungs is further motivated by its inherent
non-invasiveness (of high interest in the case of chronic diseases),
its potential for translational research and its complementary read-
outs as compared to those of CT imaging.

The large NMR signal offered by hyperpolarized (HP) gases
allows imaging their distribution in the pulmonary tree and the
alveolar spaces. The first NMR biomedical application of HP
129Xe was reported in 1994 with intrapulmonary space imaging
of excised mouse lungs (1) (see also Chapter 10). The first in vivo
lung ventilation images obtained in rodents using HP 3He were
reported 1 year later (2) followed by the first human lung images
(3, 4). The spatial resolution of lung ventilation images obtained
by means of 3He exceeds by an order of magnitude the spatial
resolution that is routinely obtained with scintigraphy techniques
using radioactive gases. In human studies, typical spatial resolu-
tions in the millimeter range are reported while in rodent studies
sub-millimetric resolutions are usually reached (5, 6).

Apparent diffusion coefficient (ADC) values of HP gases
in airspaces depend on the restriction of gas atoms diffusion
by the broncho-alveolar walls. The diffusion length of helium
atoms during typical diffusion-sensitizing times (a few millisec-
onds) exceeds the diameter of alveolar sacks (a few hundreds of
micrometers). Hence, in the timescale of MR diffusion acquisi-
tion, 3He diffusion in alveolar space takes place in a restricted
regime. The dependence of HP gases ADC values upon the
dimensions of the alveolar space has been proposed as a non-
invasive approach for probing the lung architecture at a sub-pixel
level. Indeed, 3He ADC values have been shown to significantly
increase in patients with emphysema compared to healthy vol-
unteers (7). These 3He ADC changes in emphysematous lungs
are attributed to the morphological changes in alveolar structure
and more specifically to the airspace enlargements that charac-
terize emphysema (8–10). Emphysema disease in animal models
has been extensively studied using 3He and 129Xe MRI. Elastase-
induced emphysema has been investigated in rat (8, 10), mouse
(11), and rabbit (12) using 3He or 129Xe diffusion MRI. When
measurements were carried out at total lung capacity, 3He ADC
values increased from 0.15 cm2/s in normal rats to 0.18 cm2/s
in elastase-challenged animals; moreover, a significant correlation
was found between the 3He ADC values and the alveolar internal
area assessed by histology in lungs fixed with formalin at an airway
pressure corresponding to the total lung capacity (10). Similarly,
3He ADC values averaged over the entire lungs were found to
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be approximately 25% higher in emphysema mice than in healthy
animals (11).

The relaxation rate R1 of 3He varies linearly with the par-
tial pressure of oxygen through dipolar interactions of the 3He
nucleus with paramagnetic molecular oxygen (13). By measur-
ing the time variation of the relaxation time of HP 3He in the
lungs, it is then possible to compute locally the intrapulmonary
oxygen concentration and the oxygen consumption rate of oxy-
gen in vivo (14–18). As the intrapulmonary pO2 distribution is
governed by local ventilation, perfusion, and O2 uptake, pO2
assessment can be used to evaluate lung function. The rate at
which oxygen reaches the alveolus is determined by its ventila-
tion and the inspired pO2. The rate at which oxygen leaves the
alveolus is determined by its perfusion. Consequently, the deter-
mination of alveolar pO2 is an indirect measure of the ventila-
tion/perfusion ratio. The potential of 3He imaging for detecting
perfusion abnormalities due to their effect on alveolar pO2 was
demonstrated in an experimental pig model (19). After isolated
pulmonary arterial occlusion using a balloon catheter, a focal T1
reduction corresponding to an abnormally high pO2 (because of
the absence of perfusion) was observed, which normalized upon
deflation of the balloon. More recently, pO2 imaging and oxygen
depletion rate imaging were extended to small animal investiga-
tion in rat and mouse studies (20, 21).

Chemical shift imaging has been demonstrated using HP
129Xe. The high solubility in blood and tissues and the large
chemical shift (several hundreds of ppm) of xenon allow one
to differentiate between xenon in alveoli and xenon dissolved in
tissue. The so-called xenon polarization transfer contrast (XTC)
technique aims to probe the xenon exchange between alveolar
space and blood/tissue compartments (22). The method is based
on the selective destruction of the xenon polarization in the lung
parenchyma. Due to the rapid exchange of xenon between the
gas and tissue-dissolved phases, the depolarization of xenon dis-
solved in tissue affects the xenon signal from the gaseous phase.
Using an appropriate pixel-based signal analysis of this effect, the
XTC lung images with a contrast related to the tissue and alveolar
xenon exchange can be obtained.

The potential of 3He MRI for assessing airways constric-
tion has been investigated in the methacholine-induced bron-
choconstriction rat model. Using a Cine MRI approach in
which image acquisition was synchronized with the inhala-
tion of the gas mixture (3He with oxygen and nitrogen), a
heterogeneously distributed airways constriction resulting in a
partition of the lung between ventilated and non-ventilated
regions was observed (23). The diameter of the main air-
ways decreased by approximately 11% following methacholine
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challenge (30 μg). In a methacholine-induced bronchoconstric-
tion rat model (24), dynamic ventilation image series obtained
from a single breath were used to generate parametric pixel-by-
pixel maps of gas arrival time, filling time constant, inflation rate,
and gas volume. Quantitative and regional analysis of gas flow,
volume, and arrival times demonstrated statistically significant
differences between the baseline and methacholine-constricted
states.

In animals, hyperpolarized 3He can be inhaled using either
tracheal intubation or invasive tracheotomy. The gas delivery to
the animal lungs can be performed using a variety of protocols
and apparatus. Small animal respirators compatible with polarized
3He have been developed by several groups (25–27). These respi-
rators allow a fine control of the delivered gas volume and of the
lung ventilation timing. Triggering and synchronization of the
imaging sequence with the gas delivery can be used for perform-
ing lung ventilation. However, acquisition of 3He lung images
in spontaneously breathing mice and rats has also been reported
recently (28, 29). In this case, gas was administered through a
mask.

Apart from the HP gases imaging techniques, many efforts
have been made to employ proton lung MRI. The insignifi-
cant cost, easy protocol implementation, and versatility of pro-
ton lung MR imaging make it an adequate tool in research of
lung diseases in animal model studies. Consequently, the devel-
opment of methodologies and experimental protocols for pro-
ton MR pharmacological studies became of interest (30–32). For
instance, it was recently demonstrated that conventional gradi-
ent echo MR imaging can be efficiently applied to show inflam-
mation hallmark in various models of lung diseases. Considering
that a significant contrast is obtained between a dark-appearing
lung parenchyma and hyperintense fluids being associated with
diverse lung diseases, the gradient echo imaging has been suc-
cessfully applied to numerous animal models for the detection
and quantification of fluid secretion in asthma, chronic obstruc-
tive pulmonary diseases (COPD), emphysema, or lung fibrosis
(33–36). Furthermore, potential motion artifacts from breathing
and cardiac cycles can be reduced by image averaging. For all the
above-mentioned applications, the averaging approach based on
Cartesian encoding has been recognized as robust, easy to imple-
ment, and well adapted to scanning of large cohorts of animals.
In order to detect signal from the lung parenchyma, characterized
by a very short transverse relaxation time, non-standard imag-
ing techniques are required. For instance a radial ultra-short echo
time (UTE) sequence which reduces considerably the echo time
(TE) was proposed for this application (37, 38). With the use
of a UTE sequence, a TE of the order of 450 μs (with a stan-
dard excitation pulse) can be achieved allowing for visualization
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of lung tissue with a high signal-to-noise ratio (SNR) (39).
The improved parenchyma visualization may enable the detec-
tion of emphysema and/or fibrosis-like microstructural changes
of the lung (40–42) or alternations in ventilation/perfusion ratio
(43–45) reflecting different pathophysiological effects in lung
injury models. UTE radial imaging has recently also been applied
to detect edema and mucus plugging in an acute lipopolysac-
charide (LPS)-induced inflammation rat model (46). The radial
encoding is less sensitive to motion and blurring artifacts occur-
ring in the thoracic cavity during respiration (47, 48), and thus
can provide more accurate results as compared to Cartesian imag-
ing techniques.

There is a great interest in investigating the relationship
between anatomical and functional changes in lung disorders.
Therefore, proton lung MRI combined with ventilation imaging
using HP gases was explored in order to examine the correlation
between lesion area detected by proton MRI and the observed
ventilation defects (49). To assess the regional pulmonary ven-
tilation, oxygen-enhanced MRI is a technique of choice (50).
Molecular oxygen is weakly paramagnetic and shortens the spin–
lattice relaxation time (T1) of the lung parenchyma. The effect
of ventilation is thus visualized by signal intensity increase in the
T1-weighted images of the lung acquired with subjects breathing
100% oxygen as compared to room air. Oxygen-enhanced venti-
lation imaging was applied in human studies to show the venti-
lation defects in fibrotic, emphysematous, and pneumonic lungs
(51, 52). Recently, the investigation of lung ventilation in mouse
using oxygen as a contrast agent was reported (43).

Another challenge of proton lung MRI arises from the cardiac
and respiratory movements, which can degrade the image quality
and make the correct image readout impossible. To address this
issue, several acquisition methods have been proposed, includ-
ing scan-synchronous ventilation combined with electrocardio-
graphic (ECG) synchronization (53, 54), the averaging method
(55), and self-gating approaches (56–58). In contrast to con-
ventional synchronization, the averaging and self-gating methods
permit to avoid delays associated with the setup of ECG equip-
ment, thus reducing the overall imaging time and the cost of
the studies involving a large number of animals. The self-gating
methods combined with a radial UTE acquisition allow obtaining
highly resolved images of lung parenchyma, which can be syn-
chronized to a specific phase of the cardio-respiratory cycle (39).
Alternatively, the combination of UTE acquisition with cardio-
respiratory gating can be used to assess and quantify the regional
signal changes in the lung parenchyma due to blood perfusion in
the lungs (44).

This chapter focuses on two selected lung imaging techniques
applied to small animal, namely hyperpolarized (HP) 3He MRI
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and ultra-short echo time (UTE) proton MRI. The potential
of these techniques is illustrated and detailed on two models
of lung pathologies in rodents. Both presented approaches are
suitable for longitudinal investigations in animal models of lung
diseases.

2. Materials

2.1. Breathing of
Hyperpolarized 3He

1. 40 mL hyperpolarized 3He.
2. 60-mL syringe.
3. Two- and three-way Luer-lock valves.
4. Rat or mouse.
5. Animal mask (see Note 1).
6. Latex balloon.
7. Warming pad.
8. Anesthesia (e.g., ketamine/xylazine) (see Note 2).

2.2.
Bronchoconstriction
Induction by
Injection of
Methacholine

1. Methacholine (85 μg in 1 mL of saline).
2. Saline.
3. Heparin.
4. Infusion syringe pump.
5. 2-mL syringe.
6. 22–25 gauge needle (rat) or 27–30 gauge needle (mouse)

attached to a 1-mL syringe.
7. Rat or mouse.
8. Anesthesia (e.g., ketamine/xylazine) (see Note 2).

2.3. Inflammation
Induction by the
Instillation of
Endotoxin
Lipopolysaccharide
(LPS)

1. LPS (1 mg/kg in 0.2 mL of saline).
2. Balance.
3. 1-mL tube.
4. Vortexer.
5. Rat (e.g., Brown Norway, Wistar).
6. Blunt forceps, light source, 1-mL syringe, 26-G catheter,

ventilator.
7. Anesthesia (e.g., ketamine/xylazine) (see Note 2).
8. Warming pad.
9. A mask, gloves, lab coat, and eye protection.
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3. Methods

3.1. Ventilation
Imaging of
Bronchoconstriction
Model Under
Spontaneous
Breathing Conditions

3.1.1. Animal
Preparation

1. Anesthetize the animal (e.g., with intraperitoneal injection
of ketamine/xylazine).

2. Insert a 22–25 gauge needle (rat) or 27–30 gauge needle
(mouse) into a vein of the tail. Flush the line with saline solu-
tion and connect a 2-mL syringe filled with methacholine
solution to the catheter.

3. Place the head of the animal within the mask (Fig. 1). The
homemade mask can be screwed, at one end, to the balloon
containing the polarized 3He. On the other end of the mask,
a latex sleeve surrounds the neck of the animal. Tighten the
latex sleeve around the neck of the animal in order to limit
air leakage.

4. Center the chest of the animal in the NMR rf coil. Posi-
tion the NMR coil within the magnet isocenter for MRI
acquisitions.

3.1.2. Free Breathing
and Acquisition of
Ventilation Images

1. Extract HP 3He from the storage cell to a 60-mL syringe.
Transfer the 3He gas from the syringe to the latex balloon.
Attach the balloon to the mask positioned on the head of
the animal. Allow the animal to breathe spontaneously the
gas from the balloon (Fig. 1).

2. Launch the MRI sequence. Following MR acquisition (typ-
ically 20 s time), disconnect the balloon from the head mask
and allow the animal to recover.

3. This protocol can be repeated to investigate bronchocon-
strictive effects of methacholine. Trigger intravenous injec-
tion of methacholine solution (10 μg/mL) using infusion
syringe pump (6 mL/h for rat).

4. Repeat Steps 1 and 2 as many times as required by the
follow-up imaging protocol.

3.1.3. Imaging
Parameters

MRI field strength is equal to 2 T (optimal magnetic field
strength for HP gases ventilation imaging in small animals). To
acquire 3He signal at very short echo, a radial-sampling imaging
sequence is used.

Repetition time (TR) = 5 ms; TE = 40 μs; field of view
(FOV) = 80 mm; number of radial directions (NA) = 200;
number of sampled points (NS) = 128; number of experiments
(NEX) = 20; no slice thickness; flip angle = 12◦; total acquisition
time = 20 s.
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Fig. 1. Illustration of the experimental setup for the lung MR imaging studies using
hyperpolarized gas with free breathing. The top picture shows the homemade mask
positioned on the head of the animal (C57BL/6 mouse). The head mask is connected
to a balloon filled with gas. The bottom picture represents the animal, with the mask,
positioned in the NMR rf coil. The balloon is connected to the mask once the animal is
positioned within the magnet.

3.1.4. Reconstruction
Parameters

Image reconstruction is performed using a gridding algo-
rithm (regridding of radially acquired samples onto a Carte-
sian grid). Reconstruction oversampling factor = 2; sampling
density compensation using the Jacobian of the transformation;
Kaiser–Bessel kernel parameters: shape factor a = 2.8, window
width L = 3.0; final reconstruction matrix 256 × 256 (see
Note 3).

Images of ventilation synchronized with the breathing cycle
of the animal are obtained using the retrospective Cine recon-
struction techniques (29). These time-resolved images of ventila-
tion can be processed to generate parametric maps of gas arrival
time in the broncho-alveolar space (29).
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Fig. 2. Examples of lung ventilation images obtained under free-breathing conditions. The images represent the intra-
pulmonary distribution of polarized 3He for different time windows of the breathing cycle of the animal. In this example,
images correspond to consecutive 100-ms time windows. Images are reconstructed using a retrospective Cine algorithm.
The total acquisition time is 20 s.

3.1.5. Expected Results The expected results for ventilation imaging under spontaneous
breathing conditions are the visualization of ventilated airspaces
at tidal volumes. The Cine reconstruction algorithm generates
images of ventilation at different phases of the breathing cycle
(Fig. 2). Images of ventilation and gas arrival maps can be mon-
itored during slow intravenous injection of methacholine. With
increasing injected dose of methacholine, ventilation defects and
delayed gas arrival time in the airspaces can be observed (Fig. 3).

3.2. Lung Proton MR
Imaging in LPS
Model of Lung
Inflammation

3.2.1. Administration
of LPS

1. Dissolve 1 mg/kg of LPS in 0.2 mL of saline.
2. Anesthetize the rat (injection of ketamine/xylazine) (see

Note 2).
3. Wait until the animal loses its toe pinch reflex and position it

supine on the board with the head tilted up (see Note 4).
4. Intubate the animal with a 26-gauge flexible polyethylene

catheter attached to the 1-mL syringe (see Note 5) into a tra-
chea (it is recommended to verify the length of the catheter
first) and instill 0.2 mL of the solution (Fig. 4).

5. In order to have a homogeneous distribution of the suspen-
sion in the lungs, provoke hyperventilation by using a venti-
lator (see Note 6).

6. Allow the animal to recover maintaining its temperature on
a heating pad.

3.2.2. Imaging
Parameters

Two different approaches can be used: the first one uses a gra-
dient echo imaging sequence which permits to obtain a high
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Fig. 3. Examples of parametric ventilation maps obtained in a rat using the 3He free-
breathing protocol. Parametric maps represent the local arrival time values in millisec-
onds. The arrival time is defined as the time delay between the arrival of gas into the
trachea and the arrival of gas in a given pixel. The corresponding histogram for arrival
time value is shown on the right. From top to bottom, the images correspond to the data
acquisition before intravenous injection of methacholine, 11 and 21 min after the start
of the injection of methacholine (10 μg/mL, 6 mL/h injection rate), respectively.

Fig. 4. Example of instillation setup. For instillation of agents, position a rat supine with
the head tilted up. Intubate rats perorally with a 26-gauge flexible polyethylene catheter
into the trachea. Inject 0.2 mL of solution.
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contrast between dark-appearing lung parenchyma and the
expected inflammation hallmark; the second, based on a radial
ultra-short echo time sequence, is less sensitive to motion and
blurring artifacts occurring in the thoracic cavity during respira-
tion, and thus can provide more accurate assessment of image
borders. The optimal sequence parameters at 4.7 T are as follows:

• Gradient echo imaging: TR = 5.6 ms, TE = 2.7 ms; band-
width = 100 kHz, flip angle = 15◦, FOV = 6 × 6 cm2,
matrix size = 256 × 128, and slice thickness = 1.5 mm. A
single slice with 60 averages is acquired, resulting in an acqui-
sition time of 75 s (55). To cover the entire lung volume, use
12–28 consecutive axial slices.

• Radial ultra-short echo time imaging: TR = 80 ms, TE =
450 μs; bandwidth = 64 kHz, flip angle = 20◦, FOV 6 ×
6 cm2, 400 radials/image, 128 samples/view, slice thick-
ness = 1.5 mm. A multi-slice acquisition with four averages is
applied. Neither cardiac nor respiratory gating is used. The
total acquisition time is equal to 4 min with an acquisition
covering 12 contiguous axial slices.

3.2.3. Optimal Imaging
Times

To observe an inflammation hallmark, the optimal imaging time
is 48 h after LPS exposure (34, 49). However, the inflammation
can be detected at its earlier stage (6 h after the challenge) as
well as at later time points (up to 72–144 h after the challenge),
reflecting pleura and mucus hypersecretion, respectively (34, 59).
The protocol scheme is presented in Fig. 5.

3.2.4. Expected Results The expected result is a hyperintense signal visualized on the T1-
weighted images. The observed signal is usually characterized by
two components: one, of higher intensity, is attributed to the

Fig. 5. Scheme of the experimental protocol.
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Fig. 6. Exemplary images of thorax in the axial plane 48 h after LPS instillation acquired using the radial UTE (top) and
the gradient echo imaging sequence (bottom). The arrows indicate signal from inflammation.

edema; the second patchy-like appearance, with a less intense sig-
nal, represents an evidence of mucus secretion (Fig. 6).

3.2.5. Application
in Pharmacology

The exposure to the endotoxin LPS is a well-established model
of acute inflammation in rodents and similar to that observed in
human COPD. The proposed protocols have the potential to pro-
vide easy implementation and accurate and non-invasive means of
monitoring the effect of anti-inflammatory drugs in the experi-
mental research of lung inflammation (31).

4. Notes

1. The homemade mask was realized as follows. The barrel of
a standard plastic syringe was cut to the appropriate length
to cover the head of the animal. The tip of the syringe bar-
rel was sectioned to fit the nose of the animal. A hole was
drilled in the screw cap of a plastic vial. This screw cap was
then glued to the tip of the barrel of the syringe. This mask
was positioned on the head of the animal. The body of the
plastic vial was sectioned. The balloon (later on filled with
polarized helium) was tied on the body of the plastic vial.
Before launching the 3He MR acquisition, the plastic vial
attached to the helium-filled balloon is screwed on the ani-
mal mask.
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2. Ketamine–xylazine cocktail is a preferred anesthesia over
pentobarbital in ventilation studies because it induces less
cardio-respiratory depression. Standard dose for intraperi-
toneal injection in rat and mouse is 3–9 mL/kg body weight
of a mixture of 1 mL ketamine (100 mg/mL), 1 mL xylazine
(20 mg/mL), and 5 mL saline.

Alternatively, isoflurane inhalation can be used to anes-
thetize animals during MR acquisitions (proton studies).

3. Reconstruction of MR images acquired with radial
k-space sampling requires dedicated reconstruction algo-
rithms (regridding, i.e., interpolation of radially sampled
data onto a Cartesian grid or filtered back-projection). MR
manufacturers might provide such software in their recon-
struction package. However, it is likely that off-line dedi-
cated reconstruction software will be needed. In our studies,
we use a set of homemade programs developed under IDL
software (Research Systems Inc., Boulder, CO).

4. Hold the rat’s head tight on to the board by a loop string or
rubber which passes under the upper incisors.

5. or intubation, put out the rat’s tongue and open the rat’s
mouth 2 cm wide using smooth blunt forceps. While insert-
ing the catheter, lighten the larynx from the exterior using a
light source.

6. Ventilate the rat at a frequency of 60 breaths per minute for
approximately 1 min.
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