
Ulm University Medical Center

Department of Internal Medicine II

Head: Prof. Dr. W. Rottbauer

Anatomical and functional lung imaging with

MRI

Dissertation to Obtain the Doctoral Degree

of Human Biology (Dr. biol. hum.)

of the Medical Faculty of Ulm University

Submitted by

Marta Tibiletti

2016



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Acting Dean: Professor Dr. Thomas Wirth 
First Reviewer: Professor Dr. Volker Rasche 
Second Reviewer: Professor Dr. Armin Nagel 
Date of Graduation: 02.06.17 
	



	
	
	
	
	
	
	



Contents

Abbreviations v

1 Motivation 1

1.1 Motivation and Aim of this Thesis . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 4

2.1 Magnetic Resonance Imaging . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.1 MR Signal Generation and Image Contrast . . . . . . . . . . . 4
2.1.2 Signal localization . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.3 MRI Pulse sequences . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.4 Cartesian imaging . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.5 Radial imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Lung parenchyma visualization . . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 Lung parenchyma visualisation - Chest RX and CT . . . . . . . 17
2.2.2 Lung parenchyma visualization with MRI . . . . . . . . . . . . 18
2.2.3 Lung pathologies imaging - the MRI perspective . . . . . . . . 19
2.2.4 UTE for lung parenchyma imaging . . . . . . . . . . . . . . . . 20
2.2.5 ZTE for lung parenchyma imaging . . . . . . . . . . . . . . . . 22
2.2.6 Respiratory motion compensation . . . . . . . . . . . . . . . . 23

2.3 Lung function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.1 Perfusion and ventilation . . . . . . . . . . . . . . . . . . . . . 26
2.3.2 Lung function visualization - non MRI methods . . . . . . . . . 28
2.3.3 Ventilation quanti�cation with MRI . . . . . . . . . . . . . . . 28
2.3.4 Perfusion quanti�cation with MRI . . . . . . . . . . . . . . . . 31

3 Methods 34

3.1 ZTE and 3D UTE for detection of lung emphysema in rats . . . . . . . 35
3.2 DC self gating in 2D UTE . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3 Ventilation de�cit detection with DC-SG 2D UTE . . . . . . . . . . . . 37
3.4 Image based 3D UTE self gating in a clinical application . . . . . . . . 38
3.5 Image based 3D UTE self gating in a preclinical application . . . . . . . 40
3.6 Perfusion quanti�cation with 2D UTE FAIR . . . . . . . . . . . . . . . 41

iii



Contents

4 ZTE and 3D UTE for detection of lung emphysema in rats (Reprinted Ar-

ticle) 44

5 DC self gating in 2D UTE (Reprinted Article) 54

6 Ventilation de�cit detection with DC-SG 2D UTE(Reprinted Article) 62

7 Image based 3D UTE self gating in a clinical application(Reprinted Article) 72

8 Image based 3D UTE self gating in a preclinical application(Reprinted Ar-

ticle) 82

9 Perfusion quanti�cation with 2D UTE FAIR(Reprinted Article) 90

10 Summarized results and comments 100

10.1 ZTE and 3D UTE for detection of lung emphysema in rats . . . . . . . 100
10.2 DC self gating in 2D UTE . . . . . . . . . . . . . . . . . . . . . . . . 101
10.3 Ventilation de�cit detection with DC-SG 2D UTE . . . . . . . . . . . . 103
10.4 Image based 3D UTE self gating in a clinical application . . . . . . . . 104
10.5 Image based 3D UTE self gating in a preclinical application . . . . . . . 106
10.6 Perfusion quanti�cation with 2D UTE FAIR . . . . . . . . . . . . . . . 108

11 Conclusions 111

Bibliography 115

List of Figures 124

List of Tables 125

Acknowledgments 126

Curriculum Vitae 127

iv



Abbreviations

ASL Arterial Spin Labeling.

BP Block Pulse.

CA Contrast agent.
COPD Chronic Obstructive Pulmonary disease.
CT Computerised Tomography.

DC-SG DC self-gating.
DCE Dynamic contrast-enhanced.

FA Flip Angle.
FAIR Flow-sensitive Alternating Inversion Recovery.
FD Fourier decomposition.
FID Free Induction Decay.
FOV Field of View.

GA Golden Angle.
GE Gradient Echo.
GRASP Golden-angle radial sparse parallel.

HP hyperpolarised.

Img-SG Image-based self-gating.

MGA Multidimensional golden angle scheme.
MRI Magnetic Resonance Imaging.
MSE Mean speci�c expansion.

NSI Normalised Signal Intensity.

PPE Porcine pancreatic elastase.

v



Abbreviations

QR Quasi Random.

RF Radio Frequency.
ROI Region of Interest.
RS Regularised spiral.

SE Spin Echo.
SG Self-Gating.
SNR Signal to Noise Ratio.

TE Echo Time.
TI Inversion Time.
TR Repetition Time.

UTE Ultra short Echo Time.

ZTE Zero Echo Time.

vi



1 Motivation

1.1 Motivation and Aim of this Thesis

The non-invasive quanti�cation of pathogenic changes in animal models of diseases is

an essential component of the longitudinal analysis of the progression / regression of

the condition with pharmacological therapy. By means of Magnetic Resonance Imaging

(MRI) a plurality of anatomical and functional parameters can be detected. The appli-

cation of MRI to the longitudinal recording of the progression / regression of certain

diseases is still limited by di�culties in achieving accurate quanti�cation and su�cient

reproducibility of results in small animals. Indeed, in comparison to clinical imaging,

in vivo imaging in small animals is more challenging, due to the requirements for high

spatial and temporal resolution.

This work focuses on lung imaging in rodents, aiming at the visualization of anatomical

characteristics and the extraction of functional parameters in healthy animals and in

models of lung disease. While MRI provides excellent soft tissue contrast in most

tissues, lung imaging with MRI is relatively less developed. The main reasons for this

are :

• Lung tissue density is lower compared with most other tissues, decreasing signi�-

cantly the MR signal arising from it.

• The high number of tissue-air interfaces causes rapid signal decay and conventional

MRI acquisition methods are not able to detect it. This e�ect is more pronounced

at the high or ultra high magnetic �eld strengths commonly used for small animal

imaging.
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1 Motivation

• Cardiorespiratory motion must be adequately compensated to obtain good image

quality.

This thesis focuses on the application of non-conventional MRI acquisition methods,

Ultra short Echo Time (UTE) and Zero Echo Time (ZTE), which are suited for the

detection of lung signal and are robust to movement artifacts. Particular attention

is given to the implementation and comparison of di�erent methods for retrospective

respiratory gating in UTE acquisitions. This allows for the consideration of respiratory

movement during free breathing acquisitions, yielding an improved image quality and

enabling the reconstruction of di�erent respiratory positions from a single continuous

acquisition.

Beyond anatomical lung characterization, this work explores MRI-based techniques aim-

ing for the local quanti�cation of pulmonary functional parameters. The main function

of the lungs is allowing for gas exchange between blood and inhaled air. The local

quanti�cation of ventilation and tissue perfusion is pivotal to the evaluation of the lung

function. Yet, a limited amount of research has been devoted to the implementation of

MRI methods for the reliable and repeatable quanti�cation of such parameters. In order

to guarantee the wide applicability of its results, this thesis focuses on protocols which

do not require specialized hardware, expensive equipment or exceedingly long acquisition

times.

The experiments described in this work were evaluated both on healthy and diseased rats.

In particular, a model of emphysema was investigated. Emphysema is characterized by

abnormal permanent enlargement of air spaces, accompanied by tissue destruction. It

is categorized as one of the forms of Chronic Obstructive Pulmonary disease (COPD),

which is typically caused by smoking in human subjects. A similar tissue damage can

be created in the lungs of small animals instilling pancreatic elastase, an enzyme able

to destroy connective tissue. In this work, it was shown with MRI that such treatment

results in a decrease in lung parenchyma density and the lack of proper ventilation in

the tissue.

2



1 Motivation

1.2 Thesis outline

Chapter 2 gives a brief introduction to magnetic resonance imaging, with a particular

emphasis to the acquisition methods applied in this work, as well as a short introduction

to lung imaging and pulmonary functional parameters.

Chapters 3 gives a short summary of the methods used in this work.

Chapters 4 to 9 contain the reprinted journal articles.

Chapter 10 summarizes and discusses the results of the reprinted publications and Chap-

ter 11 gives a uni�ed conclusion of the �ndings.
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2 Theory

This chapter gives an introduction to Magnetic Resonance Imaging (MRI) physics and

imaging. A detailed description of its physical principles and key concepts can be found

in [7] and [12]. Even though MRI is based on a quantum phenomenon, most of

its applications can be modeled accurately applying classical mechanics, as used in the

following introduction. Furthermore, topics relevant to lung imaging will be analyzed in

this chapter. In particular, lung parenchyma visualization and lung function quanti�ca-

tion with MRI and other imaging methods will be discussed, as an introduction to the

speci�c works that are part of this thesis.

2.1 Magnetic Resonance Imaging

2.1.1 MR Signal Generation and Image Contrast

MRI is an imaging modality which exploits the quantum-mechanical property of nuclear

spins to generate a signal from within an appropriate sample or subject. Nuclei with non-

zero spin can be modeled as having a microscopic magnetic moment spinning around

its own axis. When placed in an external magnetic �eld B0, the nuclei' spins align

along the direction of B0, either parallel (spin up) or anti-parallel (spin down). There

exists generally a small excess of spins in the lower energy state (parallel), resulting in a

macroscopic magnetic moment M = (0, 0,Mz) in the direction of B0, which precesses
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2 Theory

about it with an angular frequency known as the Larmor frequency. The evolution ofM

over time can be described in the classical model by the Bloch equation

dM(t)

dt
= γM(t)× B0 (2.1)

where γ is a constant called gyromagnetic ratio of γ = 42.6 MHz/T for the hydrogen

atom (1H). Application of a resonant Radio Frequency (RF) pulse B1 �ips M away

from B0, which results in a decrease of longitudinal magnetization Mz and an increase

of transversal magnetization Mxy .The oscillating transversal magnetization induces a

signal in a coil, which is called Free Induction Decay (FID).

After the RF pulse, the net magnetization vector M precesses back to the z-axis, as

this is its energetically optimal state, its thermal equilibrium. The rate of regrowth of

the longitudinal magnetization is characterized by a time constant T1, or longitudinal

relaxation time and is caused by spin-lattice interaction, i.e. the spins' energy is dissi-

pated to the molecular neighborhood. The relaxation of Mz over time t is represented

in Figure 1 and can be described by the equation

Mz(t) = M0 · (1− e−t/T1) (2.2)

An independent relaxation e�ect causes the decay ofMxy by spin-spin interaction. Local

inhomogeneities of the magnetic �eld lead to di�erent local precessional speed which

induces a dephasing of the spins, reducing the net transversal magnetization over time

(see Figure 2). The rate of e�ective relaxation is characterized by the constant T ∗2

and can be described as

Mxy(t) = M0 · (e−t/T
∗
2 ) (2.3)

The dephasing results both from static components and thermodynamic random e�ects.

The latest cannot be compensated, but the former can be eliminated by rephasing via

�spin echo�(see 2.1.3), thus prolonging the decay to

Mxy(t) = M0 · (e−t/T2) (2.4)
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2 Theory

Figure 1: Recovery of the longitudinal magnetization Mz as a function of time (a) after
a 90◦ RF pulse. In (b) a schematic representation of the magnetization at
di�erent time points is given.

Figure 2: Schematic representation of the recovery of the transversal magnetization
Mxy as a function of time (a). In (b) a schematic representation of the
magnetization at di�erent time points is given.

6



2 Theory

with 1
T ∗2

= 1
T2

+ 1
T ′2

where T ′2 is the decay contribution for the �eld inhomogeneity e�ects.

Di�erent tissues are characterized by varying relaxation times, and these, along with

di�erent proton densities, are the properties exploited by MRI to achieve contrast be-

tween tissues (in anatomical imaging). Relaxation times depend on the strength of B0:

T1 values grow with the magnetic �eld strength, while T2*/T2 values decrease with it.

A summary of T1 and T2* values for di�erent tissues at 1.5T, 3T and 7T is presented

in Table 1.

Most of the acquisition methods used in MRI do not wait for complete relaxation of

longitudinal components, in order to speed up acquisition. This leads to a progressive

decrease in the maximum value of Mz reached before another RF pulse tilts it again.

After some RF pulses, a steady-state condition is reached, when the loss of longitudinal

relaxation is exactly balanced by its growth due to T1 recovery.

Table 1: T1 and T2* values expressed in ms for di�erent tissues at di�erent �eld
strength. Blood values refer to an hematocrit fraction of ∼ 42% at full oxy-
gen saturation. † indicates that only T2 (not T2*) values could be found in
literature. A blank space indicates the lack of reliable references.

1.5T 3T 7T
Tissue T1 T2* T1 T2* T1 T2*

Blood 1480±61 [77] 185 [15] 1649±68 [77] 72.5 [79] 2171±39 [26] †50 [50]

Liver 586±39 [4] 46±6 [4] 809±71[4] 34±4 [4] 1020±60 [22] †22.3±2.1 [22]

Lung 1027±28 [67] 1.5±0.5 [67] 1597±267 [42] 0.7±0.1 [52] 1500±34[64] 0.31±0.01 [9]

2.1.2 Signal localization

In order to obtain an image from the acquired MR signal, it is necessary to correlate

it with the spatial location of the sources. Lauterbur and Mans�eld in 1973 were

the �rst to introduce the basic principles on how to achieve spatial encoding of the

transversal magnetization signal [23] [40]. A static magnetic �eld gradient G(t) =

(Gx(t), Gy(t), Gz(t))> is superimposed to B0, in order to locally modify the Larmor

7



2 Theory

frequency, thus converting spatial variations of the nuclear spin density into frequency

modulation of the signal.

Slice selection

Most MRI sequences select a subvolume (slice) of the sample to be imaged, prior to

2D spatial encoding. A slice selective gradient is introduced on the axis perpendicular

to the slice plane. This causes the frequency of the precession to change linearly along

its axis. A band-limited RF pulse can then be used to excite only spins having the

corresponding resonance frequency. In order to obtain uniform excitation, the RF pulse

must have a rectangular frequency pro�le, which results in a sinc shaped amplitude

modulation in the time domain (after Fourier transformation). The slice thickness can

be modulated either by the bandwidth of the RF pulse or the gradient strength, with

thinner slices requiring a higher gradient strength (�gure 3-a). A gradient with inverted

amplitude must follow to compensate for the phase dispersion across the slice, to obtain

a homogeneous transversal magnetization. The area of this rephasing gradient must

match the area of the slice selection gradient between the center of the magnetic RF

pulse and its end (�gure 3-c).

Spatial Encoding

The relation between the signal s measured at time t and the transversal magnetiza-

tion Mxy of the sample at location r is given by the Fourier transform F , since :

s(t) = s (k) =

t∫
0

Mxy(r) · e−i2π·k(t)·rdr = F [Mxy(r)]. (2.5)

Data are thus acquired in the frequency domain, or k-space, which needs to be ap-

propriately sampled to allow for the reconstruction of the �nal image. The position in
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2 Theory

Figure 3: Schematic representation of a slice selection. (a) The gradient G changes the
magnetic �eld B and therefore the Larmor frequency in an object dependent
on the location z. The link between the slice thickness ∆z and the width of
the RF pulse ∆f is also represented. The Radio Frequency (RF) pulse has a
sinc envelope (b), and is characterized by a bandwith BW and the length ∆t,
the temporal distance between the center of the pulse and its end. The slice
selection gradient G (c), active during the execution of the RF pulse needs to
be compensated by a rephasing gradient. The area of the gradient played out
during ∆t (points) must be matched by the area of the rephasing gradient
(shaded area).

k-space of the sample data depends on the applied gradient as

k(t) = γ

t∫
0

G(t ′)dt ′ (2.6)

k(t) is often referred to as 'trajectory'.

2.1.3 MRI Pulse sequences

A vast variety of MRI sequences exists, each manipulating the magnetization through

RF pulses and gradients in order to achieve di�erent signal characteristics. For a detailed

overview of MR sequences see [16]. Here, two basic types of pulse sequences will be

discussed, the Spin Echo (SE) and the Gradient Echo (GE) sequence.

9
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Spin Echo

The SE sequence is based on a �rst 90◦ pulse, followed by a �180◦ rephasing pulse at

half the Echo Time (TE), and signal acquisition at TE. This series is repeated at each

Repetition Time (TR), and with each repetition a di�erent k-space line is �lled, due

to a di�erent phase encoding. A schematic representation of the sequence is provided

in Figure 4. The 180◦ rephasing pulse is applied to compensate for the constant �eld

inhomogeneities, which lead to spin dephasing. The pulse inverts the phase of the

spins that starts to rephase and all magnetic moments are in phase at t = TE. This

echo is weighted with T2, since the �180◦ pulse rephases the e�ect of the local static

inhomogeneities.

Figure 4: Schematic representation of a Spin Echo sequence. A 90◦ Radio Frequency
(RF) pulse is followed by a 180◦ after a time interval t = TE�2. Slice selection
gradients Gsl are also active during and after each RF pulse. Phase encoding
(ph) gradients (Gph) encode a di�erent k-space line at each repetition. The
magnetization is refocused at time point t = TE, where TE is the echo time.
The signal is acquired during the read-out gradient (Gr), which encodes a line
in k-space. Abbreviations: Acquisition (ACQ)).

Gradient Echo

The GE sequence uses only one initial RF pulse. This pulse is generally chosen to have

a lower Flip Angle (FA) than in SE. A schematic representation of the GE sequence

10



2 Theory

is shown in Figure 5. The echo is generated only by the frequency encoding gradients

applied with opposite polarity. During the read-out gradient, the spins will be rephased

as the e�ects of the �rst gradient are compensated, generating a signal. This signal

peaks when the second gradient lobe cancels the area of the �rst lobe, as the phase

returns to zero. The echo time TE is here de�ned as the duration between the center

of the RF pulse and the signal peak. Local inhomogeneities are not compensated,

therefore the signal is weighted in T2*.

Figure 5: Schematic representation of a Gradient Echo sequence. A Radio Frequency
(RF) pulse with �ip angle α is played out during a slice selection (sl) gradient
Gsl . Phase encoding (ph) gradients (Gph) encode a di�erent k-space line at
each repetition, while the read out (r) gradient (Gr) allows for the formation
of an echo at echo time TE. Abbreviations: Acquisition (ACQ).

2.1.4 Cartesian imaging

There exist multiple ways to �ll a 2D or 3D k-space. What is labeled as "conventional"

is to acquire k-space data with a cartesian scheme MRI, where every line of k-space is

11



2 Theory

acquired in a parallel fashion, increasing the phase encoding gradient linearly in every

repetition, while the frequency encoding gradient remains the same (see Figure 6).

Figure 6: Schematic representation of the k-space trajectory in cartesian (a) and radial
imaging (b). ∆k is the sampling step, ∆Φ, the increment in polar (azimuthal)
angle between two consecutive projections in radial imaging.

In order to avoid aliasing artifacts, the Nyquist criterion imposes the following condition

to be respected in all the encoding directions

∆k =
1

FOV
(2.7)

where Field of View (FOV) is the extent of the object to be imaged and ∆k is the

sampling step.

The FOV can be written as

FOV = n∆r (2.8)

where ∆r is the spatial resolution (pixel size) and n the number of acquired samples in

one direction.

From 2.7 follows that the maximum k-space value kmax is related to the pixel size by

kmax = n∆k =
1

∆r
(2.9)

12



2 Theory

Therefore, to obtain a given spatial resolution ∆r without aliasing for 2D cartesian

imaging, n encoding are required, where

n = kmaxFOV (2.10)

The 2D case can be easily extended to 3D, where a total of n3 samples are required to

fully encode the dataset.

2.1.5 Radial imaging

Figure 7: Schematic representation of the k-space �lling in radial echo acquisitions (a)
and radial Free Induction Decay (FID) (b). When an echo is acquired, k-
space is transversed from one extreme to the next crossing k-space center.
Projections span from 0 to π. When a FID is acquired, data is sampled
starting from the k-space center outward. Projections span from 0 to 2π.

Cartesian trajectories are not the only way k-space can be sampled. While it's important

to keep in mind that trajectories may assume various shapes, as spirals, only radial

ones will be described here. It's interesting to note that despite being labeled as "non-

conventional", the �rst MRI experiments were acquired using radial sampling, also called

Projection Reconstruction, by Lauterbur in 1973 [40].

In radial MRI every pro�le traverses or starts at the k-space center (see �gure Figure 6),

and in-plane (for 2D imaging) or all three (for 3D imaging) gradients are scaled at every

13
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repetition to obtain a rotation around the k-space center. This results in a non-uniformly

sampled k-space with a strong oversampling of its center.

Radial MRI may be performed in two modalities (see �gure 7). If a FID signal is acquired,

data sampling starts at k-space center and projections span from 0 to 2π. If an echo

signal is acquired, k-space is transversed from one extreme to the next, crossing the

center, and projections span from 0 to π. In this work, only FID acquisitions will be

further considered (see 2.2.4).

For the 2D case, it is necessary to introduce the parameter ∆Φ, the increment in

polar (azimuthal) angle between two consecutive projections. If the Nyquist criterion is

ful�lled also at the edge of k-space then

kmax∆Φ =
1

FOV
(2.11)

The number of required radial spokes Ns for a 2π sampling, where n is the number of

samples acquired between the center of k-space and the outer limit of k-space, can be

calculated as:

Ns =
π

∆Φ
= πkmaxFOV (2.12)

Therefore, radial sampling needs π more samples to satisfy the Nyquist criterion for the

same FOV and spatial resolution with compared to cartesian sampling. In the case of

3D imaging, πn3 samples are required to satisfy the Nyquist criterion.

Consequently, from a theoretical point of view, more data points are needed in ra-

dial imaging compared to cartesian imaging to correctly encode a FOV with the same

resolution. On the other hand, radial trajectories are robust to a certain degree of un-

dersampling, so that in practice a sampling density below the Nyquist rate can be used

without signi�cant artifacts. An undersampled dataset in phase encoding direction in

a cartesian acquisition will result in aliasing artifacts, with part of the object visualized

in the wrong location. In radial imaging, undersampling will result in streaks, which do

not modify the general shape of the imaged object. A comparison of the consequences

of undersampling in cartesian and radial acquisitions is shown in Figure 8.

14
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Likewise, the appearance of the motion artifacts generated in cartesian and radial imag-

ing di�ers. If motion is present during a radial acquisition, streaks originating from the

moving part, perpendicular to the direction of motion, will appear [80]. In cartesian

acquisitions, instead, "ghost images" displaced along the phase-encoding direction over

the entire image will arise. An example of such artifacts is shown in Figure 9. Moreover,

the implicit over-sampling of the lower k-space frequencies in radial acquisitions results

in averaging of the gross features of the subject and decreases motion artifacts.

The non-uniform sampling in radial imaging also in�uences the reconstruction algorithm,

requiring additional steps for obtaining the �nal image, namely regridding algorithms [5]

and weighting functions [56] prior to the Fourier Transform. Another drawback is given

by the gradient imperfections and non-idealities, which cause the trajectory to di�er

from the theoretical one, i.e. the way k-space is transversed during the acquisition does

not correspond with what is expected from theory. In cartesian acquisitions, a trajectory

error translates into a constant shift in k-space, which corresponds to the same linear

phase in image space with no consequences on image quality. In a radial acquisitions,

however, the trajectory errors may vary with the pro�le direction, resulting in degraded

image quality. Information about the actual trajectory can be derived through specialized

hardware or dedicated acquisition methods. [76] [78].

2.2 Lung parenchyma visualization

While today MRI is of primary importance for screening and diagnostic of a vast num-

ber of pathologies a�ecting the whole body, a few exceptions do exist. One regards

lung imaging, for which Computerised Tomography (CT) is still the main imaging and

diagnostic tool [31].

This section brie�y introduces radiological methods to investigate lung parenchyma

in clinical and preclinical imaging. It also elucidates the particular properties of lung

tissue that makes lung MRI challenging, and the in�uence of lung pathologies over lung

parenchyma visualization. In addition, it introduces two radial gradient echo acquisition

techniques called Ultra short Echo Time (UTE) and Zero Echo Time (ZTE), and their
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Figure 8: Example of the e�ects of undersampling a radial (a-b) and a cartesian (c-d)
dataset representing an axial slice of a mouse thorax. Every other acquired
projection was eliminated from the fully sampled radial dataset (a) to obtain
(b), and every other acquired line in k-space was eliminated from the fully
sampled cartesian dataset (c) to obtain (d). The main artifact in (b) is the
presence of faint streaks, while in (d) "ghost images" appear all over the
image.

Figure 9: Example of the movement artifacts in radial and cartesian acquisitions created
by a beating heart. In (a) a radial acquisition over a axial slice in a mouse is
presented. Only faint streaks due to the cardiac movement are visible. In (b)
a cartesian acquisition over a similar slice in a mouse is presented. The red
arrow points to the "ghost images" of the heart which are consequences of
its motion.

16
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properties in the context of lung parenchyma imaging. Finally, it addresses the main

methodologies to compensate for respiratory movements, the presence of which creates

artifacts and decreases image quality. When necessary, both clinical and preclinical

perspectives over lung imaging is o�ered.

2.2.1 Lung parenchyma visualisation - Chest RX and CT

The chest radiograph is the oldest radiological procedure and the one most frequently

used for diagnostic purposes in the lung. Chest radiography employs ionizing radiation

in the form of X-rays to generate 2D images of the chest. In the resulting image, all

anatomical structures located in the path of the X-rays are superimposed on one other,

and only about 70% of the lung volume can be freely seen in at least one projection.

The sensitivity for the detection of lung tissue abnormalities is, therefore, limited [73].

A CT scan combines several X-ray images taken from di�erent angles to produce cross-

sectional (tomographic) images. Modern multidetector CT scanners are widely available

and allow for imaging at high, almost isotropic resolution in short acquisition time (from

1 to 10 seconds), without respiratory motion artifacts in virtually all patients [73]. CT

scans can be acquired with or without the intravenous injection of a Contrast agent

(CA), radiopaque substances, normally based on iodine compounds, which improve

vessel contrast and visualizations.

While the soft-tissue contrast is limited for application such as brain imaging, lungs can

be imaged in a satisfactory way, since air and tissue can be easily distinguished [21].

For this reason, thoracic CT scans are the standard imaging modality for investigating

lung parenchyma and lung vessels in the clinical routine. One signi�cant drawback is

the related ionizing radiation exposure. Radiation doses delivered by CT are in ranges

linked to an increased risk of cancer [27]. This is especially concerning in the pediatric

population, because children are more sensitive to radiation-induced carcinogenesis and

cancer has a longer time to develop [44]. Another source of particular concern is

low-dose CT used as screening test for lung cancer. While such screening tests are

associated with a decreased mortality when conducted over high-risk population [43],
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thanks to their capability to detect cancer when it is still in a treatable form, they also

cause an increase in tumor incidence [10], particularly when yearly examinations are

conducted.

With respect to preclinical imaging, specialized µCT systems are needed to provide the

high spatial and temporal resolution that is a fundamental requirement for anatomical

and functional small animal imaging. Small airway visualization down to a diameter

of 250 µm in rats and 125 µm in mice have been achieved by Sera et al [60]. µCT

imaging has been used for longitudinal in vivo quantitative assessment of pulmonary

�brosis and emphysema [37] and lung cancer progression [48]. Histological analysis

is still the most used technique to quantify the extent and severity of lung parenchyma

alterations in animal models. However, a correlation between µCT image measurements

and histology results have been found, allowing the invasive progression of emphysema

in longitudinal studies [2].

The radiation dose received during scanning is clearly of lesser concern working with

small animals, which have a shorter lifespan. Even so, the lung is one of the most

sensitive tissues to the acute e�ect of ionizing radiation, and an excessive dose can

cause acute injury and in�ammation, potentially invalidating the outcome of longitudinal

studies using µCT [25].

2.2.2 Lung parenchyma visualization with MRI

The lung parenchyma properties that are important in the context of its visualization

with MRI are its low density and the susceptibility di�erences between tissue and air.

The tissue density in a healthy human lung is around 0.1 g/cm3 [74], which is about

1/10 of other tissues. As the MR signal is directly proportional to the tissue proton

density, the MR signal arising from the lung is ten times weaker than that of other

tissues, even prior to any relaxation. The inherently low Signal to Noise Ratio (SNR)

is one of the main limitation that makes structural proton MRI of the lung challenging,

particularly when acquisition times must be within reasonable limits and high spatial

and/or temporal resolution is required [6].
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The second important property is the high number of tissue air interfaces in the lung.

Oxygen present in the air is paramagnetic and lung tissue is diamagnetic: this leads

to a magnetic susceptibility di�erence at lung�air interfaces [30]. Since between two

areas of di�erent susceptibility there exists a small static magnetic �eld, this results in

a highly inhomogeneous local magnetic �eld on a spatial scale smaller than the size of a

typical voxel. This leads to a rapid signal dephasing in gradient echo imaging, and thus

to short T ∗2 , which can be as short as 1.5 ms at 1.5 T [67] and 0.9 ms at 3T [51] [52].

Thus, gradient echo MRI of lung parenchyma becomes highly challenging and requires

pulse sequences with peculiarly low TE.

Moreover, continuous motion is present in the thoracic and abdominal area, due to the

presence of respiratory movements and the heart beat. This requires countermeasures

for avoiding artifacts and image blurring, which may happen when these movements

occur on a time scale shorter than the acquisition time of the image. The cardiac and

respiratory rates for humans are 60-80 beats/min and 12-20 breaths/min, respectively.

The corresponding values in mice are 480-600 beats/min and 150-160 breaths/min,

even though during experiments under anesthesia, animals are generally maintained

between 60-80 breath/min.

2.2.3 Lung pathologies imaging - the MRI perspective

From an imaging perspective, lung diseases can be divided depending on their e�ect

in term of lung parenchyma density [72]. The so called "plus" pathologies are char-

acterized by an increase in tissue per volume unit, due to the accumulation of cells,

extracellular matrix or �uids, and will increase the tissue proton density while decreas-

ing air-tissue interfaces. This makes diseases like tumors, pneumonia, interstitial lung

disease, and e�usion easier to identify in MRI images.

"Minus" pathologies are characterized by tissue destruction or hyperin�ation, and pos-

sibly also loss of blood volume. Chronic Obstructive Pulmonary disease (COPD) and

asthma are two examples of such diseases, which further challenge lung parenchyma

visualization with MRI.
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2.2.4 UTE for lung parenchyma imaging

One of the most used imaging sequence for lung parenchyma visualization is UTE. The

main advantage o�ered by this radial GE sequence is the fact that it allows for partic-

ularly low TE. A schematic representation of the UTE sequence is shown in Figure 10.

.

Figure 10: Schematic representation of the pulse sequence for (a) 2D ultra short echo
time (UTE) and (b) 3D UTE. 2D UTE requires a sinc radio frequency (RF)
pulse played out during a slice selection gradient (Gsl), before the free induc-
tion decay (FID) signal can be acquired. 3D UTE uses a short, non selective,
rectangular block pulse with �ip angle α to excite the whole volume. The
encoding gradients Gsl , Gph and Gr can be started immediately after the
end of the pulse. The echo time (TE) is clearly lower in 3D UTE than in
2D UTE, but in both cases the signal is acquired on the gradients' ramps.
Abbreviations: Acquisition (ACQ)
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UTE can be applied for 2D imaging, including a slice selective gradient during the RF

pulse while encoding the two remaining directions, or for 3D imaging, without any slice

selective gradients and encoding in all 3 directions.

A low TE is achieved due to the acquisition of the FID signal instead of the full echo.

Here the "echo time" TE is de�ned as the interval between the magnetic center of the

RF excitation pulse and the �rst point of the recorded FID. Sampling is started at the

earliest point, which requires to begin data acquisition on the gradient ramp and results

in non-linear sampling. Hardware limitations come into play, since the switching time

of the RF front-end from transmit to receive mode is not zero, and a digital �lter with

a �nite length is also present in the acquisition chain.

In the 2D modality, the presence of a slice selective gradient during the RF pulse

forces to wait for the end of slice refocusing gradient before sampling. Within the

given gradient hardware capabilities, TE can be shortened either with shorter pulses or

imaging a thicker slice (see 2.1.2). In a typical preclinical setting, TE in the order of

300 µs can be achieved in 2D UTE radial acquisitions for proton imaging.

In the 3D modality, the lack of a slice selective gradient allows for the start of data

sampling few microseconds after the end of the pulse. Short Block Pulse (BP) can be

used to guarantee full volume excitation and allow for TE of 8 µs in a typical preclinical

settings for proton acquisition. The gain in term of TE shortening, obtained switching

to a 3D acquisition from a 2D one, is therefore signi�cant when imaging short T2*

components. The main drawback of 3D acquisitions is the high number of spokes

necessary to encode a 3D dataset with high spatial resolution, compared to a typical

multislice 2D dataset, which severely impacts acquisition time.

UTE shares with the other radial sampling techniques the advantage to be less sensitive

to motion artifacts compared to cartesian sampling [80]. The oversampling at low

spatial frequencies is also advantageous for lung parenchyma visualization, helping to

counterweight the problem of low intrinsic signal.
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2.2.5 ZTE for lung parenchyma imaging

The TE in 3D UTE can be further reduced to zero by switching on the encoding

gradients before RF excitation [70]. Such a sequence is called ZTE, and its acquisition

scheme is shown in Figure 11. ZTE has no corresponding 2D application, being not

compatible with the presence of a slice selection gradient or long RF pulses. While

it presents several common characteristics with respect to 3D UTE, each of the two

methods presents its own advantages and drawbacks.

The main characteristic of ZTE is that it allows for a TE theoretically equal to zero -

making it a method generally suitable for extremely short T2* component imaging, and

consequently lung parenchyma visualization [71]. ZTE is able to pick up the signal from

materials generally considered inert in proton MRI, such as the plastic of the RF coil

case. This may be a drawback in many applications, as it forces to decrease the spatial

resolution to avoid picking up the signal arising from outside the FOV, which would be

folded into the image itself. Special proton-free materials can be used for dedicated

hardware to avoid this problem.

Since ZTE encodes the center of k-space during the RF pulse, it leads to an initial

loss of encoded data, due to the �nite length of the RF pulse, the time necessary for

transmit/receive switching and digital bandpass �ltering. The sum of these components

is called dead time. This data loss must be handled appropriately to avoid artifacts: dead

time must be as short as possible, acquisition bandwidth must be unconventionally high

and special reconstruction techniques must be applied to derive the missing data [36].

Therefore, hardware requirements for ZTE imaging are challenging. To this day most

clinical scanners are not compatible with it [69], while standard preclinical equipment is

already allowing its use [71].

One advantage of ZTE lies on the fact that it starts sampling when gradients are

at full power, avoiding to sample over the gradient ramp as in UTE. This allows for

transversing k-space at higher speed, reducing the impact of transverse relaxation,

increasing resolution and reducing blurring. Without the need for switching o� the

gradients between TR intervals, ZTE imaging can be performed virtually silently.
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In this thesis, taking into consideration the advantages and disadvantages of 3D UTE

and ZTE, these two acquisition methods were compared in the context of lung parenchyma

visualization, in healthy and diseased rats (see chapter 4). MRI results were also corre-

lated to standard measurement of lung density derived from µCT imaging and alveolar

dimension obtained from histological analysis.

.

Figure 11: Schematic representation of the pulse sequence for zero echo time (ZTE).
The RF (Radio Frequency) pulse is played out after the gradients are ramped-
up. The time between the center of k-space encoding (k=0) and the �rst
acquired point of the FID (Free Induction Decay) signal is called the dead
time td , which is the sum of half the RF pulse length, hardware switching
time and the delay due to digital �ltering. After the repetition time TR ,
the gradients (G) are increased and subsequently a second pulse is played.
Abbreviations: Acquisition (ACQ).

2.2.6 Respiratory motion compensation

Radial imaging is particularly robust to movement artifacts (see subsection 2.1.5). A

certain amount of image blurring must be nevertheless expected if motion is present

during the acquisition. Techniques able to compensate for motion are therefore of

interest to obtain the best image quality possible. Moreover, such techniques can be

useful to determine the in�uence of motion over parameter quanti�cation in motion

corrupted datasets. In this work, only motion compensation for respiratory movements
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is of concern. A number of techniques have been developed speci�cally for other kind

of motion (e.g. cardiac, head), but they will not be discussed.

Prospective Gating

Prospective gating refers to the possibility to perform data acquisition only when the

subject is in a speci�c position, which is typically the expiratory position for respiratory

gating. This requires monitoring the respiratory movement on-line during the acquisi-

tion. The conventional approach in a clinical setting is to interleave the MRI sequence

with a navigator, which monitors the location of the lung�liver interface in real time.

In a preclinical setting, the conventional approach is to monitor respiration with a pres-

sure sensor positioned on the animal abdomen. The main drawbacks of prospective

gating are that the steady state of the imaging sequence is interrupted, since the ac-

quisition will present varying TR, and scanning e�ciency is decreased, since data during

inspiration is not acquired.

Retrospective Gating

An alternative to these approaches is retrospective gating, where data are acquired

continuously and are afterwards binned into di�erent respiratory states with the help

of a gating signal. Particularly of interest are methods that, instead of relying on the

acquisition of separate signals, derive the information relative to the respiratory motion

from the data itself (Self-Gating (SG)). The most commonly used SG signal is the

k-space center (DC, DC self-gating (DC-SG)), which represents the total energy of

the imaged volume. This signal is modulated in case motion is present in the excited

volume. This allows for the extraction of information regarding the movement itself [53].

Here another advantage of radial acquisitions becomes clear, the direct sampling of DC

at every TR. A cartesian acquisition, instead, needs to be modi�ed to obtain such

information [51].

Image-based self-gating (Img-SG) is a SG method that relies on the direct visualization

of the respiratory movement in the acquired dataset [38] [39] [53]. Images with low
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spatial de�nition are derived from subsets of adjacent data. If the temporal and spatial

resolutions are both kept within the limits imposed by the movement characteristics, it

is possible to directly image and then extract the movement of interest. It may be useful

here to apply a sliding window approach, which uses partially overlapping windows to

help the visualization of fast movements. It has been shown in cardiac application that

Img-SG improves results over DC [53] methods, since signal variations introduced by

the rotating read-out gradients direction do not cause misinterpretation of the gating

signal.

Img-SG imposes restrictions on the k-space sampling scheme. In order to image the

movement, k-space must be uniformly sampled in each of the reconstructed windows.

Also, the complete dataset must be sampled uniformly in k-space to avoid artifacts in

the �nal images.

In 2D radial imaging, such property is the main characteristic of Golden Angle (GA)

MRI, where the angular increment between subsequent radial pro�les is given by ∆θ =
180◦

τ
≈ 111.25◦, based on the golden ratio τ = 1+

√
5

2
≈ 1.618. Any subset of consecutive

pro�les acquired with the GA scheme cover the 2D k-space with the best possible

uniformity [51]. A representation of the resulting ordering of di�erent numbers of

spokes in 2D k-space for a center-out radial technique is given in �gure 12. A GA SG

protocol was investigated in this work to obtain retrospective gated multi staged images

of rat lungs.

.

Figure 12: Distribution of spokes in 2D k-space in case of Golden Angle ordering, where
n is the number of spokes represented.

In 3D radial imaging, di�erent sampling schemes have been proposed that satisfy this

property, at least partially. Three di�erent acquisition schemes have been compared

in this thesis, to allow for Img-SG of 3D UTE lung acquisition in human volunteers
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(see 3.4). A similar Img-SG protocol has also been implemented in the context of

3D UTE lung acquisition in rats. Given the higher respiratory rates found in small

animals, special reconstruction techniques had to be introduced to correctly identify

the respiratory movement in this application (see 3.5).

2.3 Lung function

Beyond the anatomical visualization of lung tissue, there exists a great interest in the

evaluation of lung function, in order to assess disease presence and progression, e�cacy

of drug treatment, etc.

This section aims at introducing basic concepts regarding the main lung functions,

namely perfusion and ventilation, and to outline the importance of their visualization

and local quanti�cation. An overview of the most common non-MRI method for quan-

tifying these parameters is presented, followed by a more detailed analysis of MRI-based

methods.

2.3.1 Perfusion and ventilation

The main function of lungs is to allow for gas exchange, so that oxygen may enter

the blood stream and carbon dioxide may leave it. In mammals, this happens through

passive di�usion at the level of the alveoli, which are tiny air sacs wrapped in blood

capillaries located at the end of the airways. A schematic representation of the gas

exchange at the alveolar level is given in Figure 13. Human lungs contain 500 million

alveoli, each having a diameter of 200 µm [49], rats lungs contain approximately 20

millions alveoli with a diameter of 100 µm [29], mice lungs contain 2 millions alveoli,

with a diameter of 50 µm [35]. In order to allow for continuous gas exchange, the

alveoli must be adequately ventilated and perfused, that is, oxygenated air must �ow

into the alveoli and de-oxygenated blood must be pumped to the capillaries around

them. The e�ciency of gas exchange depends on the di�using capacity of the lung and

the ratio between ventilation V and perfusion Q (ventilation/perfusion ratio or V/Q
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Figure 13: Schematic representation of gas exchange at the alveoli level

ratio). In a normal healthy human lung, the average V/Q is between 0.8 and 1, since

the volume of air breathed over a certain period of time is similar to the cardiac output.

When ventilation and blood �ow are mismatched, oxygen transfer is less e�cient, which

results in di�culties in achieving optimal oxygenation level in pulmonary blood. For this

reason, there exists a physiological mechanism, named hypoxic pulmonary vasoconstric-

tion or von Euler-Liljestrand mechanism, which distributes capillary blood �ow to areas

of high oxygen partial pressure in response to alveolar hypoxia, in order to maximize

V/Q [61].

The two most common pathologies leading to ventilation defects are asthma and

COPD. Asthma is the most common chronic disease in childhood and is character-

ized by airway hyperresponsiveness, an exaggerated reaction to small doses of irritants

leading to airway narrowing and airway closure.COPD is characterized by incompletely

reversible airway narrowing due to in�ammatory diseases of the airways and destruction

of the lung parenchyma itself (emphysema). Both pathologies lead to ventilation de-

fects, with dissimilar characteristics, but in both cases visualization and quanti�cation

of local perfusion and ventilation is of great interest in the clinical practice to evaluate

27



2 Theory

presence, severity and evolution of these and other pathologies [72]. Such diseases can

be simulated in small animals, for testing pharmacological intervention and study disease

mechanism. In particular, emphysematous changes can be induced through instillation

in the trachea of Porcine pancreatic elastase (PPE), an enzyme able to digest connec-

tive tissue. Over the course of weeks, the initial in�ammation stage will be followed

by a stable phase where the micro-architecture of the lung is grossly and permanently

abnormal, presenting enlarged alveoli [41].

2.3.2 Lung function visualization - non MRI methods

Pulmonary ventilation and perfusion are mainly visualized clinically and preclinically by

nuclear imaging techniques, using radioactive isotopes such as Tc99m-labeled albumin

for perfusion and inert radioactive gases such as 81mKr and 133Xe or speci�c 99mTc-

labeled particulate aerosols for ventilation [57]. The application of this method is

limited by the radiation dose administered and by low spatial resolution, which may

impact the possibility to perform a reliable diagnosis [28]. Also, typically perfusion

is semiquanti�ed relative to the overall value, and thus the method is not sensitive to

overall changes [28].

2.3.3 Ventilation quanti�cation with MRI

With regards to ventilation imaging employing MRI techniques, there exist di�erent

approaches based on di�erent physical properties to visualize and quantify the amount

of gas exchanged in a voxel of lung parenchyma [16]. One approach is based on X-nuclei

(non-proton) MRI, and aims at the direct detection of the NMR signal arising from

inhaled gases [32]. A second approach, named oxygen-enhanced MRI [30], exploits the

particular characteristics of molecular oxygen in modifying the MRI properties of tissue

where it is dissolved. Finally, other methods look for the changes in the proton density of

the lung parenchyma during the respiration cycle [34]. This paragraph gives an overview

of these methods, their physical basis and clinical and preclinical applications.
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Direct gas visualization

Direct visualization of gases with MRI is challenging due to their intrinsically low spin

density. Two families of gases have been investigated in the existing literature, hyper-

polarised (HP) gases and �uorinated gases.

HP gases are noble gases which are "optically-pumped" through specialized equipment

to temporarily increase their nuclear polarization, forcing the gas spins in a nonequi-

librium state [24]. Helium-3 and Xenon-129 are the two gases employed. Helium-3

is safe for inhalation and historically higher polarization levels have been achieved, but

its worldwide availability is severely limited and prices are really high, resulting in high

cost per patient. Xenon-129 is cheaper and more available, but it is anesthetic at high

concentrations, is more challenging to polarize and has a lower gyromagnetic ratio than

Helium-3 [47]. HP gases have been extensively employed to extract regional informa-

tion regarding inhaled gas density, both in clinical and preclinical settings, in healthy

and diseased subjects [18]. Beside gas concentration, the gas di�usion coe�cient

can also be quanti�ed: this parameter has been related to microstructural changes in

the alveoli [58]. The main drawbacks of this technology are the need for specialized

radio-frequency hardware to allow for non-proton imaging and the need of complex and

expensive hyperpolarization hardware at the imaging site. All these factors have been

obstacles to a broader clinical application of this technology.

Given the limitations of HP gases, �uorinated gases imaging has gained interest as

a potential alternative [16]. The �uorinated gases most used are sulfur hexa�uoride

(SF6), hexa�uoroethane (C2F6) and per�uoropropane (C3F8, or PfP). These gases

are inert, safe for inhalation, are cheaper and more available than HP ones [16], and

signi�cantly denser than normal air. Importantly, there is no need to hyperpolarize them

prior to their use, cutting signi�cantly cost, hardware and experiment complexity, albeit

the expected SNR is lower than with HP. At present, only a limited amount of published

research is available regarding ventilation imaging with these gases, both in clinical and

preclinical applications [16].

All this gases are characterized by di�erent physical properties, such as density and vis-

cosity, which in�uence the �ow dynamics in the airways and ultimately gas distributions.
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It has been shown that the distribution of Xenon-129 and Helium-3 di�ers in COPD

patients. Since Helium-3 is more di�usive and less dense than Xenon-129, it enters

emphysematous tissues more readily then Xe-129, making the latter gas more sensitive

to airway obstructions [33]. No such studies on the even denser �uorinated gases have

been conducted.

Oxygen-enhanced MRI

Oxygen-enhanced MRI uses oxygen as a contrast agent, exploiting its paramagnetic

characteristics. Blood T1 values depend on the partial pressure of oxygen dissolved

in it, thus allowing for the quanti�cation of ventilation through the quanti�cation of

lung parenchyma T1 at di�erent oxygen concentrations [30]. This methodology has the

advantage to be based on regular equipment and to use inhaled oxygen as CA. However,

the achievable SNR is limited, since the T1 shortening e�ect of O2 is relatively low. Only

a 10% di�erence in T1 was found in the lung of healthy volunteers breathing 21% and

100% oxygen at 1.5T [67]. This is accentuated in high-�eld small-animal imaging, as

higher �eld strengths result in shorter T2* and higher T1 values, hence a smaller relative

change in T1 should be expected. At 4.7 T only an average di�erence in T1 of 5% was

found in mice [80].

Ventilation-weighted proton MRI

Proton-based MRI investigates local ventilation by analyzing 1H lung parenchymal signal

�uctuations over the respiratory cycle. These �uctuations are a consequence of the

change in tissue density created by the �ow of air in and out the alveoli. If an adequate

MRI signal can be acquired from lung tissue during a free-breathing experiment at a

su�ciently high frame rate, a sinusoidal oscillation of the lung signal intensity over time

can be expected. The images obtained at di�erent respiratory states must be registered

to each other, to allow for pixel by pixel comparison [20]. Another source of lung signal

oscillation is given by blood �ow, which is highly pulsatile in lung vessels, and also causes

cyclical variation of the signal intensity at higher frequency rates [80].
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The most frequently used method based on this principle, named Fourier decomposition

(FD), requires images acquired at high frequency rate (∼ 3 images per sec in clinical

applications) with su�cient SNR. It performs a spectral analysis of the lung magnitude

signal over time, and identi�es spectral peaks due to respiration and cardiac cycles.

This allows for the extraction of both perfusion and ventilation data from a single

dataset [34]. Another more recent variant, named SElf-gated Non-Contrast-Enhanced

FUnctional Lung (SENCEFUL), is based on retrospective respiratory gating, which

reconstructs di�erent respiratory positions from a continuous free breathing acquisition.

Lung density changes between inspiration and expiration are then compared, after image

registration, to extract information about local ventilation [20].

Regarding preclinical application, FD is made more challenging by the high respiratory

rates found in anesthetized small animals, which would require images acquired at signif-

icantly higher frame rate. Therefore, SENCEFUL could be considered a more promising

approach. In this thesis, retrospective respiratory gating has been investigated in small

animal 1H lung acquisitions and its e�cacy was shown. This allowed the application of

SENCEFUL to 2D DC-SG UTE lung acquisition for the extraction of local ventilation.

The method e�cacy in discriminating between healthy and diseased tissue was studied

in an animal model of emphysema in rats (see 3.3).

2.3.4 Perfusion quanti�cation with MRI

There are mainly two sets of methods to visualize and quantify tissue perfusion using

MRI, Dynamic contrast-enhanced (DCE)-MRI and Arterial Spin Labeling (ASL). This

chapter gives an overview of these methods, concentrating on the application to lung

perfusion in clinical and preclinical applications.

Dynamic contrast enhancement MRI

DCE-MRI is based on the systemic injection of a gadolinium chelate MR CA, which

acts by shortening the T1 relaxation time of protons nearby its molecules [13]. Tissue

perfusion quanti�cation is derived using models quantifying the pharmacokinetics of the
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CA from the variation of T1 over time and measurements of the arterial input function.

Images must be acquired at high temporal resolution to correctly resolve the CA wash-in

and wash-out [28]. This is the current standard for imaging lung perfusion with MRI

in a clinical setting, mainly due to its ample availability.

In small animal imaging, only few works have been published dealing with perfusion

quanti�cation in lung parenchyma after CA injection [45] [46] [59]. These works requires

special hardware to inject multiple boluses of CA [11] and are limited in terms of spatial

de�nition, particularly slice thickness [46].

Arterial spin labeling

Alternatively to CA injection, ASL techniques [3] have been employed to quantify blood

perfusion in clinical imaging. The basic premise of ASL is to label protons in the

�owing blood using RF pulses to invert or saturate their magnetization. The most

immediate possibility is to tag spins in an anatomical location and then image the slice

of interest downstream, as labeled protons �ows into it. This results in a T1-weighted

signal reduction proportional to blood perfusion in the so-called tagged image, which

must be compared with a control image acquired in absence of perturbations [62]. A

variety of tagging schemes have been developed, di�ering in the spatial extent and the

temporal duration of the labeling pulse, the positioning of the inverted slab and the

readout methods.

Most applications of ASL have been developed to quantify cerebral blood perfusion [62].

Clinical applications to lung perfusion with ASL are limited, but such techniques have

been useful for research applications, as these measurements can be repeated multiple

times under di�erent physiological conditions [28], while an intravenous CA cannot be

administered freely and entails some risks particularly in some patients.

Relatively to preclinical applications, ASL techniques have been used to study perfusion

in rat liver [55], rat kidney [54], mouse myocardium [68], rats muscle [14] and on

rat and mouse brain [17] [75].
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The �rst application of an ASL protocol for the quanti�cation of local perfusion in

rat lung parenchyma is introduced in this work. A 2D UTE read-out was employed to

visualize lung tissue, quantify T1 and local perfusion. The imaging protocol was tested

for repeatability and for its ability to identify changes in lung perfusion. The importance

of accounting for respiratory movement was tested applying a 2D SG protocol (see 3.6)
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In this thesis, radial sequences such as 2D Ultra short Echo Time (UTE), 3D UTE and

Zero Echo Time (ZTE) were investigated in the context of lung parenchyma visualiza-

tion and pulmonary functional parameter extraction. A particular emphasis was given

to the investigation of Image-based self-gating (Img-SG) and DC self-gating (DC-SG)

methods for 2D and 3D UTE acquisitions, with the aim of improving image quality and

providing functional information.

First, the feasibility of using high resolution ZTE and 3D UTE to accurately visualize

lung parenchyma and detect lung pathomorphological changes in a rodent model of

emphysema was studied. The resulting images were compared with histological and

radiological data to con�rm the ability of such methods to recognize the presence of

lung damage. Also, lower resolution 3D UTE images were employed to estimate the

T2* values in healthy and emphysematous lung parenchyma at 7T.

Moreover, respiratory DC-SG was implemented on 2D UTE acquisition of rats lungs

in order to reconstruct di�erent respiratory positions from a continuous dataset. This

method was further applied in combination with a ventilation-weighted proton technique

to the study of local ventilation in healthy and emphysematous rats. Resulting data

were validated with standard histological and radiological examinations to demonstrate

a decrease in local ventilation in a�ected lungs.

Additionally, di�erent Img-SG-variants for 3D UTE were compared with standard DC-

SG for detection and compensation of respiratory motion in a clinical setting. This

method was afterwards implemented for 3D UTE acquisitions on a preclinical scanner,

in combination with special reconstruction techniques (compressed sensing), for allowing

Img-SG gating at the higher respiratory rates expected in rodents.
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Finally, an Arterial Spin Labeling (ASL) method was implemented with a 2D UTE

readout to investigate lung perfusion in healthy rats. A DC-SG method was included in

the protocol to verify the impact of respiratory motion over perfusion estimation. The

repeatability of the measurements was tested and the ability of the method to identify

the change in average lung perfusion in hyperoxic conditions was veri�ed.

This chapter o�ers a summary of the methods applied for each work separately.

All MRI images in rats were acquired with a 7 T BioSpec spectrometer (Bruker, Ettlin-

gen, Germany), using a thorax-optimized four receiver phased-array coil (Rapid Biomed-

ical, Rimpar, Germany) of 48 mm inner diameter. Animal experiments were approved by

the regional board for animal welfare of Tübingen, Germany, and conducted according

to the German law for the welfare of animals and relevant regulations for care.

3.1 ZTE and 3D UTE for detection of lung emphysema

in rats

ZTE and 3D UTE are both radial gradient echo sequences suitable for lung imaging.

3D UTE on a preclinical scanner achieves Echo Time (TE) of 8µs, while ZTE brings

this value to zero, not sampling the center of k-space (see 2.2.5).

In this work, these pulse sequences were investigated to compare their ability to image

lung parenchyma in healthy and emphysematous rats. Emphysema was induced by

intratracheal administration of Porcine pancreatic elastase (PPE). Twelve male Wistar

rats at 12 weeks were separated into three groups: Group 1 was used as control and

received no administration; Group 2 (one-lung group) received 75 U PPE /100 g body

weight administered selectively only in the left lung; Group 3 (both-lungs group) received

the same dose of PPE, but administered in both lungs.

Imaging data were acquired for all animals 4 weeks after PPE administration. Animals

were then euthanized and lungs were harvested to perform histology.
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The Magnetic Resonance Imaging (MRI) imaging protocol included a high de�nition

ZTE scan and a high de�nition 3D UTE scan. The protocol was chosen so that the

two acquisitions could be easily compared, with matching Field of View (FOV), spatial

resolution (40 x 40 x 40 µm), Radio Frequency (RF) pulse and acquisition time (∼ 18

min). Nominal acquisition bandwidth was also equal, but ZTE uses an implicit four-

fold oversampling, essential for allowing ZTE reconstruction. The resulting images were

compared in term of Signal to Noise Ratio (SNR) and Normalised Signal Intensity (NSI)

in the lungs. NSI is de�ned as the ratio between the mean signal in the lung to the

mean signal intensity in the muscle.

Other acquisitions were performed to calculate T2* in lungs. Six low de�nition (62 x 62

x 62 µm isotropically) 3D UTE scans with growing TE (8, 50, 100, 250, 500 and 1500

µs) and �xed Repetition Time (TR) (4.4 ms) were employed, for a total acquisition

time of ∼ 20 min. T2* values were calculated from lung Region of Interest (ROI)s

�tting the following equation:

S = Soe
(−TE/T2∗) + NL (3.1)

where NL is the noise limit determined from the ROI with highest echo time.

µComputerised Tomography (CT) images and post-mortem histological analysis were

also performed as a standard reference to assess healthy and emphysematous lung tissue

conditions.

3.2 DC self gating in 2D UTE

In this work, a DC-SG protocol was applied to 2D UTE lung acquisitions in healthy

rats, with the aim of improving image quality, reconstructing images presenting di�erent

respiratory positions and analyzing the change in lung density over the respiratory cycle.

Data were acquired in 12 Winstar rats with a Golden Angle 2D UTE acquisition. Twelve

consecutive coronal slices were acquired with a TE of 0.343 ms, a TR of 120 ms, 20-

fold oversampling, for a total acquisition time of approximately 30 min. The Self-Gating
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(SG) signal for each slice and each coil element was extracted from the k-space center

and �ltered between 0.5 and 2.5 Hz.

In order to reconstruct di�erent respiratory positions, data were resorted into separate

bins, exploiting the information extracted from the SG signal. Data points were here

sorted into �ve bins. Peak expiration was de�ned as the highest 60% of the gating

signal, peak inspiration as the lower 10%. From the remaining data, three additional

intermediate stages were identi�ed by spacing the three bins equally.

Img-SG cannot be applied to these datasets to achieve respiratory gating, mainly due

to the high TR employed. This value cannot be shortened without lung signal loss,

as a consequence of the long T1 in this tissue at ultrahigh �eld strength. However,

Img-SG can be applied to visualize the animal position during acquisition and identify

the presence of bulk movement. Indeed, animals are sedated and monitored, but some

movements can be present during relatively long acquisitions and compromise the �nal

image quality. The identi�cation of bulk motion requires a relatively low temporal

resolution. An ungated sliding window reconstruction was performed for each slice and

frames were reconstructed with a temporal resolution of 14 s. Motion corrupted data

where eliminated to assess the improvement in image quality.

In order to verify that respiratory gating was e�ective, lung volume was estimated

at each stage. Image sharpness was also compared between expiration and ungated

images. SNR and NSI in lung parenchyma were additionally calculated.

3.3 Ventilation de�cit detection with DC-SG 2D UTE

In this work, proton-based ventilation maps were estimated starting from SG 2D UTE

datasets in an animal model of emphysema. The same method described in (3.2)

was applied here to obtain inspiratory/expiratory images from continuously acquired

datasets. The animals employed in these tests are described in (3.1).

Baseline images with MRI and µCT were acquired for all animals before administration

of PPE, with follow-up scans 2 weeks and 4 weeks after the administration.
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Lung MRI images corresponding to inspiration were registered to images at expiration.

Speci�c expansion maps were created by calculating pixel by pixel the speci�c di�er-

ence in signal intensity between inspiration and expiration, normalized by the inspiration

values. The lungs were semiautomatically segmented, and the Mean speci�c expansion

(MSE) calculated as a surrogate for fractional ventilation in each lung volume at each

time point.

The resulting MSE values were compared with the µCT and histology results to con�rm

the presence of a ventilation de�cit in emphysematous lung tissue.

3.4 Image based 3D UTE self gating in a clinical

application

In this work, Img-SG and DC-SG were compared in 3D UTE lung acquisitions on a

clinical scanner (Achieva 3T, Philips Healthcare, Best, The Netherlands).

In this particular application, the main advantage given by imaging lungs in human

volunteers over rodents is the lower respiratory rate. This allowed relaxing some of the

reconstruction requirements for Img-SG.

DC-SG can be theoretically applied to all 3D UTE data acquired with any ordering

scheme. Img-SG instead can be satisfactorily applied only to data presenting an almost

uniform distribution in 3D k-space over the time frame we intend to reconstruct the

images for respiratory signal extraction (2.2.6).

Four acquisition schemes were compared, using di�erent angular orders.

• Conventional spiral scheme: it describes a spiral going from pole to pole of the k-

space sphere with constant velocity of the z component and equidistant sampled

points. It spans only a small region of the k-space in a short period of time,

but being the most commonly used sequence, it serves as a reference for image

quality.
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• Regularised spiral (RS) scheme: it modi�es the previous spiral scheme to ensure

more rapid coverage of k-space. RS spans the k-space using an increased az-

imuthal velocity while maintaining a spiral pole-to-pole path in each interleave.

To further increase the sampling uniformity, each set of 512 spokes was subdi-

vided into four interleaves of 128 spokes. RS ensures a good distribution only

over a speci�c interleave, which dimension must be chosen before the acquisition.

• Quasi Random (QR) scheme: it is based on numerical quasi-random (also called

low discrepancy) sequences, which main characteristic is to �ll a n-dimensional

space with more uniformity than a random sequence. Purely deterministic meth-

ods can �ll a space with higher uniformity, but require to pre-de�ne the number of

points. QR sequences have instead the desired characteristic that any subsets of

any dimension is also well distributed in the space. In the context of Img-SG, this

means that images can be reconstructed with any number of consecutive spokes.

• Multidimensional golden angle scheme (MGA) scheme: it extends the 2D Golden

Angle (GA) scheme into 3D.MGA shares with QR the property that any number

of subsequent projections covers uniformly k-space.

In order to compare these acquisition schemes, datasets were acquired on six healthy

volunteers. Acquisition parameters were maintained constant with TE of 0.1 ms, a

TR of 2.3 ms, FOV of 400 x 400 x 400 mm3, isotropic spatial resolution 2 mm3,

total acquisition time for each acquisition 12 min. Each RS, QR and MGA dataset

was reconstructed with a standard gridding algorithm to obtain a time-resolved low-

resolution 3D UTE dataset with a sliding window protocol. Each window had a width

of 256 projections and was advanced by 128 projections at each frame, for a temporal

resolution of 588 ms. From these reconstructions, a respiratory signal was extracted

retrieving the lung�liver interface position from each frame.

The DC-SG signals were retrieved from the k-space center acquired with each spoke. SG

signals were calculated from the magnitude, phase, real, and imaginary component. A

Butterworth bandpass �lter was used to eliminate frequencies away from the respiratory

rate.
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Expiratory and inspiratory position were reconstructed using 20% and the 30% of the

total data. Images at intermediate respiratory positions were also obtained using equally

spaced bins.

The quality of the resulting respiratory gating was evaluated calculating the sharpness

of the lung�liver interface, and the apparent diaphragm excursion between expiratory

and inspiratory position.

3.5 Image based 3D UTE self gating in a preclinical

application

In this work, Img-SG and DC-SG were compared for 3D UTE lung acquisitions acquired

with a preclinical scanner on healthy rats.

Data were acquired with a QR acquisition scheme, with a TE of 8 µs, TR of 2.4

ms for a total acquisition time of approximately 30 min. In order to extract a viable

Img-SG respiratory signal, the method described in 3.4 was modi�ed as follows. The

low resolution, time-resolved 3D datasets were reconstructed with a sliding window

protocol, in which each window had a width of 80 projections and was advanced of

40 projections, for a temporal resolution of 192 ms. The reconstruction was obtained

applying a Golden-angle radial sparse parallel (GRASP) algorithm, which decreases the

impact of the radial undersampling artifacts with respect to a gridding algorithm [19].

The extraction of the respiratory signal from the reconstructed dataset was also modi-

�ed, since the lung�liver interface could not be reliably identi�ed directly in every frame.

The developed algorithm extracts the magnitude values over time for each voxel in the

3D dataset and estimates each signal spectrum. The signal presenting the highest

spectral peak around the expected respiratory frequency was chosen. The assumption

was that such voxel is placed around the lung�liver interface so that it represents high

signal intensity liver tissue during expiration and low signal intensity lung tissue during

inspiration.
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The DC-SG signal was extracted from the magnitude of the k-space center and pre-

�ltered between 0.5 and 2 Hz. Furthermore, the spectrum of this signal was investigated

to identify the respiratory peak in each acquisition, in order to �lter the signal around

such frequency.

For further re�nement, a spectrogram was calculated from the DC-SG signal to identify

changes of the respiratory frequency over time. When a signi�cant shift was identi�ed,

a variable frequency DC-SG signal was created, dividing the signal into 60 windows and

�ltering each separately depending on the local frequency.

Additionally, Img-SG was applied to visualize the animal positions during the length

of the acquisition and identify the presence of bulk movement (see (section 3.2)). A

temporal resolution of 30 s was used for reconstructing this dataset. The correlation

coe�cient in-between frames was used as a marker of the presence of bulk movement, as

a low coe�cient value identi�es a shift in animal position occurred in-between frames.

When bulk movement was indeed present, an additional dataset was reconstructed

eliminating motion corrupted fragments.

In order to verify that gating was e�ective, similarly to section 3.2, each signal was

divided into 10 equally spaced bins, each representing a di�erent respiratory stage.

Lung volume changes were estimated for each of the reconstructed dataset. Image

sharpness was also compared between expiration and ungated images. Furthermore

SNR and NSI in lung parenchyma in all respiratory stages were calculated.

3.6 Perfusion quanti�cation with 2D UTE FAIR

In this work, an ASL method called Flow-sensitive Alternating Inversion Recovery (FAIR)

was applied to the quanti�cation of lung perfusion in healthy rats.

Brie�y, FAIR requires two 2D images acquired with the same parameters, di�ering

only on selective and non-selective inversion recovery preparation. In the slice-selective

inversion recovery scan, blood �owing into the imaged slice is relaxed and alters the

apparent longitudinal relaxation coe�cient of the non-moving tissue in the slice. The
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comparison with the global inversion scan, which ideally inverts all �owing and immobile

tissue, allows for the evaluation of tissue perfusion. In order to quantify this parameter,

the local T1 value in the two acquisitions must be estimated.

A 2D UTE read-out was chosen to visualize lung parenchyma and was combined with a

Look-Locker T1 mapping scheme to acquire images with su�cient spatial resolution in

a reasonable acquisition time for in-vivo applications. Moreover, data segmentation was

implemented, with 8 spokes acquired at each of the 16 Inversion Time (TI). Acquisitions

are particularly long due to the high TR, here 12 s, in between inversion pulses. This

value must be in fact su�ciently high to allow for complete longitudinal relaxation of

spins, in order to avoid underestimation of T1. In the selective inversion measurement,

a 4 mm thick slab centered around the imaging slice was inverted. One coronal slice

having a thickness of 1.2 mm was imaged in each acquisition.

Intra-session and inter-session repeatability were tested. Six male Wistar rats were

investigated twice within a week, with two subsequent measurements per investigation,

which lasted 40 min.

In order to assess the impact of the respiratory motion over the quanti�ed parameters,

reconstructions were performed eliminating data acquired during inspiration, applying

SG. For this reason, spokes were acquired following a Golden angle ordering. The DC-

SG signal is here heavily in�uenced by the varying TI, therefore DC-SG signals were

calculated separately for each TI value. These signals are not derived from a uniformly

sampled dataset, due to the segmentation and the Look-Locker scheme applied. Con-

sequently, these do not resemble the sinusoidally varying signal typically obtained from

DC-SG. It was nevertheless veri�ed that the lower values corresponded to the inspira-

tory position, and gated datasets were reconstructed eliminating the lowest 20% and

40% of the total data.

In order to verify the capability of the protocol to identify physiological changes in lung

perfusion, 3 animals were further tested, varying the inhaled oxygen concentrations.

A FAIR acquisition (with a single repetition) was performed while the animal breathed

the regular gas mixture, then gas was switched to pure oxygen. In order to reach
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stable physiological conditions, a 15 min interval was inserted before repeating the

FAIR acquisition.
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Three-dimensional accurate detection of lung
emphysema in rats using ultra-short and zero
echo time MRI
Andrea Bianchia*, Marta Tibilettib, Åsmund Kjørstadc,d, Gerald Birke,
Lothar R. Schadc, Birgit Stierstorfere, Volker Rascheb,f and Detlef Stillera

Emphysema is a life-threatening pathology that causes irreversible destruction of alveolar walls. In vivo imaging
techniques play a fundamental role in the early non-invasive pre-clinical and clinical detection and longitudinal
follow-up of this pathology. In the present study, we aimed to evaluate the feasibility of using high resolution radial
three-dimensional (3D) zero echo time (ZTE) and 3D ultra-short echo time (UTE) MRI to accurately detect lung
pathomorphological changes in a rodent model of emphysema. Porcine pancreas elastase (PPE) was intratracheally
administered to the rats to produce the emphysematous changes. 3D ZTE MRI, low and high definition 3D UTE MRI
and micro-computed tomography images were acquired 4 weeks after the PPE challenge. Signal-to-noise ratios
(SNRs) were measured in PPE-treated and control rats. T2* values were computed from low definition 3D UTE MRI.
Histomorphometric measurements were made after euthanizing the animals. Both ZTE and UTE MR images showed
a significant decrease in the SNR measured in PPE-treated lungs compared with controls, due to the
pathomorphological changes taking place in the challenged lungs. A significant decrease in T2* values in PPE-
challenged animals compared with controls was measured using UTE MRI. Histomorphometric measurements
showed a significant increase in the mean linear intercept in PPE-treated lungs. UTE yielded significantly higher
SNR compared with ZTE (14% and 30% higher in PPE-treated and non-PPE-treated lungs, respectively).This study
showed that optimized 3D radial UTE and ZTE MRI can provide lung images of excellent quality, with high isotropic
spatial resolution (400 μm) and SNR in parenchymal tissue (>25) and negligible motion artifacts in freely breathing
animals. These techniques were shown to be useful non-invasive instruments to accurately and reliably detect the
pathomorphological alterations taking place in emphysematous lungs, without incurring the risks of cumulative ra-
diation exposure typical of micro-computed tomography. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: 3D UTE; ZTE; micro-CT; lung MRI; emphysema; COPD

INTRODUCTION

Emphysema, a sub-group of chronic obstructive pulmonary
disease (COPD), is a life-threatening pathology defined as the
abnormal and irreversible enlargement of airspaces distal to
the terminal bronchioles. It is accompanied by the destruction
of alveolar walls in the absence of obvious fibrosis, the reduction

in pulmonary tissue density and the loss of lung elastic recoil
(1,2). The etiology of emphysema is principally associated with to-
bacco smoke and with inhalation of occupational dust or
chemicals (3). This disease results in decreased maximum expira-
tory airflow, air-trapping, hyperinflation and a general progressive
deterioration of lung functions that may eventually lead to death
(4). The economic and social burden of emphysema and COPD is
dismal, with an annual death rate of 18.6 per 100 000 persons and
an estimated direct healthcare cost of more than 14 billion dollars
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and 38 billion euros per year in the United States and Europe,
respectively (3,5–7).

In vivo imaging techniques play a fundamental role in the
early non-invasive pre-clinical and clinical detection and longitu-
dinal follow-up of this pathology. Similarly, imaging-based tech-
niques are tools of uttermost importance in the evaluation of the
therapeutic potential of pharmaceutical compounds (8,9). In this
context, computed tomography (CT), thanks to its high spatial
resolution, has become the gold-standard for the precise assess-
ment of emphysema location and progression, in both humans
(6,10–12) and rodents (13–15). Nonetheless, despite the general
efforts that vendors are making to reduce the minimum scan
doses, the cumulative radiation dose of CT is still of concern, es-
pecially when continuous follow-up is required to monitor ther-
apeutic responses (16,17).

In the last decade significant efforts have been made to study
lung tissue structure with MRI, in order to develop a sensitive,
non-ionizing, non-invasive and reliable technique to diagnose
emphysema in its early stages and to evaluate its progression
(18,19). However, MR in vivo imaging of lung is still particularly
challenging because of the intrinsic properties of this organ:
low proton density, huge number of steep magnetic susceptibil-
ity gradients and cardiorespiratory motion (20) can severely
hamper the final image quality. To overcome these limitations,
hyperpolarized (HP) gas MRI has been proposed as a non-
invasive approach to detect and quantify airspace enlargement
properties in emphysema through measurement of the apparent
diffusion coefficient (21–25). Even though this technique has
highlighted important features of this pathology, the routine
application of HP gas MRI in clinical practice and in pre-clinical
pharmacological studies is limited by the complexity and the
high costs of this method (9).

The loss in parenchyma density and alveolar surface area in
emphysematous lungs entrains a decrease in NMR signal inten-
sity and apparent transverse relaxation time (T2*). Optimized
proton MRI techniques were thus shown to be able to detect
structural changes in rodents’ emphysematous lungs by measur-
ing NMR signal variations with averaging approaches using
gradient-echo (18) or single-point imaging (19) sequences.

In recent years ultra-short TE (UTE) sequences enabled lung
imaging by MRI with high spatial resolution and sufficient lung
parenchyma signal-to-noise ratio (SNR) (26). Taking advantage
of this fact, Zurek et al. (27) were able to show that two-
dimensional (2D) radial UTE acquisitions (TE ~ 550 μs) can pro-
vide a sensitive and reliable readout for emphysema.

Nonetheless, 2D UTE imaging has some limitations, such as a
non-isotropic resolution, a lower limit in the achievable TE
(~200 μs) imposed by the slice selection gradient and the re-
quirement of long repetition times to obtain sufficient signal
from the parenchyma (TR ~ 80–200 ms) (26,27).

In contrast, three-dimensional (3D) UTE employs 3D radial
encoding, therefore reducing TE to the time necessary for RF
switching, which can be as low as 8 μs on pre-clinical systems.
One of the first applications of this technique was proposed by
Takahashi et al. (28), who implemented a 3D UTE sequence
(TE ~ 110 μs) on a 3 T clinical system in order to detect the
non-uniform disruption of lung architecture in a mouse model
of emphysema. Even though these results were promising, the
low spatial resolution and poor quality of the images limited
the application of the volumetric approach in emphysema stud-
ies. Promising applications of the 3D imaging technique have
been reported for the investigation of pulmonary embolism

(29) and perfusion (30), lung ischemia–reperfusion injury (31)
and pulmonary fibrosis (32).
An alternative volumetric radial technique allowing UTE imag-

ing is the 3D zero echo time (ZTE) technique. Here, the readout
gradient is set before excitation so that gradient encoding starts
instantaneously upon signal excitation, resulting in a quasi-zero
TE. The data thus acquired are incomplete, missing the k-space
center due to the finite duration of the RF pulse, transmit–
receive switching and digital bandpass filtering (33), and itera-
tive reconstructions are thus necessary. Recently, Weiger et al.
(34) reported the first results of a 3D ZTE MRI sequence applied
to the imaging of healthy lungs.
In the present study, we show the feasibility of using high

resolution 3D ZTE MRI to accurately detect lung pathomorphological
changes in a well-established rodent emphysema model. In addi-
tion, we propose here a precise comparison of volumetric ZTE and
3D UTE proton MR images in rodents, obtained at 7 T with a
dedicated coil optimized for thorax imaging. The results were
validated against the gold-standard micro-CT (μCT) imaging and
morphometric histology.

EXPERIMENT

Animals and ethics considerations

Male Wistar rats (n = 12), 12 weeks old, mean weight 267 g ± 7 g
at the beginning of the study, were purchased from Charles River
Laboratories (Sulzfeld, Germany). Before the start of the study,
the animals were acclimatized in a temperature-controlled envi-
ronment for one week. Facility rooms were maintained at con-
stant temperature (23 °C), humidity (50% relative humidity) and
12 h light–dark illumination cycle. Access to food and tap water
was ad libitum. Animal experiments were approved by the re-
gional board of Tübingen and conducted according to German
law for the welfare of animals and regulations for care and use
of laboratory animals.
Animals were anesthetized with 3.5% isoflurane in a mixture

of N2:O2 (80:20). Porcine pancreas elastase (PPE, Calbiochem,
Darmstadt, Germany) was intratracheally administered with
animals under anesthesia using a fiber optic laryngoscope. The
animals were separated into three groups (n = 4/group): Group
1 (control group) received no administration of PPE; Group 2
(“one-lung” group) received 75 U PPE/100 g body weight (BW)
(dissolved in 0.2 mL NaCl 0.9%) administered selectively only in
the left lung; Group 3 (“both-lungs” group) received 75 U
PPE/100 g BW (dissolved in 0.2mLNaCl 0.9%) administered in both
lungs (administration of the bolus before the carina bifurcation).
MRI and μCT images were acquired for all animals 4 weeks

post PPE administration. After the acquisition of the last images,
the animals were sacrificed and lungs were harvested to perform
histology.

MRI acquisitions and analysis

All MR images were acquired with a 7 T BioSpec spectrometer
(Bruker, Ettlingen, Germany), using a thorax-optimized four-
receiver phased-array coil (Rapid Biomedical, Rimpar, Germany)
of 48 mm inner diameter (35). The rats were placed supine and
kept anesthetized with 2% isoflurane in a mixture of N2:O2

(80:20) via facial mask. The respiratory cycle was monitored con-
stantly using a respiratory sensor placed on the abdomen.
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For each animal, the MRI imaging protocol included a high
definition ZTE scan, a high definition 3D UTE scan, and a series
of six low definition 3D UTE scans for T2* evaluation. The param-
eters of the acquisitions for the ZTE and 3D UTE (high and low
definition) are presented in Table 1.
The trajectory measurements for all the UTE acquisitions were

preliminarily performed on a standard phantom containing
water and CuSO4 and used for the reconstruction of all the
acquisitions to ensure uniform results.
The total MRI acquisition time for each animal was about an

hour.
Images were reconstructed with the ParaVision 6.0 software

(Bruker, Ettlingen, Germany). All images were saved and ana-
lyzed with freeware medical image analysis software (MIPAV;
NIH, Bethesda, MD, USA).
For each MR animal, regions of interest (ROIs) were manually

drawn on axial slices to measure the total average signal in the
lung parenchyma and in the muscle. The noise of the images
was quantified as the standard deviation of the mean signal of
an ROI selected in the image background and the SNR and
signal-to-muscle ratio (SMR) in the lungs were computed. Three
different ROIs for left and right lungs were selected for each an-
imal on three different slices spaced approximately 4 mm from
one another (supplementary data, Fig. S1). The same ROIs were
used for UTE and ZTE acquisitions, taking care to avoid the main
visible vessels. The T2* values were computed with MATLAB
(MathWorks, Natick, MA, USA), averaging the pixel intensity and
fitting the resulting values with a non-linear least-squares algo-
rithm to the equation:

S TEð Þ ¼ S0e
�TE=T2*ð Þ þ NL;

where NL is the noise level.

μCT acquisitions and analysis

μCT images were acquired as a gold-standard to assess the devel-
opment of the emphysema. Data were acquired on a Quantum FX
μCT system (Perkin Elmer, Waltham, MA, USA) with the following
parameters: tube voltage 90 kV, tube current 160 μA, field of view

(FOV) 60 × 60 × 60 mm3, isotropic spatial resolution 0.11 mm,
resulting in a total acquisition time of 4.5 min. Resulting images
were analyzed with MicroView 2.0 software (GE Healthcare,
Amersham, UK), which allows a semi-automatic segmentation of
left and right lungs. Hounsfield unit (HU) histograms were
obtained for left and right lungs, and the HU corresponding to
the peak of the HU histogram (HU_P) for the segmented pixels
were used as a measure of the emphysema progression.

Histology

Upon completion of imaging, each animal was euthanized using
an overdose of pentobarbital (250 mg/kg intraperitoneally). Im-
mediately after euthanasia, right and left lungs were dissected
out, fixed with 4% paraformaldehyde (prepared in phosphate-
buffered saline, pH 7.2) in inflation using intratracheal injection,
and embedded in paraffin. Lungs were' cut parallel to the main
bronchus and sliced with a thickness of 3 μm. Slides were
stained using hematoxylin and eosin and digitally scanned with
a Zeiss Axio Scan.Z1 (Jena, Germany) with 20× magnification. Im-
ages were exported with 1:4 setting and cut into tiles of 1024 ×
1024 pixels (1 pixel ≅ 0.88 μm). Tiles with less than 40% coverage
of lung tissue and tiles including airways, blood vessels or arti-
facts were rejected. For the remaining tiles the mean linear inter-
cept (MLI) (36) was automatically determined using a proprietary
application based on a commercially available machine vision
software library (HALCON 12.0, MVTec Software, Munich,
Germany) to evaluate the presence and severity of emphysematous
changes.

Statistical analysis

The significance of differences in BW, MLI, T2*, SNR and HU_P
values among groups was assessed using the one-way ANOVA
with Fisher’s least square difference test, with a single pooled
variance. No multiplicity correction was applied, owing to the ex-
ploratory nature of the work and the small sample size involved.
The presence of significant correlations between MLI, HU_P, SNR
and T2* values was assessed using Spearman’s correlation test.

Table 1. Parameters for the acquisition of ZTE and high definition 3D UTE MRI

ZTE High definition 3D UTE Low definition 3D UTE

Echo time (TE) (μs) – 8 8, 50, 100, 250, 500 and 1500
Projections 126 322 125 456 51 360
Averages 2 2 1
Repetition time (TR) (ms) 4.4 4.4 4.4
Field of view (FOV) (cm3) 8 × 8 × 8 8 × 8 × 8 8 × 8 × 8
Matrix size 200 × 200 × 200 200 × 200 × 200 128 × 128 × 128
Nominal bandwidth (kHz)a 300 300 300
Flip angle (°)b 1.3 1.3 1.3
Dummy scans 227 227 227
Acquisition time (min:s) 18:31 18:24 3:45 each
Oversampling factor 4 1 1
aZTE data were acquired with an intrinsic fourfold radial oversampling to compensate for the k-space center gap, corresponding to
1.9 nominal dwell times.
bFor ZTE acquisitions, the maximum flip angle allowed by the system was used. To enable a direct comparison with the UTE
sequence, the same flip angle was used for UTE acquisitions. For UTE acquisitions, higher flip angles closer to the Ernst angle
could be chosen.
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The comparison of UTE and ZTE SNRs was performed using a
Wilcoxon matched-pairs signed rank test.

Significance was fixed at the 5% probability level. All analyses
were performed using GraphPad Prism (GraphPad Software, La
Jolla, CA, USA). All the data are presented as mean ± standard
error of the mean (SEM).

RESULTS

Ten animals out of 12 survived the administration protocol and
could be imaged 4 weeks after the PPE challenge (four controls,
three animals from Group 2, three animals from Group 3). The
BW of the animals was not significantly different among the
three groups after 4 weeks (359 ± 13 g, 330 ± 19 g, 356 ± 22 g
for controls, Group 2 and Group 3, respectively).

Typical lung axial images for the three groups are shown in
Figure 1, where a clear reduction in SNR can be observed in
PPE-treated lungs for both ZTE (Fig. 1a–c) and UTE (Fig. 1d–f).
The respective μCT images are presented in Figure 1g–i. The cor-
onal lung images corresponding to the animals in Figure 1 are
presented in the supplementary data (Fig. S2).

All the measured MRI SNR values for each group are shown in
Figure 2.

In ZTE images (Fig. 2a) the SNR in left lungs was 27.5 ± 0.9 in
controls, 21.5 ± 1.3 in Group 2 (PPE treated, p = 0.0036 compared
with controls) and 21.4 ± 0.9 in Group 3 (PPE treated, p = 0.0032
compared with controls). Similarly, in right lungs in ZTE images
the SNR was 31.5 ± 1.0 in controls, 34.0 ± 2.5 in Group 2 (non-
PPE-treated, p = 0.269 compared with controls) and 24.9 ± 0.6
in Group 3 (PPE treated, p = 0.0158 compared with controls,
p = 0.0047 compared with Group 2). In UTE images (Fig. 2b)
the SNR in left lungs was 35.6 ± 2.2 in controls, 24.2 ± 1.6 in

Group 2 (PPE treated, p = 0.0032 compared with controls) and
25.0 ± 1.3 in Group 3 (PPE treated, p = 0.0046 compared with
controls). Similarly, in right lungs in ZTE images the SNR was
35.9 ± 2.0 in controls, 35.0 ± 1.8 in Group 2 (non-PPE-treated, p
= 0.726 compared with controls) and 26.2 ± 1.1 in Group 3
(PPE treated, p = 0.0055 compared with controls, p = 0.0120
compared with Group 2). Similar results in terms of significant
differences among groups were obtained when the SMR was cal-
culated instead of the SNR (supplementary data, Fig. S3).
When all non-PPE treated lungs were considered together

(independently of the group the animals originally belonged
to), the mean SNR values in lung parenchyma were 27.3 ± 1.4
for ZTE and 35.6 ± 1.1 for the UTE data. The respective values
obtained when all the PPE-treated lungs were considered to-
gether were 22.6 ± 0.8 for ZTE and 25.1 ± 0.7 for UTE data (sup-
plementary data, Fig. S4a). In both cases UTE yielded significantly
higher SNR than ZTE for lung (p = 0.0010 for non-PPE-treated
lungs, p = 0.0078 for PPE-treated lungs) and muscle tissues (sup-
plementary data, Fig. S4b, p = 0.0007). No significant difference
in the SMR was observed between ZTE and UTE (supplementary
data, Fig. S4c, p = 0.734 for non-PPE-treated lungs, p = 0.778 for
PPE-treated lungs).
HU histograms of segmented lungs from μCT images were ob-

tained for left and right lungs. The clear shift of the mean HU his-
tograms and of their peak in PPE-treated lungs towards lower HU
values can be observed in the supplementary data (Fig. S5). As a
consequence, the HUs corresponding to the peak position of the
histogram were used as a measure of the emphysema
development. HU_P in left lungs was �438 ± 31 HU in controls,
�570 ± 6 HU in Group 2 (PPE treated, p = 0.0043 compared with
controls) and �550 ± 12 HU in Group 3 (PPE treated, p = 0.0098
compared with controls). Similarly, in right lungs HU_P was�450
± 26 HU in controls, �390 ± 40 HU in Group 2 (non-PPE-treated,

Figure 1. Representative axial (a–c) ZTE MR, (d–f) UTE MR and (g–i) μCT images of the animals’ lungs from (a, d, g) a control, (b, e, h) one animal of
Group 2 (PPE single administration to the left lung) and (c, f, i) one animal of Group 3 (PPE administration to both lungs). The images are acquired 4
weeks after the administration of PPE. The PPE-treated lungs (left lung in b, e, h and both lungs in c, f, i appear darker due to the reduction of proton
density caused by the emphysematous changes.
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p = 0.1713 compared with controls) and �530 ± 12 HU in Group
3 (PPE treated, p = 0.0817 compared with controls, p = 0.0127
compared with Group 2).
An excellent correlation was found between HU_P and MRI

SNR for both ZTE (r = 0.861, p < 0.0001) and UTE images (r =
0.878, p < 0.0001), as shown in Figure 3.
T2* values were computed for each lung from low resolution

3D UTE MR images. Representative images of one animal from
Group 2 obtained subsequently, increasing the TE, are shown in
the supplementary data (Fig. S6). A clear reduction in T2* values
can be observed in PPE-treated lungs. The quantitative data are
presented in Figure 4a. T2* in left lungs was 0.315 ± 0.013 ms in
controls, 0.134 ± 0.015 ms in Group 2 (PPE treated, p < 0.0001
compared with controls) and 0.238 ± 0.004 ms in Group 3 (PPE
treated, p = 0.0031 compared with controls, p = 0.0008
compared with Group 2). Similarly, in right lungs T2* was 0.331
± 0.036 ms in controls, 0.402 ± 0.028 ms in Group 2 (non-PPE-
treated, p = 0.1415 compared with controls) and 0.240 ± 0.014
ms in Group 3 (PPE treated, p = 0.0692 compared with controls,
p = 0.0093 compared with Group 2).
Very good correlations were observed between T2* values and

MLI (Fig. 4b, r = �0.851, p < 0.0001), HU_P (Fig. 4c, r = +0.783,
p < 0.0001), MRI ZTE SNR (Fig. 4d, r = +0.749, p = 0.0001) and
MRI UTE SNR (Fig. 4e, r = +0.709, p = 0.0005).
Representative ex vivo images of control and PPE-treated

lungs are shown in Figure 5a, b. PPE-treated lungs showed on
average larger alveolar radii compared with lungs that did not
undergo PPE administration. In left lungs (Fig. 5c) the MLI was
74 ± 4 μm in controls, 122 ± 4 μm in Group 2 (PPE treated, p =
0.0004 compared with controls) and 104 ± 8 μm in Group 3
(PPE treated, p = 0.006 compared with controls). In right lungs
the MLI was 76 ± 5 μm in controls, 68 ± 4 μm in Group 2 (non-

PPE-treated, p = 0.334 compared with controls) and 100 ± 8 μm
in Group 3 (PPE treated, p = 0.018 compared with controls).

Very good correlations were observed between MLI values
and HU_P values (Fig. 5d, r = �0.802, p < 0.0001), MRI ZTE SNR
(Fig. 5e, r = �0.742, p = 0.0002) and MRI UTE SNR (Fig. 5f, r =
�0.780, p < 0.0001).

DISCUSSION

COPD is a common and disabling disease, heavily bearing upon
national healthcare systems with impressive direct and indirect
costs. Not surprisingly, a remarkable direct relationship between
the severity of the disease and the cost of care has been shown
(3,37), with severe subjects (~4%) accounting for almost
one-third of the total costs (37). It is therefore clear that an early
diagnosis of this pathology would have important monetary
implications and is fundamental to limit the disease progression,
eventually improving the patients’ quality of life and reducing
the social burden generated by COPD.

In this work, we aimed to evaluate the possibility of using high
resolution UTE and ZTE volumetric MRI as effective non-invasive
radiation-free alternatives to μCT for the precise detection of em-
physematous changes in rodents. To this end, PPE was adminis-
tered intratracheally in rat lungs to reproduce features of human
panacinar emphysema (18,38,39), i.e. a diffused destruction of al-
veolar walls in the challenged lobes (18).

Three-dimensional MR images with an isotropic resolution of
400 μm (allowing the detection of the main bronchi, up to the
fourth generation) were obtained in freely breathing animals
using ZTE and UTE sequences. Both sequences have indeed
been shown to be relatively insensitive to motion thanks to their

Figure 2. Bar plots (mean ± SEM) showing (a, b) the SNRs for (a) ZTE and (b) UTE sequences and (c) HU_P for the three groups. The statistically
significant differences among groups are shown for left and right lungs. Note that for visual reasons the y-axis in c is inverted. One asterisk indicates
p ≤ 0.05, two asterisks indicate p ≤ 0.01.

Figure 3. Correlation plots between the SNRs measured with (a) ZTE MRI or (b) UTE MRI and the HU_P measured with μCT for all the different groups.
Red markers indicate PPE-treated lungs while green markers indicate lungs that did not receive PPE. The three different marker shapes correspond to
the three different groups. The Spearman correlation coefficient is shown for all the plots. The best linear regression (black dashed lines) of the data and
the 95% confidence intervals (gray dotted lines) are shown.
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radial center-out encoding (26,27,40), especially using high
bandwidths (34). As a consequence, images with negligible arti-
facts could be obtained without cardiorespiratory trigger, thus
maintaining the effective TR constant among acquisitions and
hence ensuring a precise comparison of the different images
and sequences.

Both ZTE and UTE MR images showed a significant decrease in
the SNR and SMR measured in PPE-treated lungs, in agreement
with the bulk of the literature (18,19,27). This finding is related
to the pathomorphological changes taking place in the chal-
lenged lungs, i.e. the progressive loss of alveolar tissue and the
consequent impairment of blood perfusion, air entrapment,
and increased air volumes compared with tissue mass.

As expected, μCT imaging showed an average decrease in the
HU histogram peak in PPE-treated animals compared with con-
trol lungs, confirming the significant decrease in parenchymal
density in lungs affected by emphysema. Even though a very
clear trend was observed, the difference in HU_P between con-
trols and Group 3 right lung (both lungs administration) was
not statistically significant (p = 0.08). This observation is clearly
related to the limited group size used, which reduces the statis-
tical power of the tests.

Very good correlations were found between the ZTE or UTE
SNRs and the peak Hounsfield units, indicating an excellent
agreement between MRI-measured values and μCT-measured
tissue densities, thus supporting the idea that emphysematous
lungs can be adequately monitored using MRI. Notably, the cor-
relation coefficients for ZTE and UTE MRI were very similar, sug-
gesting that both the sequences can be effectively used to
quantify lung pathological conditions.
The significant enlargement of the average alveolar radii in

PPE-treated lungs was further confirmed with histology, where
an increase of the MLIs of about 38% and 56% (for Group 3
and Group 2, respectively) was observed in emphysematous
lungs compared with controls. Micro-CT measurements and
MRI SNRs (both ZTE and UTE) well correlated with the histologi-
cal assessment, further confirming that all the investigated imag-
ing modalities reflect morphometric features of the lung
microstructure.
In a similar way, the alteration of the alveolar structure in em-

physematous lungs resulted in significantly lower T2* values –
measured using UTE MRI – in PPE-challenged animals compared
with controls. The modification of this parameter, which excel-
lently correlated with histology and μCT, most probably results

Figure 4. (a) Bar plot showing the T2* values measured in animals’ lungs. The statistically significant differences among groups are shown for left and
right lungs. Two asterisks indicate p ≤ 0.01, three asterisks indicate p ≤ 0.001. (b–e) Correlation plots between the T2* values and (b) the MLI measured
with histology after sacrifice of the animals, (c) the HU_P measured with μCT, (d) the SNR measured with ZTE MRI and (e) the SNR measured with UTE
MRI for all the different groups. Red markers indicate PPE-treated lungs while green markers indicate lungs that did not receive PPE. The three different
marker shapes correspond to the three different groups. The Spearman correlation coefficient is shown for both the plots. The best linear regression
(black dashed lines) of the data and the 95% confidence intervals (gray dotted lines) are shown.
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from the increased air/tissue ratio in diseased lungs and thus an
increase in the microscopic susceptibility gradients. Interestingly,
in contrast to MRI SNR and μCT measurements, a significant
difference was found in the left lungs of animals from Groups 2
and 3 that received a different dose of elastase. This observation
supports the hypothesis that T2* could be more sensitive than
μCT HU in detecting early pathologic alterations in lungs, since
the apparent transverse relaxation time is directly linked to the
pulmonary microstructure. In this sense, T2* might be used as a
possible biomarker for characterizing emphysema (19). Nonethe-
less, it is worth mentioning that T2* depends on a number of
factors including the local oxygenation levels (41), and further
studies with specifically controlled conditions and relevant
group sizes should be conducted to confirm this hypothesis.
Noticeably, the average T2* obtained at 7 T in this study (~0.32

ms in controls) supports the inverse relationship between the T2*
values in lungs and the field strength, as previously proposed by
Kveder et al. (42). Reported values for 4.7 T are about 0.48 ms (19)
and 0.46 ms (43). The respective ratios for T2* at 4.7 T and 7 T
yield about 1.5, which indeed nicely resemble the respective
inverse of the field strength ratio (7 T/4.7 T ~ 1.49).

Overall this study showed the safe application of MRI to obtain
high quality 3D images with excellent isotropic spatial resolution
and high SNR (>25) in parenchymal tissue that can be used to
accurately detect emphysematous changes in the lungs. The
key element for deriving the high fidelity images was the combi-
nation of volumetric UTE radial imaging techniques and a dedi-
cated coil optimized for thorax imaging of rats with BW
between 300 g and 350 g (35).

Even though the spatial resolution of μCT is still superior to
MRI, MRI has the important advantage of working without ioniz-
ing radiation. This asset is even more valuable considering that
repeated measurements are needed to longitudinally monitor
slowly progressing diseases. It remains to be clarified whether
UTE and ZTE MRI can be employed to effectively detect and lon-
gitudinally monitor less invasive models of emphysema (e.g.
smoke exposure or transgenic models (44)).

This work showed the effective application of ZTE for the de-
tection of lung architectural changes due to emphysema. Com-
pared with 3D UTE images, ZTE unexpectedly presented lower
SNR values in lung parenchyma and muscles. It has indeed to
be mentioned that, even though ZTE is acquired with a fourfold

Figure 5. (a,b) Representative histological images of (a) control and (b) PPE-treated lungs from Group 2 (left lung, 20× magnification). The scale bars
correspond to 500 μm. An increase in the MLI is visible in b compared with a. (c) Bar plot showing the MLI measured after sacrifice of the animals. The
statistically significant differences among groups are shown for left and right lungs. One asterisk indicates p ≤ 0.05, two asterisks indicate p ≤ 0.01, three
asterisks indicate p ≤ 0.001. (d, e, f) Correlation plots between MLI and (d) the HU_P measured with μCT, (e) the SNR measured with ZTE MRI and (f) the
SNR measured with UTE MRI for all the different groups. Red markers indicate PPE-treated lungs while green markers indicate lungs that did not receive
PPE. The three different marker shapes correspond to the three different groups. The Spearman correlation coefficient is shown for both the plots. The
best linear regression (black dashed lines) of the data and the 95% confidence intervals (gray dotted lines) are shown.
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oversampling, the vendor reconstruction compensates for the
increased noise using adapted filters.

The lower SNR in ZTE images may be partially explained by
the missing data from the center of k-space. In this work, the k-
space center gap corresponded to 1.9 nominal dwell times, so
it may be expected that a reduction of this value (<1.5 nominal
dwell times) would result in a better reconstruction and in-
creased SNR in ZTE images. More importantly, no background
subtraction methods were applied to compensate for aliasing ar-
tifacts introduced for example by the coil material typically lo-
cated outside the FOV, as proposed by Weiger et al. (34). In
addition, the non-perfectly-uniform noise in ZTE and UTE images
may play an important role in the observed SNR values. Overall,
using all these expedients, the SNR of UTE images should be very
similar (or even slightly inferior) to that of ZTE images, as sug-
gested by the SMR measurement.

On the other hand, using non-zero TE in 3D UTE acquisitions is
an efficient way to suppress signals from materials with ex-
tremely fast T2*, such as some components in the RF coil, which
would typically lie outside the FOV and cause aliasing artifacts,
resulting in a decrease of the apparent SNR. In addition, 3D
UTE MRI can be used to obtain images with different TE values
and thus generate T2* contrast, particularly sensitive to early
pathological alterations in emphysematous lungs, as previously
discussed. However, compared with ZTE, in 3D UTE eddy current
effects may not be completely compensated even when trajec-
tory mapping is performed for optimization of the reconstruc-
tion (as in the present study).

Finally, from a translational point of view it has to be men-
tioned that 3D UTE is commonly available both on pre-clinical
and clinical scanners. While ZTE has been shown to be
implementable on human scanners (33) and some vendors pro-
vide it in their clinical systems, this technique is still not widely
diffused in clinical practice. Nonetheless, the silent operation
mode of ZTE due to the continuously active gradients clearly ap-
pears as an attractive possibility in the clinical environment.

In conclusion, this study showed that optimized 3D radial
UTE and ZTE MRI sequences can provide lung images of excel-
lent quality, with high SNR in parenchymal tissue and negligi-
ble motion artifacts in freely breathing animals. These images,
acquirable in a reasonable time with an isotropic spatial resolu-
tion of at least 400 μm, were shown to be useful instruments to
accurately detect the pathomorphological changes taking place
in emphysematous lungs. Volumetric UTE and ZTE MRI could
be valuable tools to monitor non-invasively the progression of
emphysema in therapeutic drug delivery preclinical studies,
without sacrificing the full lung coverage, precision, sensitivity
and reliability typical of μCT and without incurring the risks of
cumulative radiation exposure. Similarly, the good sensitivity
to parenchymal changes and the robustness against motion ar-
tifacts make ZTE and 3D UTE MRI perfect tools for the non-
invasive longitudinal investigation of other models of animal
diseases.

In addition, because of all the advantages that they offer, 3D
UTE and ZTE may be considered good candidates for transla-
tional applications and may become common tools in clinical
practice in the close future.
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Multistage Self-Gated Lung Imaging in Small Rodents

Marta Tibiletti,1* Åsmund Kjørstad,2,3 Andrea Bianchi,4 Lothar R. Schad,2

Detlef Stiller,4 and Volker Rasche1,5

Purpose: To investigate the exploitation of the self-gating sig-

nal in ultrashort echo time (UTE) two-dimensional (2D) acquisi-
tions of freely breathing rats to reconstruct multiple respiratory
stages.

Methods: Twelve rats were investigated with a 2D golden
angle UTE protocol (12 coronal slices, echo time 0.343 ms,

repetition time 120 ms, thickness 1 mm, flip angle 30�, matrix
256 � 256, 20-fold oversampling). The self-gating signal was
extracted from the k-space center and sorted into five respira-

tion bins (expiration, inspiration, three intermediate stages).
Lung volume, sharpness, signal to noise ratio (SNR) and nor-

malized signal intensity (NSI) were investigated. Time resolved
images were reconstructed to visualize global animal motion.
Results: The method delineated that the lung volume

decreased gradually from inspiration to expiration. Sharpness
index resulted higher in expiration than in the ungated images.

SNR was higher in ungated images and in expiration, decreas-
ing gradually toward inspiration. NSI values presented a similar
trend, with ungated images showing lower values than the

expiration images. In one animal clear global motion and in
seven animals minor movements were identified.
Conclusion: The presented respiratory gating method allows

the reconstruction of different respiratory positions. Improved
sharpness in expiration images was observed compared with

ungated images. SNR and NSI changes in parenchyma reflect
the expected variation of lung tissue density during respira-
tion. Magn Reson Med 75:2448–2454, 2016. VC 2015 Wiley
Periodicals, Inc.

Key words: self-gating; free-breathing; gated acquisition;
ultrashort echo time imaging; UTE; lung MRI

INTRODUCTION

Lung imaging using proton MR is particularly challeng-
ing (1). The signal arising from lung tissue is inherently
low with respect to most of other body tissues, due to
the low proton density (2). Moreover, parenchyma is
characterized by multiple water–air interfaces, which are

necessary for gas exchange, but result in rapid signal
loss due to the particularly short resulting T2*. There-
fore, only submillisecond echo time sequences are able
to detect sufficient signal from lung parenchyma (3). Fur-
ther limitations rise from the respiratory and cardiac
motion, which must be properly compensated to avoid
motion induced artifacts decreasing image quality.

An efficient acquisition method for lung imaging is the
ultrashort echo time (UTE) technique (4–7). UTE allows
echo times (TE) of approximately 200–300 ms for two-
dimensional (2D) imaging, which may be further reduced
to 8 ms in three-dimensional (3D) acquisition on standard
preclinical systems, thus capable to cope with the fast
signal decay. Furthermore, it uses a center-out acquisi-
tion, which is relatively insensitive to motion artifacts,
due to the intrinsic oversampling of k-space center (8).

Nevertheless, methods able to compensate motion arte-
fact may still be necessary to maximize image quality in
high resolution images. Different approaches can be
applied. One possibility consists in synchronizing the
image acquisition to the breathing cycle, which can be
monitored with external sensors (9) or, usually in clini-
cal systems, navigator sequences (10). This has the direct
drawback to increase the complexity of the MR protocol
and yields a reduced imaging protocol efficiency as well
as steady-state perturbation. Cardiac and ventilation trig-
gering causes nonperfectly reproducible repetition times,
resulting in an uneven image contrast, which may result
in unwanted changes in signal output.

An alternative method to compensate for movement is
retrospective gating. One of the most widely used retro-
spective gating strategy exploits the k-space center (DC) as
gating signal. Because the DC signal represents the energy
of the respective image, changes in the image, e.g., caused
by cardiac or respiratory motion cause a modulation of the
DC signal. The extraction of this signal is particularly
straightforward in 2D UTE, because the DC-values are
directly sampled at the beginning of each projection.
Zurek et al compared constant repetition time methods
and the cardiorespiratory self-gated approach in lung
mice acquisition for 2D UTE and found no significant dif-
ference in the resulting image quality between simple
averaging and prospective gating of expiration images in
terms of noise level per unit time and sharpness (11).

Retrospective gating in principle also allows the recon-

struction of multiple cardiorespiratory stages, because

data can be continuously acquired. Reconstructing multi-

ple respiratory stages may be useful as it allows the

extraction of information regarding ventilation, which

can be derived from the difference in signal intensity

between inspiration and expiration images (12–14), simi-

larly to what has been done by Fischer et al from human

acquisitions (15).
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Since a rodent under anesthesia breathes in a charac-

teristic way, alternating brief inspiration periods to rela-

tive long end-expiration periods, reconstructing high

quality images from end-inspiratory and intermediate

stages in this setting is challenging within an acceptable

acquisition time.
In this work, we investigated the possibility to exploit

the self-gating (SG) signal in multislice UTE 2D acquisi-

tions of freely breathing rats to reconstruct from the

entire acquired dataset images of different respiratory

stages. Signal-to-noise ratio (SNR) and normalized signal

intensity (NSI) in parenchyma, image sharpness and

lung volume changes were studied to show the feasibil-

ity of the method.

METHODS

Animals and Ethics Considerations

Male Wistar rats (n ¼ 12), 12 weeks old, weight 267 6 7

g were purchased from Charles River Laboratories (Sulz-

feld, Germany). Animal experiments were approved by

the local authorities (regional board of T€ubingen) and

conducted according to German law for the welfare of

animals and regulations for care and use of laboratory

animals. The acquisitions reported were a part of a larger

longitudinal study.

MRI Acquisitions

A 2D golden angle UTE sequence (16–18) was imple-

mented on a 7 Tesla (T) Biospec spectrometer (Bruker,

Ettlingen, Germany with Paravision 6.0). All acquisitions

used a thorax-optimized four Rx phased-array coil (Rapid

Biomedical, Rimpar, Germany) of 48 mm inner diameter

(19). Rats were placed supine and kept anesthetized with

2% isoflurane in a mixture of N2:O2 (80:20) by means of

a facial mask. The respiratory cycle was monitored con-

stantly using a pressure sensor placed on the abdomen

and the respiratory frequency was maintained between

50 and 80 cycles/min, varying the anesthesia accord-

ingly. Twelve consecutive coronal slices were acquired

with TE 0.343 ms, repetition time (TR) 120 ms, field of

view (FOV) 5 cm � 6 cm, thickness 1 mm, flip angle

(FA) 30 degrees, bandwidth 50 kHz, matrix 256 � 256,

20-fold oversampling (16,080 projections per slice), for a

total acquisition time of approximately 30 min.
The SG signal for each slice and each coil element was

extracted from the k-space center and filtered between

0.5 and 2.5 Hz with a Butterworth bandpass filter with

stopband attenuation of 30 dB. Filtered SG signals from

each coil element were combined by Principal Compo-

nent Analysis over the coil dimension. Selection of the

first component of the combined signals results in the

SG signal exhibiting the largest amplitude (20).

Image Reconstruction

All images were reconstructed with in-house developed

software implemented in Matlab (The MathWorks, Natick,

MA), resampling data onto a 2D Cartesian grid. The sam-

pling density was nonuniform due to the golden angle

approach, and was compensated using a Voronoi diagram

(21). A 2D inverse Fast Fourier Transform was applied to
the k-space of each slice to obtain the final image.

Multistage Reconstructions

Based on the extracted SG signal, all acquired spokes
were sorted into five respiration bins, identifying differ-

ent respiratory positions. Peak expiration (Exp) was
defined as the highest 60% of the gating signal (corre-
sponding to 9648 spokes per slice), peak inspiration

(Insp) as the lower 10% (corresponding to 1608 spokes
per slice), and three intermediate stages (S1–S3) by
equally spacing the remaining gating signal between Exp

and Insp. Because Exp was reconstructed from 6 times
the number of spokes than the other stages, expiration
images (Exp_10) were additionally reconstructed from

the highest 10% (corresponding to 1608 spokes per slice)
of the gating signal to allow direct comparison of the
reconstructions of the different positions in terms of
noise and signal intensity.

Sliding-Window Reconstruction

The properties of the golden angle acquisition scheme
ensure even coverage of k-space for any given number of

spokes. For assessment of global animal motion during
acquisition, an ungated sliding-window reconstruction
was performed over the entire data set. For each slice, 267

temporal snapshots were reconstructed, each derived from
120 projections, with a shift of 60 projections between
subsequent images and a temporal resolution of 14 s.

Image Analysis

From the gated images, lungs were semiautomatically
segmented using an active contour method (22), exclud-

ing main vessels and main bronchi, to extract an estima-
tion of lung volume at all stages of respiration.

Image quality for ungated and expiratory images was
assessed quantitatively by measuring image sharpness

(23), defined as the average image gradient in each slice
(calculated by means of 2 � 2 Sobel filters) in a rectangu-
lar region of interest (ROI) around the lung. Noise was

removed from the gradient images by thresholding with
the Otsu method (24) before averaging. These thresholds
were determined from ungated images and held fixed for

gated reconstructions of the same animal (20).
To evaluate image quality, SNR and NSI in lung paren-

chyma were calculated for each acquisition in all recon-
structed images in three different slices corresponding to

the posterior, medium, and anterior lung. Two ROIs
(ROI1: lung parenchyma, ROI2: muscle tissue) of approx-
imately 150 pixels size were manually defined in each
slice, carefully excluding main vessels or bronchi. SNR

was calculated as the mean signal in the parenchyma
divided by the standard deviation of the signal in the
muscle, while NSI was calculated as the mean signal in

the parenchyma divided by the mean signal in the
muscle.

Statistical analyses were performed with SPSS (IBM
Corp. IBM SPSS Statistics for Windows, Armonk, NY).

The presence of significant differences in SNR and NSI

values among different reconstructions was evaluated
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with an analysis of variance test for repeated measures

with Bonferroni correction. Differences of the sharpness

index between ungated and Exp were evaluated with a

two-sided paired t-test. Continuous values are presented

as mean 6 standard deviation (SD).

RESULTS

All MRI acquisitions allowed the extraction of a SG

respiratory signal. An example of filtered and unfiltered

SG signal can be appreciated in Figure 1. The extracted

signal allowed the reconstruction of respiratory gated

images, where a difference in diaphragm position among

the reconstructed stages could be clearly recognized, as

can be observed in Figure 2.
Estimated lung volumes for all gated reconstructions

are presented in Supporting Table S1, which is available

online, for all animals as overall mean 6 SD. As

expected, lung volumes decreased from inspiration (4.88

6 0.45 mL) to expiration (3.29 6 0.33 mL), resulting in a

tidal volume of 1.60 6 0.16 mL. Volume for S1 was 3.64

6 0.38 mL, 4.02 6 0.41 mL for S2, and 4.46 6 0.44 mL

for S3. The volumes of every respiratory stage were stat-

istically different between all stages (in all cases, P <

0.0001).
Figure 3 exemplifies the image quality between expira-

tory gated and ungated images and the resulting gradient

images, before and after thresholding for noise removal.

The sharpness index resulted to (mean 6 SD) 0.0025 6

0.0006 in ungated and 0.0032 6 0.0008 for expiratory

gated images, corresponding to an average percentage

increment of 29.1% 6 18.7%. This difference was statis-

tically significant (P < 0.0005).
Figure 4 visually represents the SNR and NSI values

as mean and SD for the reconstructed images. The calcu-

lated SNR values decreased from Exp to Insp across the

intermediate stages (P < 0.005). Exp and ungated images

did not show any difference in SNR (P ¼ 1). The SNR in

Exp was significantly higher than Exp_10 (P ¼ 0.007).

All other pair-wise comparisons showed significant dif-
ferences with P < 0.0005.

The calculated NSI values decreased from Exp to Insp.

The NSI between Exp and Exp_10 images was not signif-

icantly different (P ¼ 1) as well as between ungated and

S1 (P ¼ 0.99), but ungated images presented significantly

lower values than Exp and Exp_10 (P < 0.0005). All
other pair-wise comparisons presented significant differ-

ences (P < 0.0005).
Considering all 12 acquisitions performed, in seven

animals some minor movements restricted to a short

fraction of the acquisition could be identified. Addition-

ally, animal 9 demonstrated a marked change in position
during the acquisition, as shown in Figure 5. In this case

it was possible to reconstruct two independent image

sets from two sections of the acquisition, the first starting

from the beginning and terminating at 5 min, the second

beginning at 5 min and terminating at the end of the
acquisition. The two sets depict the animal in clearly dif-

ferent positions. Reconstructing the whole acquisition

leads to acceptable image quality, dominated by the lon-

ger second section, but a superimposed contour of the

ribs can clearly be appreciated the middle of the lung. A
video composed by the reconstructed temporal snapshots

is included as Supporting Video S1.

DISCUSSION

In this work, we demonstrated the feasibility of recon-

structing images corresponding to different respiratory
stages from freely breathing rats using 2D golden angle

UTE.
The extracted lung volumes, which significantly

change between all reconstructed respiratory positions,

confirm indeed that the method is able to represent dif-

ferent stages of the respiration cycle.
Given the relative thickness of the slices used, and the

fact that they do not completely cover the lung volume,
the derived lung volumes may slightly deviate from the

real value, even though our estimations are in line with

FIG. 1. Exemplification of a fraction of the extracted SG signal. The red signal is the oscillation of k-space center, while the blue repre-
sent the same signal filtered between 0.5 and 2.5 Hz (above). The lower panel represents the same fraction of the SG signal with the
calculated thresholds superimposed (black lines) for expiration (above the highest threshold), inspiration (under the lowest), and three

intermediate stages.

2450 Tibiletti et al.



values reported in the relevant literature. Bartling et al
reported functional residual lung capacity of 3.9 6 0.8
mL and the tidal volume range of 1.5 6 0.4 mL in the
rats (25). More recently, Egger et al calculated lung vol-
umes in Sprague-Dawley rats from 3D UTE acquisitions
triggered at end-inspiration and end-expiration, and
obtained tidal volumes of 1.5 mL (26). Both findings are
well in line with the results in this study (expiratory
lung volume: 3.29 6 0.3 mL; tidal volume: 1.6 6 0.6
mL).

Freely breathing rodents under general anesthesia
show a typical breathing pattern characterized by rapid
inspirations followed by a relative long plateau in expi-
ration. Our experience suggests that at a rate of approxi-
mately 60 respiratory cycles/min, around 60% of the
time is spent in expiratory stage. This value is depend-
ent on the actual respiratory frequency, which may vary
among different acquisitions and require an adjustment
of the expiratory to inspiratory ratio. As a result of the
particularly long expiratory phase, even without respira-
tory gating, rodent lungs imaged with radial methods

such as UTE result in mainly artefact-free images which
depict structures mainly from the expiratory position.
Still, our results show a significant improvement in
image sharpness with constant SNRs in expiratory gated
images versus ungated images, when the acquisition is
appropriately oversampled. This is partially in contrast
to what was found by Zurek et al (11). This difference in
outcome may be due to different acquisition protocols
(such as different TR, acquisition times) and different
hardware. In this work an optimized phased-array coil
for lung acquisitions was used (19), which allow excel-
lent image quality. Possibly, the improvement in image
sharpness due to respiratory gating may be evident only
with higher overall image quality. Thus, the importance
of respiratory gating in 2D UTE lung images could be
considered application-dependent but rather relevant to
maximize sharpness.

In this study, respiratory hysteresis was assumed as
minimal and differences of the motion pattern between
inhalation and exhalation were neglected. Reconstruc-
tion of different intermediate stages discriminating the

FIG. 2. Exemplification of reconstructed image quality. Ungated and all gated stages of two slices (posterior and medial) from the same

dataset. White lines offer a visual reference across images of the position of the diaphragm in expiration stage.
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direction of the movement would be straightforward

with the suggested technique, and further work may

investigate whether the assumption is indeed valid in

any situations.
The peculiar respiration pattern in rodents also sug-

gests that achieving high SNR in inspiration and inter-

mediate stages images is challenging. The highest

oversampling factor possible should be used, even

though the tradeoff between total acquisition time and

oversampling must be carefully considered. In this work,

we reconstructed different respiratory phases maintain-

ing an acceptable image quality and sufficient SNR

between 4.49 6 1.91 (inspiration) and 10.65 6 4.40

(expiration) with a 30 min acquisition. This acquisition

time was deemed by the authors acceptable for future

use in high throughput preclinical setting for longitudi-

nal studies. The acquisition time can be shortened, e.g.,

by decreasing the oversampling factor, in case lower

SNR is acceptable or imaging is performed at lower field

strengths intrinsically gaining SNR from the longer T2*

values.
The related long acquisition time increases the risk of

global motion of the animal, which may impact the final

image quality. Given the particular properties of golden

angle radial acquisition, sliding-window images with

low SNR but clear anatomy depiction can be recon-

structed from the same data set. Even though the high

TR of the acquisition causes a rather low temporal reso-

lution, an additional gating signal for global animal

movement can be derived. In case of global animal

motion, clear improvement in image fidelity can be

achieved by restricting the reconstruction to data

acquired during the quiet phases of the animal. Alterna-

tive consideration of the motion information may enable

motion-compensated reconstruction by calculation of

displacement fields between the different global motion

states and using all data for final image reconstruction.

However, considering the rather complex motion and
respiratory motion pattern and the complexity of the
required postprocessing, the suggested identification of
global animal motion might already be interesting for
identifying and partially resolving a potential source of
motion artifacts.

A drawback of the presented method is the rather long
TR, which is necessary to obtain sufficient signal from
lung parenchyma given its long T1 value at ultrahigh
field strength (Zurek et al, e.g., calculated a T1 of 1.8 s at

FIG. 3. Extraction of sharpness index from ungated (higher row) and expiratory gated (lower row) images. From the reconstructed
image, a rectangular ROI encompassing the lung is defined (first column), a 2D gradient image is created (second column), and then is

thresholded to eliminate noise (last column). The threshold is determined with the Otsu method from the ungated image and applied to
both, gated and ungated images. The final extracted value is given by the average value of the thresholded gradient image in all slices.

FIG. 4. Graphical representation of mean and SD of SNR (upper)

and NSI (lower) values for all reconstructed images considered.
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4.7 T) (27). Even though further increase of TR might fur-
ther improve SNR, extraction of the respiratory signal
will become challenging due to undersampling of the
respiratory induced gating signal changes. The current
TR used in this study excludes effective extraction of a
cardiac signal for additional cardiovascular gating, which
may additionally improve vessel and heart sharpness.
An example of the image quality obtained in a slice con-
taining the hearth is available as Supporting Information
(Suppl. Fig. S1). Shorter TR with sufficient SNR may be
achieved by using 3D UTE, where the lack of a slice-
refocusing pulse allows for a reduction of TE to few ms,
flip angles lower than 5� and TR as low as 2 ms. Further
studies are necessary to investigate resulting image and
SG quality in this setting.

The measured SNRs and NSIs in lung parenchyma sig-
nificantly differ between the various inspiration stages,
also considering images reconstructed with the same
number of spokes. Moreover, the NSI in parenchyma is
lower in ungated images with respect to expiratory gated
images. This most probably reflects the fact that, in a
healthy lung, the parenchymal density changes during
the respiration cycle, reaching the maximum in expira-
tion and progressively decreasing with inhalation. Thus,
ungated images present a signal intensity in lung tissue
that is the weighted average of all stages. This affects

also the apparent SNR, which is not higher than in expi-

ration, even though it’s reconstructed with a higher over-

sampling factor.
The lung parenchyma SNR and NSI changes reported

over the respiratory cycle may be exploited in further

studies to quantify lung ventilation. For a more detailed

analysis of the lung function, the derived data could be,

e.g., processed with an analysis similar to Fourier

decomposition analysis (12–15) providing local ventila-

tion information from multistage lung imaging.
In conclusion, in this work we have demonstrated the

feasibility of multistage respiratory gated reconstructions

from 2D golden angle UTE acquisitions in rodents,

achieving sufficient SNR and image quality also in inspi-

ration images. These results may be considered as the

first step toward the implementation of lung deformation

maps that may provide information about the functional

properties of the lung.
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FIG. 5. The upper panel represents the navigator-like signal extracted from time-resolved reconstruction of animal #9. Signs of move-

ment of the animal over time are visible. The intermediate panel represents the time resolved reconstruction for three different time
points. As identified by the asterisks. The yellow lines mark the pixels used for the navigator-like signal in the upper panel. These low-
resolution images clearly show how the animal changes position over time, during the 30 min acquisition. The lower panel represent

three reconstructions from data acquired in the initial 5 min (a, red bar), data acquired during the last 25 min (b, green bar), and from all
data (a1b). The red arrow points to the artefact due to the movement of the animal during the acquisition, which appear as the super-

imposition of ribs over parenchyma.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

Table S1. Estimated lung volume in mL for all animal for all reconstructed
respiratory stages, with means and standard deviation. Tidal volume is the
difference between inspiration and expiration values.

Video S1. Sliding video reconstruction of animal #9 acquisition, the same
animal represented in Figure 5, in which animal movement during acquisi-
tion is clearly visible.

Figure S1. Exemplification of reconstructed image quality in a slice pre-
senting mainly the heart. White lines offer a visual reference across images
of the position of the diaphragm in expiration stage
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Functional Proton MRI in Emphysematous Rats
Andrea Bianchi, PhD,* Marta Tibiletti, MSc,† Åsmund Kjørstad, PhD,‡ Gerald Birk, PhD,§

Lothar R. Schad, PhD,‡ Birgit Stierstorfer, PhD,§ Detlef Stiller, PhD,* and Volker Rasche, PhD†k

Objective: To demonstrate the feasibility of proton magnetic resonance imaging
(MRI) ventilation–related maps in rodents for the evaluation of lung function in
the presence of pancreatic porcine elastase (PPE)-induced emphysema.
Materials and Methods: Twelve rats were equally divided into 3 groups: group
1 (no administration of PPE); group 2 (PPE selectively only in the left lung); and
group 3 (PPE administered in both lungs). Magnetic resonance imaging (MRI) and
computed tomographic (CT) datawere acquired at baseline, at 2 weeks and 4weeks
after administration, after which the animals were euthanized. The MRI protocol
comprised a golden angle 2-dimensional ultrashort echo time MRI sequence [echo
time, 0.343 millisecond (ms); repetition time, 120 ms; 12 slides with thickness,
1 mm; acquisition time, 30 minutes], from which inspiration and expiration images
were reconstructed after the extraction of a self-gating signal. Inspiration images were
registered to images at expiration, and expansionmapswere created by calculating the
specific difference in signal intensity. The lungs were segmented, and the mean spe-
cific expansion (MSE) calculated as an established surrogate for fractional ventilation.
Computed tomographic data provided lung density (peak of the Hounsfield unit his-
togram, HU_P), whereas histology provided the mean linear intercept for each lung.
Results: Two weeks after administration, the control group had a mean MSE in
both lungs corresponding to 96% of the baseline. Group 2 had 85% of the base-
line, and group 3 had 57%. Considering the PPE-treated lungs alone, a significant
reduction inMSE of 27% at 2 weeks and 40% at 4 weeks was found with respect
to nontreated lungs. Significant correlations between HU_P andMSEwere found
at all time points (baseline: r = 0.606,P = 0.0017; 2 weeks: r = 0.837,P≤ 0.0001;
4 weeks: r = 0.765, P < 0.0001; all time points: r = 0.739, P < 0.0001). Mean lin-
ear intercept values significantly correlated both with MRI MSE (r = −0.770,
P < 0.0001) and with CT HU_P (r = −0.882, P < 0.0001).
Discussion: The calculated ventilation-related maps showed a reduction of func-
tion in the PPE-treated lungs, both compared to the nontreated lungs and to the
baseline values. Moreover, a good agreement between MRI-measured MSE,
CT, and histology data quantitatively supports the presence of ventilation deficit
in emphysematous lungs.

In this work, we have demonstrated the feasibility of ventilation-related
maps from non–contrast-enhanced 1H lung MRI, which were capable of tracking
changes in lung function over time in emphysematous rats.

Key Words: lung MRI, functional proton MRI, emphysema, ventilation maps,
COPD, micro-CT

(Invest Radiol 2015;50: 812–820)

C hronic obstructive pulmonary disease (COPD) is the fourth leading
cause of death in the United States, and it is now the most common

form of chronic lung disease.1 Emphysema, a primary subcategory of
COPD, is characterized by abnormal enlargement of lung airspaces, ac-
companied by destruction of the alveolar walls, loss of tissue density,2

and loss of lung elastic recoil.3 This disease results principally from inha-
lation of toxic substances, usually from tobacco smoke, occupational dust
and chemicals,1,4 and progressively deteriorates pulmonary function.

Conventional methods to diagnose and evaluate emphysema in-
clude pulmonary function tests, chest radiography, and computed to-
mography (CT). Pulmonary function tests are global markers that are
able to provide only a gross assessment of the state of the disease and
are insensitive to the early changes.5 Computed tomography, by com-
parison, is more sensitive to early localized emphysematous changes.6

Nonetheless, the cumulative radiation dose of CT scans limits their
use in longitudinal studies.7,8

In the past years, considerable efforts have been made to study
lung tissue structure and function with magnetic resonance imaging
(MRI), for developing a sensitive, nonionizing, and noninvasive modal-
ity to diagnose emphysema in its early stage and to evaluate its progres-
sion. Efforts have also been made in lung imaging of small-animal
models of lung diseases to enable preclinical longitudinal assessment
of this disease, especially aiming at providing a reliable readout to study
the therapeutic effect of selected drugs and lead compounds.9

With MRI, visualization of lung parenchyma is particularly chal-
lenging.10Besides typical limitationsdue torespiratoryandcardiacmotion
deteriorating the final image quality, the major challenge in lung imaging
stems from the intrinsically lowMRsignal due to the lowwater concentra-
tion11 and multiple air-tissue interfaces. The short T2* relaxation requires
to samplewith minimal latency to retrieve the rapidly decaying signal.

In this context, averaging approaches applied to optimized gradi-
ent echo sequences with short echo times (TEs; ~500 µs) were shown to
be able to detect lung parenchyma changes that can be related to path-
ophysiological structural modifications in the lung tissue of diseased
animals.9,12 Nonetheless, gradient echo sequences are unable to provide
good signal-to-noise ratio (SNR) in lung parenchyma while ensuring
good spatial resolution, since the latter has to be sacrificed to achieve
sufficiently short TE. Recently, ultrashort TE (UTE) has proven high
spatial resolution with good SNR in parenchymal tissue.13,14 This ad-
vantage over gradient echo sequences was shown to be extremely useful
in emphysema studies in rodents, since pathological parenchyma signal
intensity changes could be accurately correlated to pathohistomorpho-
logical changes at the microscopic level.15

Functional lung imaging has been explored using several alter-
native techniques, such as hyperpolarized gases16–22 (HP) and dynamic
oxygen-enhanced MRI.23–26 The former is able to provide direct re-
gional information regarding inhaled gas density but is expensive and
requires specialized hardware. The latter, being based on the paramag-
netic effect of 16O2, suffers from low SNR.27

Non–contrast-enhanced functional lung imaging can also be
used to extract information about ventilation from the difference in pa-
renchymal signal between full inspiration and full expiration data sets.28

This has already been proven as a valid instrument to diagnose ventilation-
related changes in humans29,30 and have shown good agreement with other
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methods for functional lung assessment, such as 3He31,32 and lungdeforma-
tion.33 Themethod has also been established for CT34 and has shown good
promise regarding phenotyping of patients with COPD.35

In this study, we aim to investigate the feasibility of proton MRI
ventilation maps in rodents for the evaluation of early alterations of
lung function and structure in the presence of emphysema. A golden an-
gle (GA) 2-dimensional (2D) UTE MRI sequence was implemented
along with a self-gating method that allowed reconstruction of full-
inspiration and full-expiration images from a single acquisition in freely
breathing rats. The feasibility of these maps was investigated in a well-
established rodent emphysemamodel induced by intratracheal adminis-
tration of porcine pancreatic elastase (PPE).9,36 Results were validated
against the gold standard micro-CT (μCT) imaging and histology.

PATIENTS AND METHODS

Animals and Ethics Considerations
Male Winstar rats (n = 12), 12 weeks old, weighing 267 g ± 7 g

were purchased from Charles River Laboratories (Sulzfeld, Germany).
The animals were first acclimatized in a temperature-controlled envi-
ronment for 1 week. Facility roomswere maintained at constant temper-
ature (23°C), humidity (50% relative humidity), and 12-hour light/dark
illumination cycle. Access to food and tap water was available ad
libitum. Animal experiments were approved by the regional board of
Tübingen and conducted according to German law for the welfare of
animals and regulations for care and use of laboratory animals.

Animals were anesthetized with 3.5% isoflurane in a mixture of
N2/O2 (80:20). Porcine pancreas elastase (Calbiochem, Germany) was
intratracheally administered with animals under anesthesia using a fiber
optic laryngoscope. The animals were separated into 3 groups (n = 4/
group): (i) group 1 (control group) received no administration of PPE;
(ii) group 2 (“one lung” group) received 75 U PPE/100 g body weight
(dissolved in 0.2-mL NaCl 0.9%) administered selectively only in the
left lung; (iii) group 3 (“both lungs” group) received 75 U PPE/100 g
body weight (dissolved in 0.2-mL NaCl 0.9%) administered in both
lungs (administration of the bolus before the carina bifurcation).

Baseline images with MRI and μCTwere acquired for all ani-
mals before administration of PPE, with follow-up scans 2 weeks
and 4 weeks after the administration. After the acquisition of the last
images, animals were killed and lungs were harvested to perform histo-
logic examination.

MRI Acquisitions
Magnetic resonance imaging acquisitions were implemented on

a 7 T Biospec spectrometer (Bruker, Ettlingen, Germany), with a
thorax-optimized 4 Rx phased-array coil (Rapid Biomedical, Rimpar,
Germany) of 48-mm inner diameter.37 The rats were placed supine
and kept anesthetized with 2% isoflurane in a mixture of N2:O2

(80:20) via facial mask. The respiratory cycle was monitored constantly
using a respiratory pillow placed on the abdomen. A fast low-angle shot
sequence (axial, sagittal, and coronal planes) was acquired to control
the correct positioning of the animals at each time point, checking the
main anatomical landmarks available (heart, spinal cord, and lungs);
a correction of the position inside the spectrometer was applied when
needed. Magnetic resonance imaging data were acquired using a 2D
golden angle ultrashort echo time (GA UTE)38–40 sequence. Twelve
consecutive coronal slices of 1-mm thickness were acquired to fully
cover the lung volume, with TE, 343 μs; repetition time (TR), 120 ms;
field of view (FOV), 5 cm � 6 cm; flip angle, 30 degrees; bandwidth,
50 kHz; 804 projections; matrix, 256 � 256; 20-fold oversampling for
a total acquisition time of approximately 30 minutes. The self-gating
signal for each slice was extracted from the k-space center of each spoke
and filtered between 0.5 and 2.5 Hz with a Butterworth bandpass filter
with stopband attenuation of 30 dB.41

Based on this signal, the spokes were sorted into 2 respiration
bins. To account for the respiration pattern of anesthetized rodents,
which is characterized by long expiration plateau followed by a rapid in-
spiration phase, the expiration bin can be maintained much wider than
the inspiration bin. In fact, thresholds over the self-gating signal were
defined such that peak inspiration was reconstructed from the upper
60% of the gating signal and peak expiration from the lower 10%.

All images were reconstructed with in-house developed software
implemented in Matlab (The MathWorks, Natick, MA), resampling
data over a 2D Cartesian grid. The sampling density was nonuniform
owing to the GA approach, and density compensation was applied
using a Voronoi diagram.42 A 2D inverse fast Fourier transform was
applied to the k-space of each slice to obtain the final image.

Extraction of Ventilation Maps
Lung images corresponding to inspiration were registered to im-

ages at expiration at all 3 time points using a fluid image registration
model43 combined with the residual complexity similarity measure.44

Specific expansionmaps were created by calculating the specific differ-
ence in signal intensity between inspiration and expiration30:

E ¼ Sexp− Sinsp
Sexp

;

where Sexp is the signal intensity at expiration and Sinsp is the signal in-
tensity at inspiration. The lungs were semiautomatically segmented
using an active contour method45 and the mean specific expansion
(MSE) calculated as an establish surrogate34 for fractional ventilation
in each lung volume at each time point.

Micro-CT Acquisitions and Analysis
Micro-CT images were acquired as gold standard to assess the

development of the emphysema. Data were acquired on a Quantum
FX μCT system (Perkin Elmer, Waltham, MA) with cardiac gating
(without respiratory gating), using the following parameters: 90 kV;
160 μA; FOV, 60� 60� 60 mm; spatial resolution, 0.11 mm, resulting
in a total acquisition time of 4.5 minutes. Resulting images were ana-
lyzed with MicroView 2.0 software (GE Healthcare, Amersham, UK),
which allows a semiautomatic segmentation of left and right lungs.
Hounsfield unit (HU) histograms were obtained for left and right lungs
using bins of 10-HUwidth. In the absence of awell-established gold stan-
dard to quantify emphysematous changes in rodents with μCT and to
avoid relying on an arbitrary threshold to identify emphysematous
regions,46–48 the HU corresponding to the peak of the HU-histogram
(HU_P) for the segmented pixels were used as a measure of the emphy-
sema progression. Total lung volume was also computed. The lung vol-
umes measured at 2 and 4 weeks were normalized to the respective
baseline volumes.

Histology
Upon completion of imaging, each animal was euthanized using

an overdose of pentobarbital (250 mg/kg intraperitoneally). Immedi-
ately after euthanasia, right and left lungs were dissected out, fixed with
4% paraformaldehyde (prepared in phosphate-buffered saline, pH 7.2)
in inflation using intratracheal injection, and embedded in paraffin.
The lungs were cut parallel to the main bronchus and sliced with a
thickness of 3 μm. Slides were stained using hematoxylin and eosin
and digitally scanned with a Zeiss AxioScan Z1 (Jena, Germany) with
a 20� magnification. Images were exported with 1:4 setting and cut
into tiles of 1024� 1024 pixel (1 pixel ≅ 0.88 μm). Tiles with less than
40% coverage and tiles including airways, blood vessels, or artifacts were
rejected. For the remaining tiles, the mean linear intercept (MLI)49 was
automatically determined using a proprietary application based on a
commercially available machine vision software library (Halcon 12.0,
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MVTec Software GmbH, Munich) to evaluate the presence and severity
of emphysematous changes.

Statistical Analysis
The significance of differences in body weights, normalized to-

tal lung volume, MLI, MSE, and HU_P values among groups (for each
time point) was assessed using the one-way analysis of variance with
the Fisher least square difference test, with a single pooled variance.
The presence of significant differences in normalized total lung vol-
ume,MSE, and HU_P among time points (for each group) was assessed
using the repeated measures one-way analysis of variance test with
Greenhouse-Geisser correction and the Fisher least square difference
method, with individual variances computed for each comparison. No
multiplicity correction was applied owing to the exploratory nature of
the work and the small sample size involved. The presence of signifi-
cant correlations between MSE, HU_P, and MLI values was assessed
using the Spearman correlation test.

P values less than 0.05 were considered significant. All analyses
were performed using GraphPad Prism (GraphPad Software Inc, La
Jolla, CA). All data are presented as mean value ± standard error of
the mean (SEM).

RESULTS
Eleven rats survived the instillation protocol. One animal that had

received a nonselective administration of PPE in both the lungs (group
3, animal #9) died 24 hours after instillation, during the inflammatory
phase of PPE. An animal belonging to the one-lung group (group 2, ani-
mal #6) was killed 3weeks after the PPE administration after being injured
by the other animals. The weight of the animals (Supplementary Figure
S1, Supplemental Digital Content 1, http://links.lww.com/RLI/A212)
was not significantly different among the 3 groups at all the time points

(P = 0.928, P = 0.368, and P = 0.487 at baseline, 2 weeks and
4 weeks, respectively).

All MRI acquisitions allowed the extraction of a respiratory
gating signal and the reconstruction of respiratory-gated images, where
a difference in diaphragm position among the reconstructed stages could
be recognized. Ventilation-related maps were successfully reconstructed
for all the acquisitions. Images showing the extracted ventilation-related
maps for the 3 groups are shown in Figure 1, where reduction of MSE
can be visually observed in PPE-treated lungs. A side-to-side comparison
between the UTE MR and μCT images is presented in Figure 2. A de-
crease in μCT and MRI signal is clearly visible in PPE-treated lungs.

All calculated MSE average values for each group and time
point are shown in Table 1. The individual values for each animal are
presented in the Supplementary Table S2, Supplemental Digital Con-
tent 2, http://links.lww.com/RLI/A213. Twoweeks after administration,
the control group had a meanMSE in both lungs corresponding to 96%
of the baseline. Group 2 (one lung PPE-treated) had 85% of the baseline
and group 3 (both lungs PPE-treated) had 57% of the baseline. After
4 weeks, the control group had 106% of the baseline, group 2 had
69%, and group 3 had 51%. Considering the PPE-treated lungs alone,
a significant reduction in MSE of 27% at 2 weeks and 40% at 4 weeks
was found with respect to the nontreated lungs. The statistically signif-
icant differences of MRI MSE among groups and across time points
and the relative P values are indicated in Figure 3, A and B.

In left lungs (Fig. 3A) at 2 weeks, the MSE was 0.26 ± 0.02
in the controls and 0.14 ± 0.02 in group 2 (PPE treated, P = 0.018 com-
pared to the controls) and 0.12 ± 0.04 in group 3 (PPE-treated,
P = 0.011 compared to the controls). Similarly, in left lungs at 4 weeks,
the MSE was 0.25 ± 0.02 in the controls and 0.09 ± 0.02 in group 2
(PPE treated, P = 0.0005 compared to the controls) and 0.09 ± 0.02
in group 3 (PPE treated, P = 0.0005 compared to the controls). No sig-
nificant difference between the controls, group 2, and group 3 in MSE

FIGURE 1. Mean specific expansion maps superimposed on anatomical MRI images for all 3 groups. Only one exemplary coronal slice over the
12 acquired is presented here for each group. From top to bottom: Control group (animal #2), group 2 (#8), group 3 (#10). The letters “L” and “R” are
used to indicate the left and right lungs, respectively. A clear reduction in ventilation in the afflicted lungs in groups 2 and 3 can be appreciated. Large blue
spots in the center of the right lung correspond to main vessels, which do not expand during ventilation. Since animals are repositioned in-between
acquisitions, slices do not perfectly match. This also may results in different proportion of left and right lung being visible in a single slice.
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was observed at the baseline in left lungs. In right lungs (Fig. 3B), at
2 weeks, the MSE was 0.20 ± 0.02 in the controls, 0.25 ± 0.03 in group
2 (non–PPE treated, P = 0.154 compared to the controls), and
0.14 ± 0.03 in group 3 (PPE treated, P = 0.153 compared to the con-
trols, P = 0.016 compared to group 2). Similarly, in right lungs, at
4 weeks, the MSE was 0.24 ± 0.02 in the controls, 0.22 ± 0.02 in group
2 (non–PPE treated, P = 0.489 compared to the controls), and
0.13 ± 0.01 in group 3 (PPE treated, P = 0.004 compared to the con-
trols and P = 0.014 compared to group 2). No significant difference
between the controls, group 2, and group 3 in MSE was observed at
the baseline in right lungs.

Hounsfield unit histograms of segmented lungs from μCT im-
ages were obtained for left and right lungs. The clear shift of the mean
HU histograms and of their peak in PPE-treated lungs toward lower HU
values can be visually assessed in Supplementary Figure S3, Supple-
mental Digital Content 3, http://links.lww.com/RLI/A214. The statisti-
cally significant differences of HU_P among the groups and across
time points and the relative P values are indicated in Figure 3, C and
D. In left lungs (Fig. 3C), at 2 weeks, the μCT HU_P was
−433 ± 26 HU in the controls, −545 ± 6 HU in group 2 (PPE treated,
P = 0.003 compared to the controls), and −503 ± 20 HU in group 3
(PPE treated, P = 0.036 compared to the controls). Similarly, in left
lungs at 4 weeks, the μCT HU_P was −437 ± 31 HU in the controls,
−570 ± 6 HU in group 2 (PPE treated, P = 0.004 compared to the

controls), and −550 ± 12 HU in group 3 (PPE treated, P = 0.010 com-
pared to the controls). No significant difference between the controls,
group 2, and group 3 in HU_P was observed at the baseline in
left lungs.

In right lungs (Fig. 3D), at 2 weeks, the μCT HU_P was
−428 ± 23 HU in the controls, −403 ± 31 HU in group 2 (non–PPE
treated, P = 0.509 compared to the controls), and −480 ± 23 HU in
group 3 (PPE treated, P = 0.216 compared to the controls and
P = 0.083 compared to group 2). Similarly, in right lungs at 4 weeks,
the μCT HU_P was −450 ± 26 HU in controls, −390 ± 40 HU in group
2 (non–PPE treated, P = 0.171 compared to the controls), and
−530 ± 12 HU in group 3 (PPE treated, P = 0.082 compared to the con-
trols and P = 0.013 compared to group 2). No significant difference
between the controls, group 2, and group 3 in HU_P was observed at
the baseline in right lungs.

A significant difference in HU_Pwas observed in the left lung of
group 3 (PPE treated) between 2 weeks and 4 weeks (P = 0.034). This
was not the case for the MSE values, where no statistically significant
difference was observed in the left lung of group 3 between 2 weeks
and 4 weeks (P = 0.418) or between baseline and 2 weeks (P = 0.07).
On the other hand, a significant difference in MSE was observed in
group 3 between baseline and 4 weeks (P = 0.015).

Increases in lung volumes normalized to baseline were measured
using μCT images. Pancreatic porcine elastase–treated lungs showed

FIGURE 2. Typical coronal (A) μCT and GA UTE MR (B) images of the lungs from one animal (#8) of group 2 (single administration to the left lung)
measured 2 weeks after the administration of PPE. The left lung (identified with L) appears darker compared to the right lung (identified with R) in both
the images owing to the reduction of proton density caused by the emphysematous changes. The nonperfect correspondence between the 2 images is
due to the repositioning of the animal from the μCT scanner to the MRI system and to the different resolution of the images in the transverse plane
(110 μ for μCT and 1 mm for MRI).

TABLE 1. Mean Specific Expansion With SEM and Range in the Left and Right Lungs for Each Group at Each Time Point

Control Group 1 Group 2

Left Right Left Right Left Right

Baseline
Mean 0.25 ± 0.02 0.22 ± 0.02 0.25 ± 0.01 0.22 ± 0.02 0.22 ± 0.02 0.20 ± 0.02
Range 0.21–0.30 0.18–0.29 0.22–0.29 0.17–0.29 0.19–0.25 0.16–0.26

2 Weeks
Mean 0.26 ± 0.02 0.20 ± 0.02 0.14 ± 0.02 0.25 ± 0.03 0.12 ± 0.04 0.14 ± 0.03
Range 0.21–0.30 0.16–0.23 0.08–0.19 0.17–0.31 0.04–0.19 0.09–0.20

4 Weeks
Mean 0.25 ± 0.02 0.24 ± 0.02 0.09 ± 0.02 0.22 ± 0.02 0.09 ± 0.02 0.13 ± 0.01
Range 0.21–0.29 0.20–0.28 0.06–0.13 0.19–0.26 0.07–0.13 0.11–0.16
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significantly larger lung volumes compared to lungs that did not undergo
PPE administration. The normalized lung volumes and the exact
P values for all groups and time points are presented in Figure 4. In

left lungs (Fig. 4A), at 2 weeks, the μCT lung volume compared to base-
line was 119% ± 4% in controls, 168% ± 13% in group 2 (PPE treated,
P = 0.018 compared to the controls), and 201% ± 18% in group 3 (PPE

FIGURE 3. Bar plots (mean ± SEM) for the left (A, C) and right (B, D) lungs showing theMSE (A, B) and the peak of the μCTHU_P (C, D) for the 3 groups
at the different time points. The statistically significant differences (P < 0.05) among groups (for a given time point, solid lines) and across time points
(for a given group, dashed lines) are shown. Note that for visual reasons, the y-axes in (C) and (D) are inverted.

FIGURE 4. Bar plots (mean ± SEM.) for the left (A) and right (B) lungs showing the lung volume normalized to baseline as calculated with μCT for the
3 groups at the different time points. The statistically significant differences (P < 0.05) among groups (for a given time point, solid lines) are shown.
Pancreatic porcine elastase–treated lungs showed a higher increase in lung volume compared to the lungs that did not receive PPE. In (C), the comparison
of left and right lungs for group 2 (one lung administration) is shown in the same bar plot [data from (A) and (B)].
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treated, P = 0.0017 compared to the controls). Similarly, in left lungs
at 4 weeks, the μCT lung volume compared to baseline was 131% ± 5%
in controls, 223% ± 13% in group 2 (PPE treated, P = 0.003 compared
to the controls), and 241% ± 25% in group 3 (PPE treated, P = 0.001
compared to the controls). In right lungs (Fig. 4B), at 2 weeks, the
μCT lung volume compared to baselinewas 121% ± 5% in the controls,
136% ± 8% in group 2 (non–PPE treated, P = 0.139 compared to the
controls), and 188% ± 6% in group 3 (PPE treated, P = 0.0001 com-
pared to the controls and P = 0.0007 compared to group 2). Similarly,
in right lungs at 4 weeks, the μCT lung volume compared to baseline
was 131% ± 8% in the controls, 137% ± 4% in group 2 (non–PPE
treated, P = 0.583 compared to the controls) and 208% ± 8% in group
3 (PPE treated, P = 0.0001 compared to the controls and P = 0.0003
compared to group 2).

The increase in lung volumes normalized to the baseline mea-
sured at 4 weeks significantly correlated withMLI values measuredwith
histology (r = 0.770,P < 0.0001), as shown in Supplementary Figure S4,
Supplemental Digital Content 4, http://links.lww.com/RLI/A215.

Significant correlations between μCT, HU_P, and MRI MSE
were found at baseline (r = 0.606, P = 0.0017; Fig. 5A), 2 weeks
(r = 0.837, P = <0.0001, Fig. 5B) and 4 weeks (r =0.765, P < 0.0001;
Fig. 5C). A significant overall correlation was found between HU_P
and MSE when the data of all the 3 time points were plotted
(r = 0.739, P < 0.0001), as shown in Figure 5D.

Representative ex vivo images of control and PPE-treated lungs
are shown in Figure 6, A and B. Pancreatic porcine elastase–treated
lungs showed on average larger alveolar radii compared to lungs that
did not undergo PPE administration. The statistically significant differ-
ences of MLI among groups and the relative P values are indicated in
Figure 6, C and D. In left lungs (Fig. 6C), the MLI was 74 ± 4 μm in
the controls, 122 ± 4 μm in group 2 (PPE treated, P = 0.0004 compared
to the controls) ,and 104 ± 8 μm in group 3 (PPE treated, P = 0.006
compared to the controls). In right lungs (Fig. 6D), the MLI was
76 ± 5 μm in the controls, 68 ± 4 μm in group 2 (non–PPE treated,
P = 0.334 compared to the controls), and 100 ± 8 μm in group 3

(PPE treated, P = 0.018 compared to the controls). Mean linear intercept
values significantly correlated both with MSE values measured with
MRI (Fig. 6E; r = −0.770, P < 0.0001) and with HU_P values measured
with μCT (Fig. 6F; r = −0.882, P < 0.0001).

DISCUSSION
Instillation of PPE in lungs results in a fast and critical alveolar

destruction that mimics emphysema, followed by an acute inflamma-
tory reaction, which leads to neutrophil and macrophage accumulation
within the lungs.50 Previous studies using a similar emphysema model
showed that it is possible to induce a reasonably homogeneous tissue
destruction throughout each lobe within the lungs.9 In this work, this
well-known and established animal model of lung emphysema was
used to assess the feasibility of ventilation maps in small rodents.

Micro-CT imaging showed an average decrease in the HU histo-
gram peak and an increase in lung volume in PPE-treated animals com-
pared to baseline values and nontreated lungs. These observations, in
agreement with the bulk of literature,15,51 indicate a significant decrease
in parenchymal density and elasticity in lungs affected by emphysema.
Similarly, the calculated ventilation maps showed a reduction of func-
tion in the PPE-treated lungs, both compared to the nontreated lungs
and to the baseline values. Although a very clear trend was observed,
the difference inMSE of group 3 left lung (one lung administration) be-
tween baseline and 2 weeks was not statistically significant (P = 0.07).
In a similar way, the difference in MSE at 2 weeks in the right lung be-
tween the controls and group 3 (PPE treated) was not statistically signif-
icant (P = 0.15), contrary to the difference in MSE in the right lung at
2 weeks between the controls and group 2 (PPE treated) that was statis-
tically significant. These observations are clearly related to the limited
group size used, which reduces the statistical power of the tests. None-
theless, this proof-of-concept clearly shows that the method investi-
gated in this work is capable of longitudinally detecting reduced lung
function in emphysematous rats, distinguishing healthy from diseased
animals. Moreover, a significant correlation was found between the

FIGURE 5. Correlation plots between the MSE measured with MRI and the HU_P measured with μCT for all the different groups at (A) baseline,
(B) 2 weeks, and (C) 4 weeks. D, Overall correlation (all time points and all groups) is shown. Redmarkers indicate lungs that were treatedwith PPE after
the baseline measurement, whereas green markers indicate lungs that did not receive PPE at any time. The 3 different marker shapes correspond to the 3
different groups. The Spearman correlation coefficient is shown for all the plots. The best linear regression (black dashed lines) of the data and the 95%
confidence intervals (gray gashed lines) are shown.
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mean specific expansion values and the peak Hounsfield units, in-
dicating a good agreement between MRI-measured ventilation and
μCT and supporting the idea that emphysematous lungs are affected
by ventilation deficits.

Histomorphometric measurements showed a significant increase
in the MLI in PPE-treated animals, indicating an average enlargement
of alveolar airspaces in animals developing emphysema. As previously
shown,51 μCT measurements well correlated with histological assess-
ment. Notably, in this work, a good correlation between the MSE and
the MLI was shown, confirming that the observed reduction in ventila-
tion measured with MRI is indeed related to the loss of parenchymal
density taking place in rats' lungs after elastase administration.

In this study, the same total dose of elastase was administered in
groups 2 and 3, so that the local dose in the left lung of group 2was dou-
ble compared to that of group 3. Notably, no significant dose-dependent
effect of PPE has been observed in the lungs of the animals 2 or 4 weeks
after the PPE challenge with the investigated readouts (μCT, MRI, and
histology). This observation suggests that the dose-response relation-
ship is far from being linear at this level, and both doses result in rather
strong emphysematous changes, with a diffuse disruption of the alveo-
lar walls already after 2 weeks. Our data suggest that the 2 different

doses may have a similar effect in the lungs and dose-response differ-
ences might only be visible at earlier time points.

The use of MR signal difference between inspiration and ex-
piration has already been proven as a valid instrument for clinical ap-
plication.29,30 Contrary to standard pulmonary functional tests or
normalized lung volume measurements, this method has the important
advantage of providing regional information. By extending this method
to small-animal MRI, we now allow for radiation-free noninvasive
study of regional disease progression and treatment effect in animal
models. The acquired ventilation information can potentially act as an
imaging biomarker for several different types of lung disease, such as
air trapping in asthma or mucus plugging in cystic fibrosis.

To our knowledge, this work is the first proof of feasibility of
ventilation-related maps in small animals. The implemented method
is indeed based on a fluid image registration model that requires expira-
tion and inspiration lung images with sufficiently high SNR to work
properly. Freely breathing rodents show a typical breathing pattern
characterized by rapid inspirations followed by a relative long pla-
teau in expiration. Thus, the image quality in inspiration images is the
main limitation, which can be compensated by increasing the total ac-
quisition time.40 In this work, different respiratory phases were

FIGURE 6. A, B, Typical histological images of (A) control (animal #3) and (B) PPE-treated lungs from group 2 (left lung of animal #5; original
magnification�20). The scale bars correspond to 500 μm. An increase in theMLI is visible in (B) compared to (A). C, D, Bar plot showing theMLI for left
(C) and right (D) lungs. The statistically significant differences (P < 0.05) among groups (solid lines) are indicated. E, F, Correlation plots between the MLI
and MSE measured with MRI (E) or the HU_P measured with μCT (F) for all the different groups at 4 weeks. Red markers indicate PPE-treated lungs,
whereas green markers indicate lungs that did not receive PPE. The 3 different marker shapes correspond to the 3 different groups. The Spearman
correlation coefficient is shown for both the plots. The best linear regression (black dashed lines) of the data and the 95% confidence intervals (gray
gashed lines) are shown.
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reconstructed, maintaining an acceptable image quality and SNRwith a
30-minute acquisition time. This acquisition time can be considered ac-
ceptable for future use in high-throughput preclinical setting for longi-
tudinal studies.

A key element to achieve good image quality in this experiment
was also the use of an optimized phased-array coil for lung acquisitions.
Such array, whose filling factor is optimized for rats of 300 to 350 g, is
characterized by 2 pairs of coil elements decoupled by shared conduc-
tors, preamplifier decoupling, and interface box containing low noise
preamplifiers. The use of a GAUTE sequence combined with a thorax
optimized coil allowed for sufficient MR signal both at inspiration and
expiration. However, the signal of the lungs is still low compared to
other organs, and noise can therefore potentially limit the sensitivity
of the method. This is especially true in emphysematous lungs, where
tissue destruction further reduces the signal. Any improvements in coil
design allowing for SNR increase will be therefore beneficial for
this technique.

It is important to mention that the calculation of ventilation-
related values presented in this paper is based on 2 basic assumptions,
both of which have limitations. First, it is assumed that the calculated
lung expansion corresponds to lung ventilation, which is not necessarily
true. Whereas expansion is a necessary condition for ventilation, it is
not sufficient, as blocked off areas of the lung can still expand even if
no air can get through. Second, it is assumed that all the observed signal
changes are due to the expansion of the lung. Instead, it is known that
T2* can significantly change owing to changes in tissue density and
hence, lung volume aswell.52With this respect, the UTE sequence used
in this study has the advantage of strongly reducing T2* dependence,
thanks to its relatively short TE. These 2 limitations do not invalidate
the method but should be considered when selecting animal models
and acquisition methods for future studies.

In addition, in this work, 2D GA UTE with high TR was used.
The acquisition method applied has the inherent limitation of not
allowing the extraction of a cardiac signal to perform cardiac self-
gating due to the high repetition time necessary to acquire decent lung
signal. This does not allow the full application of the SENCEFUL
method introduced by Fisher et al for clinical applications,53 which per-
mits also the extraction of perfusion-related maps from the variation of
parenchyma intensity over the cardiac cycle. In addition, the use of a 2D
method limits the through-plane spatial definition of the resulting im-
ages. Furthermore, through-plane motion due to respiration cannot be
accounted for, and it is necessary to introduce the hypothesis that it is
negligible. It is also worthy to mention that another limitation of 2D ac-
quisitions (affecting particularly longitudinal studies) is related to the
fact that animal repositioning does not allow the acquisition of the same
exact slice in subsequent scans. To overcome these limitations of
2D acquisitions, 3D techniques may be investigated in future studies.

With respect to other methodologies such as HP gases MRI,
the method proposed here is straightforward and requires no special
hardware or additional costs, being based on standard proton MRI.
However, its scope is more limited, as it aims at evaluating only (frac-
tional) ventilation from lung movement during free breathing, whereas
from HP gases studies, parameters connected to alveolar microstructure
can be extracted using apparent diffusion coefficients. Further studies
will be necessary to compare specificity and sensitivity of the presented
method and HP or oxygen-enhanced MRI methods, for this and other
animal models where local ventilation changes are present (eg, air trap-
ping in asthma). In addition, it remains to be clarified whether the tech-
nique proposed in this work can be used to effectively detect early
structural alterations of lung parenchyma before these changes can be
detected with μCTor pulmonary function tests. For this reason, less inva-
sive models of emphysema (eg, smoke exposure or transgenic models54)
should be investigated in the future.

In conclusion, in this work, we have demonstrated the feasibility
of ventilation-related maps as capable of tracking changes in lung

function over time in emphysematous rats. These MRI results were
shown to correlate well with μCT and histology. These findings can
be considered as a significant step forward in functional 1H lung MRI
in animals, which may become a useful quantitative tool to monitor
treatment strategies and animal models of lung diseases. This technique
has the clear advantages of permitting to monitor functional regional
changes in the lungswithout radiation, of being noninvasive, and of being
easy to implement on commercialMRI scanners without additional costs.
Further studies will be required to evaluate the sensitivity and specificity
of this technique against other imaging methods (eg, HP or fluorinated
gas MRI) and FDA-approved gold standards.
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PRECLINICAL AND
CLINICAL IMAGING -

Note

Multistage Three-Dimensional UTE Lung Imaging by
Image-Based Self-Gating

Marta Tibiletti,1* Jan Paul,2 Andrea Bianchi,3 Stefan Wundrak,2 Wolfgang Rottbauer,2

Detlef Stiller,3 and Volker Rasche1,2

Purpose: To combine image-based self-gating (img-SG) with
ultrashort echo time (UTE) three-dimensional (3D) acquisition
for multistage lung imaging during free breathing.

Methods: Three k-space ordering schemes (modified spiral
pattern, quasirandom numbers and multidimensional Golden

Angle) providing uniform coverage of k-space were investi-
gated for providing low-resolution sliding-window images for
image-based respiratory self-gating. The performance of the

proposed techniques were compared with the conventional
spiral pattern and standard DC-based self-gated methods in

volunteers during free breathing.
Results: Navigator-like respiratory signals were successfully
extracted from the sliding-window data by monitoring the

lung–liver interface displacement. A temporal resolution of 588
ms was adequate to retrieve gating signals from the lung–liver

interface. Images reconstructed with the img-SG technique
showed significantly better sharpness and apparent diaphragm
excursion than any of the DC-SG methods. Direct comparison

of the three implemented ordering schemes did not demon-
strate any clear superiority of one with respect to the others.
Conclusion: Image-based respiratory self gating in UTE 3D

lung images allows successful retrospective respiratory gating,
also enabling reconstruction of intermediate respiratory

stages. Magn Reson Med 75:1324–1332, 2016. VC 2015
Wiley Periodicals, Inc.

Key words: morphological lung imaging; retrospective self-gat-

ing; respiratory self-gating; image-based self gating; 3D UTE

INTRODUCTION

Human lung MRI is particularly challenging (1). Besides
typical image quality limitations rising from respiratory
and cardiac motion, the major challenge in lung imaging
stems from the intrinsically low MR signal caused by the
low water concentration (2) and multiple air–tissue inter-
faces. The short T2* relaxation demands data sampling

as close as possible to the excitation of the spins to sense
the rapidly decaying signal.

The first successful lung imaging with gradient echo
techniques was reported by Bergin et al in 1991 (3,4),
showing the feasibility of direct lung parenchyma visual-
ization with echo times (TE) below 1 ms. More recently,
two-dimensional (2D) (5–8) and three-dimensional (3D)
(9–12) ultrashort echo-time (UTE) techniques using
radial k-space center-out sampling were introduced to
study lung parenchyma in animal models and human
subjects. With the intrinsic properties of UTE enabling
ultrashort TEs in the sub 50 ms range, UTE is currently
considered a potential basic MR technique for direct
lung parenchyma visualization. Also, UTE exhibits
excellent performance in the presence of motion (13),
even though motion compensation may still be necessary
to maximize image sharpness (14).

Several concepts to minimize respiratory and cardiac

motion artifacts have been proposed. Breathholding is

efficient if the acquisition time can be kept below 20 s and

the patient is able and willing to cooperate (15). For high-

resolution 3D lung imaging, however, or in case of severe

functional impairment of the lung, breathholding is only

of limited use.
Imaging of single respiratory stages has been realized

applying respiratory triggering either by external regula-

tion (16) or tracking the respiratory stage using specific

devices (17). These techniques still demand either

patient cooperation or additional technical equipment.
Respiratory navigators (18) (RNAV), as frequently used

in cardiac imaging (19–22), have been applied for gating

the data acquisition with the diaphragm position. How-

ever, this method requires interleaving the RNAV

sequence thus prolonging the acquisition time and caus-

ing steady-state perturbations. Concomitant saturation of

parts of the lung by the RNAV sequence further compli-

cates application of the RNAV technique.
Alternative techniques aim at acquiring continuously

during free breathing and retrospectively extracting the
respiratory movement from the data themselves (self-gat-
ing, SG). The resulting continuous gating information
enables the reconstruction of multiple respiratory stages
from a single acquisition.

Most commonly, the k-space center (DC) representing
the total signal of the excitation volume is used as gating
signal (DC-SG). Weick et al combined DC-SG and 3D
FLASH lung imaging (23) adding the DC signal acquisi-
tion after the imaging module of the Cartesian sequence.
Projection reconstruction techniques as, e.g., suggested
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by Larson et al (24) ensures k0 coverage during each
sampling thus directly enabling DC-SG.

Furthermore, SG techniques rely on low-resolution real-
time images from consecutive subset of data (image-based
SG, img-SG)(24–26). If temporal and spatial resolutions
can be simultaneously maintained within acceptable
ranges, the real-time images allow for the direct visualiza-
tion and extraction of respiratory movement by monitor-
ing the liver–lung interface displacement. Img-SG showed
improved results over DC (26) methods because signal var-
iation introduced by the rotating readout direction do not
cause misinterpretation of the gating signal.

The objective of the presented work is to combine
image-based self-gating with 3D acquisition. Four differ-
ent UTE acquisition schemes based on conventional spi-
ral pattern (27), modified spiral pattern, quasirandom
numbers (28), and multidimensional Golden Angle (29)
have been evaluated and tested against standard DC
methods by comparing the final image sharpness at
inspiration and expiration.

METHODS

All experiments were performed on a 3 Tesla (T) Philips
system (Achieva 3T, Philips Healthcare, Best, The Neth-
erlands) equipped with a PowerTrack 8000 gradient sys-
tem providing a maximum slew rate of 200 T/m/s and
maximum gradient amplitude of 31 mT/m. All data were
acquired with a 2 � 8-channel phased-array thoracic coil
(Torso XL, Philips Healthcare, Best, The Netherlands).

Ordering Schemes

Figure 1 provides an overview of the distribution of 256
spokes on the unit sphere resulting from the investigated
ordering schemes.

The conventional spiral scheme (CV, Figure 1A) as
introduced by Wong and Roos in 1994 (27), sweeps the
surface of the k-space sphere at a constant rate. It is not
suitable for time-resolved imaging, because it spans only a
small region of the unit-sphere in a short period of time.
Its trajectory over the unit sphere is described by the polar
angle u and the azimuthal angle w. With N being the num-
ber of projections per interleave, I the number of inter-
leaves, n¼0. . .N-1, i¼0.I-1, u and w calculate according to:

u nð Þ ¼ arccosð2 � nþ 1�N

N
Þ [1]

w nð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

N � p
p

I
� u nð Þ þ i � 2 � p

I

To ensure more rapid coverage of the unity sphere, the
regularized spiral scheme (RS, Figure 1B) uses an
increased azimuthal velocity, while maintaining a spiral
pole-to-pole path per interleave by modifying the azi-
muthal term from Eq. [1] to:

w nð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

N � p
p

� u nð Þ þ i � 2 � p

I
[2]

thus guaranteeing uniform coverage even with relatively
few spokes. To further increase the uniformity, each set
of 512 spokes was subdivided into four interleaves of
128 spokes (see Chan et al; 29) selecting the starting
polar angle according to a Golden Angle scheme.

The quasirandom (QR, Figure 1C) scheme has been
suggested for 3D UTE by Hemberger et al (28) and for
Cartesian 3D FLASH by Fischer et al (30). It exploits the
characteristics of a Niederreiter 2D quasi random
sequence to generate a sequence of 2D-tuples that fills
2D-space more uniformly than uncorrelated random
points (31). Calculation of the respective encoding direc-
tions is as:

u nð Þ ¼ arccos nð Þ � l1 [3]
w nð Þ ¼ 2 � p � ðn � l2 nð ÞÞ

where n¼ 0,1,. . .,N-1 and l1(n), l2(n) are the numbers
generated by a 2D quasirandom Niederreiter sequence,
limited between 0 and 1. This scheme ensures almost
uniform coverage of the unit sphere independent of the
number of projections.

The multidimensional golden angle scheme (MGA,
Figure 1D) has been introduced by Chan et al (29). It
exploits an extension of the 2D golden angle approach
into 3D. Encoding directions are ordered according to:

u nð Þ ¼ arccosðn � f1 � jn � f1jÞ [4]
w nð Þ ¼ 2 � p � ðn � f2 � jn � f2jÞ

where n¼0,1,., N-1, and €O1 and €O2 are the 2D golden
means. As for QR, any number of subsequent projections
form a uniform coverage of the unit sphere.

For comparison of the four schemes, low resolution
time-resolved images were reconstructed on a 80 � 80 �
80 matrix using a sliding window approach with a win-
dow width of 256 spokes and a shift of 128 spokes

FIG. 1. Coverage of the unity sphere by 256 consecutive samples obtained by the four schemes investigated: conventional spiral (CV)
(A), regularized spiral scheme (RS) (B), quasirandom (QR) (C), and multidimensional golden angle (MGA) (D).
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between subsequent reconstructions, so that the first
image was reconstructed from spoke 1 to 256th, the sec-
ond image from the 128th to the 384th, etc.

Respiratory Signal Calculation

The img-SG signal was retrieved from low-resolution 3D
UTE sliding window reconstructions. The central five to
eight slices of the thorax were averaged and a line for
identification of the navigator position identified man-
ually over the lung–liver interface. Evaluation of the
intensity profiles over time yielded a navigator-like sig-
nal, which was automatically converted to binary infor-
mation applying the Otsu method (32). The resulting
binary navigator signal was de-noised using morphologi-
cal operators (functions imopen and imclose in Matlab)
and the movement of the lung–liver interface extracted.
In rare cases where the algorithm failed to identify a
unique lung–liver interface for a certain time point, the

signal was considered undetermined and the respective
data not used for reconstruction.

The DC-SG signals were retrieved from the k-space
center acquired with each spoke. To ensure optimal gat-
ing signal quality the gating signal was derived by prin-
cipal component analysis of the signal from all coils
(26,33). SG signals were calculated from the magnitude
(Mag-DC-SG), phase (Ph-DC-SG), real (R-DC-SG), and
imaginary (Im-DC-SG) component of the complex data.
Frequencies outside of the respiratory motion range were
removed by filtering the data with a Butterworth band-
pass filter with the passband set to fresp 6 0.05 Hz with
stopband attenuation of 30 dB, where fresp was derived
from the local maxima of the respiratory signal extracted
from the img-SG.

Image Reconstruction

Before reconstruction, data were resorted into expiratory
(Exp) or inspiratory (Insp) bins identifying different

FIG. 2. Extraction of the img-SG signal (A–D) and comparison with the DC-based gating signals (E). B: The navigator-like signal derived
from the intensity profiles calculated along the line indicated line in the three-dimensional sliding window image series (A). C: The
extracted img-SG signal with superimposed thresholds used for defining the reconstruction bins (solid green lines indicate Exp/Insp20

threshold, red dashed line indicate the Exp/Insp30 threshold). D: A close-up of (B) and the respective img-SG signal (white line). E: A
comparison of the img-SG signal (black line) and the respective DC-SG signals (red line: Mag-DC-SG; blue line: Ph-DC-SG, green line:
R-DC-SG; magenta line: Im-DC-SG).
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respiratory position. For each bin, thresholds over the
respiratory signal were defined such that either the data
corresponding to the upper (expiration) or lower (inspi-
ration) 20% (Exp20, Insp20) and 30% (Exp30, Insp30) of
the signal were used for reconstruction of the lung in
expiration and inspiration (Fig. 2). In addition to the
Exp20 and Insp20 images, images at intermediate respira-
tory positions during inhalation (three positions) and
exhalation (three positions) were reconstructed from the
residual 60% of the data using equally spaced bins.

Images were reconstructed by an in-house developed
reconstruction software implemented in Matlab (Math-
Works, Natick, MA). For evaluation of the performance
of the suggested self-gating approaches, k-space data
were resampled onto a Cartesian grid with a Kaiser-
Bessel interpolation kernel (32,34). The sampling density
for each k-space point was calculated as the inverse of
the area of the respective Voronoi cell (32,35). The final
image was obtained applying a 3D inverse FFT with sub-
sequent compensation of the apodization function (34).

Volunteer Evaluation

Six healthy volunteers (age 26–39 years, all male) were
enrolled for evaluation of the SG protocols. The study
was approved by the local ethics board and written
informed consent was obtained from all volunteers
before scanning.

he imaging parameters were set as: repetition time
(TR)¼ 2.3 ms, echo time (TE)¼ 0.1 ms, flip angle a¼ 3�,
field-of-view¼ 400 � 400 � 400 mm3, isotropic spatial
resolution 2 mm3, acquisition bandwidth 1681.8 Hz/
pixel, 242 samples per spoke, four-fold angular oversam-
pling. Total scan time Tacq was Tacq¼ 12.5 min. In each
volunteer, one dataset with CV, RS, QR, and MGA order-
ing was acquired, resulting in a total acquisition time of
approximately 55 min. The order of the acquisitions was
randomized among subjects.

To investigate the performance of the different SG
techniques in case of irregular breathing pattern, the vol-
unteers were asked to hold their breath for a few second
at 3 separate time points (approximately at 10%, 40%,
70% of the total acquisition time).

Image Analysis

The quality of the resulting gating was evaluated by the
resulting sharpness of the lung–liver interface. A straight
line through the lung–liver interface was drawn for
each subject and applied to 21 consecutive coronal sli-
ces. All profiles were filtered with a median filter of
width 10. The sharpness of the liver–lung transition was
assessed by the maximum of the first derivative (MD),
normalized by the value obtained from each nongated
reconstruction.

Furthermore, the spatial distance D between the lung–
liver interface identified in expiration images and the
interface identified in inspiration images was calculated
as in case of suboptimal gating the blurred lung–liver
interfaces results in a lower apparent excursion of the
diaphragm. An exemplification of the extraction of MD
and D is provided in Sup. Fig. 1, which is available
online.

Signal-to-noise ratio (SNR) in lung parenchyma was
evaluated in three equally spaced axial slices. In each
slice a region of interest (ROIs) was manually identified
in the img-SG image in either lobe (Sup. Fig 2) and
applied to all reconstructions. SNR was calculated as
SNR ¼ �Sl

sl
, where �Sl is the mean intensity value and sl

is the standard deviation of the pixel in each ROI.
Statistical analysis was performed with SPSS (IBM

Corp. IBM SPSS Statistics for Windows, Armonk, NY).
Analysis of variance for repeated measurements followed
by post hoc test with Bonferroni’s correction was used to
assess the significance of differences of MD and D result-
ing from the different gating algorithms. Similar tests
were applied for assessment of the different acceptance
windows. P-values below 0.05 were considered
significant.

RESULTS

All volunteer measurements were completed success-
fully. The mean respiratory frequency during acquisition
(excluding the breathholds stages) were 0.25 6 0.013 Hz.
For all subjects, the RG, QR, and MGA acquisition order-
ing allowed the reconstruction of time-resolved images
with sufficient quality for gating signal extraction. Figure
2 shows an example of subsequent time-resolved images
obtained with the QR ordering scheme (Fig. 2A), and the
resulting navigator-like img-SG signal for a complete
acquisition. The respiratory motion as well as the three
breathholds could be clearly appreciated in the gating
signal. Figure 2E provides a visual comparison between
all extracted self-gating signals from the same dataset. In
all cases, a shift between the img-SG and DC-SG signals
was notable. Furthermore, the DC-SG signals showed
remaining oscillation at the locations of the breathholds
not allowing a clear assignment of the respective respira-
tory position, whereas in img-SG the breathhold posi-
tions could uniquely be assigned.

The resulting image quality for a representative coro-
nal slice is presented in Figure 3. Whereas in the
ungated reconstructions the liver–lung interface is
severely blurred, the self-gating techniques could be
applied for the reconstruction of expiratory (Figure 3,
upper half) and inspiratory (Figure 3, lower half) images.
In general, inspiratory and expiratory reconstructions
appear less sharp with the DC-SG approaches. With the
exception of the CV scheme, visually, no obvious differ-
ences in image quality could be appreciated amongst the
different ordering schemes. Due to the resulting nonuni-
form coverage of the unit sphere, CV yielded unaccept-
able quality and was excluded from further analysis.

These observations were confirmed by the quantitative
analysis. Mean 6 SD for the calculated MD and D values
are presented in Figure 4 and Sup. Table S1 and Sup.
Table S2. In general, MD and D were significantly
(P< 0.05) higher in the img-SG approach as compared to
the corresponding values for the DC-SG approach, inde-
pendently of the ordering scheme. Image sharpness in
inspiration was less pronounced than in expiration
(P< 0.05), indicating a higher reproducibility of the expi-
ration position. Reduction of the bin from 30% to 20%
yielded significantly higher values of MD for inspiration

img-SG UTE 3D Acquisition in Lung Imaging 1327



for QR (P<0.0001) and for MGA (P< 0.0001) but showed
no significant improvement for expiration (P¼ 0.436 for
QR, P¼ 0.84 for RS, P¼0.681 for MGA). Values for D

were statistically higher for Insp20/Exp20 than for Insp30/
Exp30 (P< 0.0001 for QR, RS, MGA). Comparing the
result of image based gating with different ordering

FIG. 3. Comparison of image quality for Exp30 (A) and Insp30 (B) exemplarily for one subject. The columns represent different gating

approaches and the lines different ordering schemes. The CV data cannot be applied to the img-SG method.
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methods revealed mixed results. In Insp20, MGA had
statistically better outcome than RS (P<0.05). For Exp20,
RS performed statistically better than QR (P< 0.05). In
Insp30, no statistically significant difference was found.
For Exp30, RS had statistically higher results than QR
(P< 0.05). Regarding D, only for Insp20/Exp20 there was a

statistical difference indicating a better performance of
QR over RS and MGA (P< 0.0001).

The calculated SNR values are presented as mean 6 SD
in Sup. Table S3. The overall SNR was 4.93 6 2.09. Com-
paring the nongated images, MGA showed a statistically
higher SNR than QR and CV (both cases P<0.0001). For

FIG. 4. Bar plots (Mean 6 SD) of MD and D for the different ordering schemes and reconstruction: MD for Insp20 (a), Exp20 (b), Insp30

(c), Exp30 (d). D for Insp20 /Exp20 (e) and Insp30 /Exp30 (f). Significant differences between values in the same bar plot (indicated by
black lines) are marked with * with P<0.05, and with ** for P<0.0001.
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all considered img-SG reconstruction, MGA showed a
statistically higher SNR than QR (for Insp30, P: 0.025;
for others P< 0.0001) and RS in Exp30 and Insp20
(P¼ 0.011).

Reconstruction of multiple respiratory stages was pos-
sible in all volunteers. Figure 5 shows a complete respi-
ratory cycle with separate reconstruction of the
inspiration and expiration phase. The different respira-
tory stages could be clearly appreciated with good delin-
eation of the different structures.

DISCUSSION

An image-based self-gating protocol has been evaluated
for multistage 3D-UTE lung imaging. Three k-space
ordering schemes providing uniform coverage of k-space
were implemented enabling the reconstruction of time-
resolved sliding-window low-resolution 3D images with
a temporal resolution of 588 ms. Navigator-like respira-
tory signals were successfully extracted from the sliding-
window data by monitoring the lung–liver interface. The
performance of the proposed technique was compared
with conventional DC self-gating approaches for the
reconstruction of the lung in different respiratory stages.
Images in inspiration and expiration phase were recon-
structed with different gating acceptance windows and
the sharpness and apparent excursion of the lung–liver
interface were evaluated.

Images reconstructed with the img-SG technique
showed significantly better sharpness than any of the
DC-SG methods, although an increase in standard devia-
tion for img-SG sharpness measurement may indicate a
higher intersubjects variability in the efficiency of the
proposed algorithm. In general expiration images showed
higher diaphragm sharpness than inspiratory images and
smaller acceptance windows led to a greater apparent
diaphragm excursion in img-SG, with a more pro-
nounced impact on inspiration images. These results are

consistent with the notion that the end expiratory posi-
tion is generally maintained longer than peak inspiratory
position (36) and may suggest that the expiratory stage
can be reconstructed with a wider bin than the inspira-
tion images. Further studies are necessary to determine
how these results translate in subjects affected by pulmo-
nary diseases, who may show an irregular breathing
pattern.

Direct comparison of the three implemented ordering
schemes does not reveal explicitly which one should be
preferred. The RS follows a spiral pattern along the
sphere, albeit at much higher angular velocity than the
CV scheme normally used in 3D-UTE. This minimizes
gradient changes between consecutive acquisitions and
therefore theoretically eddy-current related artifacts
when compared with the RS and MGA approach. The
RS scheme has the intrinsic disadvantage of requiring a
predefinition of the maximum frame rate achievable,
whereas the final frame rate can be arbitrarily chosen
with the QR and MGA scheme. No significant differen-
ces in gating outcome between QR and MGA were
observed, albeit MGA showed higher SNR than QR: this
difference was statistically significant but relatively
small (5.7 6 3.0 for the ungated MGA and 4.7 6 2.6 for
the ungated QR). Considering the theoretically more uni-
form distribution of the spokes on the unity sphere, QR
resulted as the preferred choice. The major limitation of
the DC-SG signals are the inherent DC signal variations
introduced by the rotating readout gradient direction,
requiring a narrow bandpass filter as, e.g., shown by
Paul et al (26) and others. As a result of the narrow
bandpass filter, the DC-SG gating signals result in a nar-
row bandwidth sinusoid, which only approximates the
actual respiratory frequency and hence the respective
displacement. This becomes obvious from the appear-
ance of the DC-SG signals during the breathhold periods.
Where the img-SG technique is used the breathhold
intervals can be clearly identified and the respective

FIG. 5. Multistage reconstruction in a human subject. Eight different respiratory stages can be clearly appreciated. Inspiration (A) and

expiration (E) and three additional stages each during exhalation (B,C,D) and inhalation (F,G,H). The white line offers a visual reference
for diaphragm position during inspiration.
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respiratory position extracted from the img-SG signal,
DC-SG signal mainly shows a damping of the oscillation
without the possibility of accurate assignment of the
respective respiratory position (Fig. 2).

The img-SG signal is based on direct visualization of
the liver–lung interface and thus is capable of directly
detecting changes in respiratory rate, pattern, and dia-
phragm excursion. The method is however limited by
the maximal temporal resolution that can be achieved.
Whereas in this work an update of the respiratory posi-
tion was made every 300 ms using a 600-ms-wide slid-
ing-window reconstruction, higher temporal resolution
may be required in case of rapidly changing irregular
respiratory pattern. Further work is necessary to evaluate
the potential of compressed sensing and parallel imaging
technique (k-t SPARSE SENSE) to increased temporal
resolution. The required identification of a line through
the lung–liver interface still demands manual interac-
tion. This may be addressed in the future by automatic
segmentation techniques.

The excellent performance of the img-SG technique
enabled reconstruction of intermediate respiratory stages
separate for inhalation and exhalation. This may be
applied to the 3D study of respiratory mechanics and
tumor displacement, e.g., for a personalized definition of
motion adapted radiotherapy planning (37).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.
Figure S1. Extraction of parameters MD and D, from img-SG gated
images (a,c) and M-DC-SG gated images (b,d). a,b: Show the pixel inten-
sity (dashed original, solid median filtered) along a line passing through

the lung–liver interface in Exp30 (red line) and Insp30 (blue line) obtained
from either method. The first derivative of the profiles is presented in
c,d). MD results as the maximum value of the first derivative. The value
of the lung–liver interface corresponding to the MD of the img-SG
expiration image (green line) is used as threshold value at which D is
calculated, as the distance between inspiration and expiration (black
arrow).
Figure S2. Exemplification of the manually placed ROIs in left and right
lobe for SNR calculation in parenchyma on an axial slice from an img-SG
reconstruction.
Table S1. Mean 6 SD of Parameters MD for all SG Methods and QR, RS,
and MGA Acquisition
Table S2. Mean 6 SD of Parameters D for All SG Methods and QR, RS,
and MGA Acquisition
Table S3. Mean 6 SD of Calculated SNRs for Ungated and img-SG Gated
Images for All Acquisitions
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Respiratory Self-Gated 3D UTE for Lung Imaging
in Small Animal MRI

Marta Tibiletti,1* Andrea Bianchi,2 Åsmund Kjørstad,3 Stefan Wundrak,4

Detlef Stiller,2 and Volker Rasche1,4

Purpose: To investigate retrospective respiratory gating of

three-dimensional ultrashort echo time (3D UTE) lung acquisi-
tion in free-breathing rats using k-space center self gating sig-

nal (DC-SG) and 3D image-based SG (3D-Img-SG).
Methods: Seven rats were investigated with a quasi-random
3D UTE protocol. Low-resolution time-resolved sliding-window

images were reconstructed with a 3D golden-angle radial
sparse parallel (GRASP) reconstruction to extract a 3D-Img-
SG signal, whereas DC-SG was extracted from the center of

k-space. Both signals were sorted into 10 respiratory bins.
Signal-to-noise ratio (SNR) and normalized signal intensity

(NSI) in lung parenchyma, image sharpness, and lung volume
changes were studied in the resulting images to show feasibili-
ty of the method. An algorithm for bulk movement identifica-

tion and removal was implemented.
Results: Three-dimensional Img-SG allows reconstruction of

different respiratory stages in all acquired datasets, showing
clear differences in diaphragm position and significantly differ-
ent lung volumes, SNR, and NSI in lung parenchyma.

Improved sharpness in expiration images was observed com-
pared to ungated images. DC-SG did not result in clear differ-

ent diaphragm position in all cases. Bulk motion removal
improved final image sharpness.
Conclusion: Low-resolution 3D GRASP reconstruction allowed

for extraction of an effective gating signal for 3D-Img-SG. The
DC-SG method did not work in cases for which respiratory fre-

quencies were inconsistent. Magn Reson Med 000:000–000,
2016. VC 2016 International Society for Magnetic Resonance
in Medicine.

Key words: UTE; ultrashort echo time; self-gating; lung imag-

ing; image-based self-gating

INTRODUCTION

Imaging of lung parenchyma using proton MRI is particu-
larly challenging (1). The low proton density in lung

tissue causes intrinsic low MR signal compared to other
organs (2), and the multiple water–air interfaces in lung
parenchyma cause rapid signal loss, resulting in a very
short T2* well below 500ms at high field strength. Further-
more, respiratory and cardiac motion must be properly
considered, and thus further complicate the application of
MRI for lung parenchyma imaging.

Ultrashort echo time (UTE) MR techniques have been suc-
cessfully applied for imaging of lung parenchyma. As a
radial center-out method, UTE can be used for two-
dimensional (2D) (echo time (TE) about 200 to 300ms (3,4))
and 3D (TE as short as 8ms, (5,6)) imaging, with excellent
performance for direct lung parenchyma visualization (7).

Although UTE, as a radial imaging technique, is intrinsi-
cally robust to motion artifacts (8), respiratory compensa-
tion is still desirable to maximize image quality in high-
resolution imaging (9). Synchronization of the image acqui-
sition to the breathing cycle can be achieved with external
sensors (10). Alternative methods aim to extract motion
information from the image data itself, thus allowing retro-
spective gating (self-gating (SG)). Strategies exploit either
changes of the k-space center signal (DC) (11) or use low-
resolution images (Img-SG) reconstructed with high tempo-
ral resolution to extract motion-related gating signals
(12–14). Img-SG has been applied successfully to 3D UTE
lung imaging of human volunteers (3D-Img-SG, (15)) and
was demonstrated to perform superior to DC methods. The
application to small animal imaging poses additional chal-
lenges, particularly the higher respiratory frequencies of
small rodents. Thus, more refined methods for the extrac-
tion of a respiratory signal are needed.

Retrospective gating further enables the reconstruction

of images in different respiration stages from a single con-

tinuously acquired dataset. These can, for example, be

used for the extraction of local ventilation, which can be

derived from the difference in signal intensity in lung

parenchyma between inspiration and expiration images.

A similar approach has been used by Fischer et al. for

human acquisitions (16), as well as by Bianchi et al., who

recently demonstrated the applicability of ventilation

maps derived from SG 2D UTE images to evaluate the

functional impairment in a rat model of emphysema (17).
Retrospective gating can further be applied to correct for

bulk body motion during the acquisition, which often
occurs albeit the animals are anesthetized (9). Bulk motion
can be identified according to the Img-SG respiratory gat-
ing approach, but requires lower temporal resolution, as
the interest is on identifying the changes in the animal
position, not the characteristic of the movement itself.
Eliminating bulk-motion corrupted data can be applied to
further improve image fidelity (18).
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In this work, we investigated the feasibility of respira-
tory self-gated multistage reconstruction and bulk motion
correction from 3D UTE in free-breathing rats using DC-
SG and 3D-Img-SG, based on a 3D golden-angle radial
sparse parallel (GRASP) imaging technique (14,19).
Signal-to-noise ratio (SNR) and normalized signal inten-
sity (NSI) of lung parenchyma, image sharpness, and
lung volume changes were studied to prove feasibility of
the proposed method.

METHODS

Animal Handling

Seven male Winstar rats (6 months, weight¼350 g 6 25 g)
were imaged. Animal experiments were approved by the
regional board for animal welfare of T€ubingen, Germany,
and conducted according to the German law for the wel-
fare of animals and relevant regulations for care.

All MRI images were acquired with a 7 Tesla small
animal MRI system (Biospec 7/16, Bruker, Ettlingen, Ger-
many) using a dedicated four-element rat thorax phased-
array coil (RAPID Biomedical GmbH, Rimpar, Germany)
with 48-mm inner diameter (20). After initiation of the
anesthesia with 5% isoflurane in a mixture of N2:O2
(80:20), the rats were placed supine in the coil and the
anesthesia gas was administered via a facial mask. Dur-
ing scanning, the isoflurane concentration was adapted
to maintain a constant respiratory frequency of 60 to 70
cycles/min. The range of respiratory frequencies was
recorded.

Pulse Sequence

A quasi-random acquisition scheme for 3D UTE (15,21)
was implemented on ParaVision 6.0 (Bruker, Ettlingen,
Germany). Excitation was performed by applying a 4-ms
block pulse, and the readout was started 6 ms after the
end of the radiofrequency pulse, resulting in an effective
TE of 8 ms. Trapezoid readout gradients with a ramp
time of 116ms and total readout time of 333ms were used
for the encoding of each spoke. Further sequence param-
eters were as follows: repetition time 2.4 ms; field of
view¼7� 7� 7 cm3; flip angle¼ 3�; bandwidth¼ 300
kHz; matrix 200� 200� 200; six-fold oversampling yield-
ing the acquisition of 752,736 projections; acquisition
time 30 min.

Image Reconstruction

All images were reconstructed with in-house developed
software implemented in MatLab (MathWorks, Natick,
MA). The nonuniform k-space sampling density, intro-
duced by the quasi-random profile ordering, was com-
pensated using a Voronoi diagram (22).

Two sets of time-resolved images were obtained from
each acquisition. Full spatially resolved volume recon-
structions with a temporal resolution of 30 s (12,500
spokes per frame) were used to identify bulk motion.
Low spatially resolved images were used to retrieve the
gating information. Here, reconstruction was performed
on a 60�60� 60 matrix from a reconstruction window
spanning 80 spokes (192 ms), with an overlap of 40
spokes between subsequent frames, resulting in a total of

18,817 frames. This reconstruction was executed apply-

ing 3D-GRASP to minimize artifacts due to the high

undersampling (13,17). The regularization parameter l

was identified by preliminary analysis and chosen as

lr¼ 10�6 in spatial domain and to lt¼10�3 along the

time axes. The solver was terminated after 60 iterations

in all cases.

k-Space Center Self-Gating Signal Extraction

For each acquisition, the DC-based SG signal was ext-

racted from the magnitude of the k-space center signal

and prefiltered with a Butterworth bandpass filter with a

stopband attenuation of 30 dB between 0.5 to 2 Hz. For

individual optimization of the filter characteristics, the

DC-SG signal spectrum was estimated by calculating its

power spectral density (PSD) with a discrete Fourier

transform (FT) and was smoothed with a median filter of

size 50. Lower and upper limits of the respiratory fre-

quencies were identified as the mean value of the PSD

between 0.5 and 0.6 Hz, plus 10 times its standard devia-

tion (SD). The DC-SG signal was then filtered with the

identified frequency limits by applying the same Butter-

worth bandpass filter. Filtered SG signals from all coil

elements were combined by principal component analy-

sis over the coil dimension (13).
For further refinement, a spectrogram was calculated

from the DC-SG signal prior to the individual second fil-

ter stage (short-time FT; window width 30,000; window

overlap 29,900 points). The spectrogram allowed identi-

fication of changes of the respiratory peak frequency

over time. When a shift was identified, a variable fre-

quency DC-SG (VF-DC-G) was created. The SG signal

was subdivided into 60 equally spaced windows. In each

window, a PSD was calculated, and the respiratory fre-

quency fc was identified as the maximum peak in the

PSD. The SG-DC data within each window was filtered

with a Butterworth bandpass filter between fc �0.1 and

fcþ 0.1 Hz.

3-D Image-Based SG Signal Extraction

The 3D-Img-SG signal was retrieved from the sliding

window images. For each image voxel, the magnitude

values over time were extracted and the PSDs were esti-

mated. Each PSD was smoothed with a median filter of

dimension 300, and the values of the highest spectral

peak between 0.5 and 2 Hz were identified. The voxel

signal presenting the highest peak was chosen as SG sig-

nal and filtered, similar to the DC-SG and spline interpo-

lated, to yield a SG signal for each spoke.

Data Binning

The SG signals were employed to separate the dataset

into 10 bins, named stage 1 to stage 10 from the lowest

diaphragm position to the highest (from inspiration (S1)

to expiration (S10)). Each fraction of the signal between

two consecutive peaks (end-expiration and end-inspira-

tion) was divided into equally spaced bins, resulting into

a continuous adaption of the threshold value depending

on the peak amplitude of the gating signal.
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Bulk Motion Identification

In order to automatically identify bulk movement from the

temporal-resolved reconstruction, the central coronal slice

was chosen and the 2D correlation coefficients were calcu-

lated for each time frame with respect to all others. It’s

assumed here that low correlation coefficients between

frames indicate different positions of the animal. The most

prevalent position can be selected as the frame presenting

the highest mean values of the correlation coefficients. A

practical threshold was set to reject data corresponding to

time frames falling below the mean correlation.

Lung Volumes and Image Sharpness

Lung volumes were calculated for all stages to verify fea-

sibility of the gating method. Voxels belonging to the

lungs were segmented using a semiautomatic active con-

tour method (23). Segmentations were manually checked

to ensure accuracy. Lung volume changes DV were calcu-

lated as the lung volume at each stage minus the volume

corresponding to maximum expiration (S10).
The lung volumes were used to identify the respiratory

position of the 10 stages. A threshold corresponding to

one-tenth of the tidal volume above the minimal lung vol-

ume (expiration) was chosen, and any stage presenting a

volume above this level was considered in inspiration.
The bins representing expiration were combined, and

the resulting reconstruction was compared with ungated

images to investigate sharpness. Sharpness (24) was esti-

mated as the average image gradient in each coronal slice,

calculated via a 3� 3 Sobel filter. Noise was removed

from the gradient images by thresholding (25). These

thresholds were determined from nongated images and

held fixed for gated reconstructions of the same animal

(14). Nonlung tissue was excluded by masking with the

lung segmentations.

Signal-to-Noise Ratio and Normalized Signal
Intensity Calculation

Signal-to-noise ratio and NSI in lung parenchyma were

calculated for each acquisition in the posterior, medium,

and anterior segment of the lung. Two regions of interest,

one in lung parenchyma and one in muscle tissue, of

approximately 150 pixels size were manually identified in

each segment, excluding main vessels or bronchi. Signal-
to-noise ratio was calculated as the mean signal in the
parenchyma divided by the SD of the signal in the muscle,
whereas NSI was calculated as the mean signal in the
parenchyma divided by the mean signal in the muscle.

Statistical Analysis

Statistical analyses were performed with SPSS v20.0
(IBM Corp., Armonk, NY). Differences in DV, SNR, and
NSI between different reconstructions were evaluated
with an analysis of the variance test for repeated mea-
sures with Bonferroni’s correction. Differences of the
sharpness index between ungated and high-definition
gated images were evaluated with a two-sided paired t
test. Significance level was fixed at 0.05. Continuous val-
ues are presented as mean 6 SD.

RESULTS

Figure 1 shows a representative example of the improve-
ment in image quality obtained applying the GRASP
reconstruction against simple gridding for the time-
resolved reconstruction from which the 3D-Img-SG sig-
nal is extracted. The 3D-GRASP reconstruction yields
sufficient image fidelity for deriving the 3D-Img-SG sig-
nal, whereas the gridding solution does not allow for rec-
ognition of any clear anatomical feature. The figure also
indicates the pixel for which signal intensity variation
over time determines the 3D-Img-SG signal.

Figure 2 shows examples of different respiratory
motion pattern. The DC-SG signal spectrum, the spectro-
gram, and resulting reconstructions for inspiration (S1)
and expiration (S10) for the DC-SG and 3D-Img-SG are
provided. For animal 1, the DC-SG signal presents a sin-
gle clear spectral peak between 0.5 and 2 Hz, and the
spectrogram shows a stable respiratory frequency over
the acquisition. Both DC-SG and 3D-Img-DC achieve an
effective gating and similar image quality. For animal 2,
the spectrum does not indicate the presence of a clear
respiratory peak, and the spectrogram does not identify
any clear variation of respiratory rate over time. The DC-
SG reconstruction does not identify the inspiratory posi-
tion, and both S1 and S10 result blurred. With the 3D-
Img-SG approach, inspiration and expiration images can
be reconstructed with acceptable image quality. For

FIG. 1. Exemplification of the image quality obtained from the low-resolution, temporally resolved reconstruction used for the 3D-Img-

SG. (a) Eight consecutive frames of a single coronal slice reconstructed with a gridding algorithm. The outline of the anatomical struc-
ture can be recognized only faintly. (b) Corresponding frames reconstructed with the 3D golden-angle radial sparse parallel protocol.
Over the respiratory cycle, deviations from the expiratory position (red line) can be clearly appreciated. A black point in each frame in

(b) indicates the pixel for which signal intensity variation over time determines the 3D-Img-SG signal.3D-Img-SG; three-dimensional
image-based self-gating.
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animal 3, the spectrum presents two peaks (one lower

and one higher than 1 Hz), and the spectrogram shows a

decrease in respiration rate in the first part of the acqui-

sition. A VF-DC-SG reconstruction was therefore applied,

showing a clear improvement over the SG-DC approach
but still inferior quality when compared to the 3D-Img-

SG approach. Being the only method achieving gating in

all cases, further analyses were performed only on the

3D-Img-DC reconstructions.
The applicability of the 3D-Img-DC technique for

dynamic reconstruction of the respiratory cycle is pre-

sented in Figure 3. The changes of the lung volume,

bronchial tree, and pulmonary vasculature, as well as

the shift of the diaphragm, can be clearly appreciated in

the images reconstructed in the different motion states

S1 to S10. Due to the unique respiration pattern of small
rodents (rapid inspiration, long expiration), expiration

images can be improved by combining the data of S5 to

S10, yielding a clear improvement in SNR (expiration)

but improved image sharpness when compared to the

ungated reconstruction (ungated).
Estimated lung volume, SNR, and NSI are presented in

Figure 4. Lung volumes are presented as the difference

between lung volumes at each stage minus the volume of

maximum inspiration (stage 10). The estimated lung vol-

umes change in between different stages (P< 0.0001), dec-

fsreasing from inspiration (7.02 6 0.81 mL) to expiration

(5.11 6 0.76 mL), resulting in a tidal volume of 1.90 6

0.30 mL. Both the estimated SNR and NSI are significantly

different among the different stages (P< 0.0001), having

the lowest values at inspiration and showing a trend to

continuously increase toward expiration, until they reach

a plateau around stage 5.
Lung volume changes among the respiratory phases

indicate that, in six of the seven acquisitions, the expira-

tion stage is represented by 50% of the acquisition, and

for the remaining animal by 60%. These values were

used to reconstruct the high-definition expiration image,

FIG. 2. Comparison of the implemented algorithm for three different respiration patterns. The spectrum of the DC-SG signal, (a) its spec-
trogram (b) and inspiration (SG1) and expiration (S10) images, for the different gating approaches are provided. Animal 1 presents with

nearly constant respiratory rate, and 3D-Img-SG as well as DC-SG yield good image quality. Animal 2 shows an arbitrarily varying respi-
ratory rate over time and DC-SG is not effective, whereas 3D-Img-DC still allows multistage reconstruction. In animal 3, the spectrogram
shows the presence of a respiratory frequency shift at the beginning of the acquisition, and the image quality of DC-SG can be

improved by introducing a variable frequency filter (VF-DC-SG).3D-Img-SG; three-dimensional image-based self-gating; DC-SG; k-
space center self-gating, VF-DC-SG, variable frequency k-space center self-gating.
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which were then compared to the ungated reconstruction
in terms of sharpness. A comparison between expiratory
gated and ungated images, along with the corresponding
gradient images, is presented as Supporting Figure S1.
Ungated images appear free of motion artifact but show a
clearly reduced image sharpness. The sharpness index
resulted in 0.0037 6 0.001 for ungated and 0.0056 6

0.002 for expiratory gated images, corresponding to an
increment of 32.51% 6 8.1%. This difference was statisti-
cally significant in each dataset (P< 0.001).

Bulk motion was identified in four of the seven data-
sets. Figure 5 shows a representative example where
severe motion was observed during the first half of the
acquisition (Fig. 5a). The image quality improvement
obtained restricting the reconstruction to data above the
mean value of the correlation coefficient is shown. Com-
pared to the expiration (S5�S10) reconstruction from the
full data (Fig. 5b), the bulk motion-compensated recon-
struction (Fig. 5c) yields clear improvements in image
sharpness. The image reconstructed from data below the
chosen threshold shows a different animal position.

DISCUSSION

In this work, we have shown the feasibility of recon-
structing images corresponding to different respiratory
stages from 3D UTE acquisition of freely breathing rats
using a quasi-random acquisition scheme paired with
image-based self-gating with GRASP reconstruction.

The time-resolved 3D images reconstructed with a tem-
poral resolution of �190 ms allowed for the extraction of
a 3D-Img-SG signal with sufficient fidelity for the identi-
fication of different motion stages. Our findings indicate

that the DC-SG signal achieves varying efficiency for

respiratory gating. In this work, it resulted in good gating

efficiency when the animal presented with a regular

respiratory frequency, whereas the DC-SG was not able

to identify the respiratory positions in datasets for which

the respiration rate was not consistent. Using varying fil-

ter frequencies along the signal may be advantageous in

case the respiratory rate drifts in the acquisition.k-space

center SG is likely less efficient in 3D imaging than in

2D imaging. The method is based on changes of the total

energy of the MR signal introduced by spins moving in

and out of the field-of-view during respiration. In 2D

UTE, prominent through-plane motion is present (9), but

in 3D imaging much smaller portion of tissue moves in

and out of the field-of-view during respiration, particu-

larly when using a small field-of-view coil, reducing sig-

nal contribution from the abdominal area. It can be

speculated that different coil dimensions, animal size, or

positioning may improve the efficiency of respiratory

DC-SG in 3D UTE. It is also possible that acquiring the

DC signal separately with a fixed gradient direction may

help to achieve a better signal but at the expense of

increasing TR and ultimately the acquisition time.
Three-dimensional Img-SG in 3D UTE has been previ-

ously applied in a clinical setting in healthy subjects

(15). Its application to small animals requires higher tem-

poral resolution due to the higher respiratory frequency.

In addition, the lower number of coil elements that is

available for small animal imaging, compared to clinical

applications, limits the theoretically achievable acce-

leration factor. With the use of a 3D GRASP method,

sufficient fidelity for the reproducible extraction of

FIG. 3. Comparison of the reconstruction of all respiratory stages, from S1 (full inspiration) to S10 (full expiration), or one coronal and
one axial slice of the same acquisition. The red line marks the position of the diaphragm in expiratory position in all coronal slices. The
expiration reconstruction combines the stages S5 to S10 to obtain a higher definition expiratory gated dataset, which is clearly sharper

than the ungated reconstruction.
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3D-Img-SG signals was obtained. Iterative reconstruction
methods may also be useful in a clinical setting with
patients presenting with rapid and irregular breathing.

The excellent SNR of lung parenchyma resulting with
3D-UTE causes the automatic extraction of the 3D-Img-
SG signal from the time-resolved images to be more chal-
lenging because the lung–liver contrast decreases. A nov-
el algorithm to extract the SG signal not aiming for
identification of the lung–liver interface was introduced.
Here, the signal intensity changes of voxels in the vicini-
ty of the lung–liver interface were used. Those voxels
cover a part of the lung during inspiration and part of
the liver during expiration. Suitable voxels can be identi-
fied fully automatically as those showing the high-
est spectral peak around the respiratory frequencies.
This approach performed well and has the clear advan-
tage of being straightforward and not requiring any user
interaction.

One additional useful feature of the image-based method

is the ability to visualize and identify bulk motion. Relative-

ly low temporal resolutions are sufficient for identification

of bulk motion, and GRASP reconstruction is not necessari-

ly needed. Out of a huge variety of methods for motion iden-

tification, in this work, the correlation between frames was

employed to identify bulk motion of the animal. Exclusion

of motion corrupted data could be shown to further increase

image sharpness. Further work may address the reconstruc-

tion of motion-compensated images, which can exploit the

whole signal, registering the motion-corrupted sections.
Because rodents under anesthesia breathe in a highly

nonsinusoidal way, the proportion of the respiratory

cycle that each animal spends in the expiratory position

can be derived from the variation of lung volume over

the reconstructed respiratory stages. In the acquired data-

sets, this value resulted in 50% to 60%, in agreement

with (9). The stages representing the same position were

pooled together to obtain high-definition gated images,

with results significantly sharper than the ungated data-

sets. Overall, as in the 2D UTE case (9), respiratory gat-

ing may not be necessary to achieve good image quality

for lung imaging with 3D UTE, but it is important when

maximum image sharpness is required or functional

analysis shall be performed.
Signal-to-noise ratio and NSI in lung parenchyma signifi-

cantly differ between the various respiratory stages, reflect-

ing the density changes expected due to lung inflation.

This change in signal intensity could be exploited to extract

functional information on local ventilation, as in previous

2D studies (16). Three-dimensional UTE offers better SNR

due to the extremely low TE and isotropic resolution,

whereas the 2D method is restricted to thick coronal slices.

CONCLUSION

In conclusion, we have demonstrated the feasibility of

respiratory gated reconstructions from 3D quasi-random

FIG. 4. Mean and standard deviation of DV (a), SNR (b), and NSI

(c). Results of multiple comparisons are also reported on the
graphics above each bar, either as the number of stages that are
significantly different with respect to that stage (P<0.5) or as an

asterisk when all other stages were significantly different.SNR,
signal-to-noise ratio; NSI, normalized signal intensity.

FIG. 5. Bulk movement recognition and removal. Plot (a) repre-
sents the correlation coefficients used to identify the presence of
movement across reconstructed frames. Exemplarily, the mean

value of the correlation coefficient was chosen as threshold (a,
red line). The full acquisition (expiratory gated, S5�S10) is shown
in (b). The black arrow points to a vessel whose sharpness

increases in the reconstruction, excluding bulk motion (data above
threshold, c). Images reconstructed from the residual data reveal

a different motion state as clearly visible, for example, by the
course of the bronchi pointed by the red arrow (d).
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UTE acquisitions in rodents, achieving high SNR and
image quality in the inspiration as well as the expiration
stage. The observed changes in signal intensity over the
respiratory cycle may be considered as a first step
toward calculation of 3D isotropic lung ventilation maps,
which may provide information about functional proper-
ties of the lung in selected animal models of lung
diseases.

REFERENCES

1. Wild J, Marshall H, Bock M, Schad L, Jakob P, Puderbach M,

Molinari F, Van Beek E, Biederer J. MRI of the lung (1/3): methods.

Insights Imaging 2012;3:345–353.

2. Hatabu H, Alsop DC, Listerud J, Bonnet M, Gefter WB. T2* and pro-

ton density measurement of normal human lung parenchyma using

submillisecond echo time gradient echo magnetic resonance imaging.

Eur J Radiol 1999;29:245–252.

3. Zurek M, Boyer L, Caramelle P, Boczkowski J, Cr�emillieux Y. Longi-

tudinal and noninvasive assessment of emphysema evolution in a

murine model using proton MRI. Magn Reson Med 2012;68:898–904.

4. Bianchi A, Dufort S, Fortin P, Lux F, Raffard G, Tassali N, Tillement

O, Coll J, Cr�emillieux Y. In vivo MRI for effective non-invasive detec-

tion and follow-up of an orthotopic mouse model of lung cancer.

NMR Biomed 2014;27:971–979.

5. Johnson KM, Fain SB, Schiebler ML, Nagle S. Optimized 3D ultra-

short echo time pulmonary MRI. Magn Reson Med 2013;70:1241–

1250.

6. Jungraithmayr W, Chuck N, Frauenfelder T, Weder W, Boss A. MR

imaging by using very short echo–time sequences after syngeneic

lung transplantation in mice. Radiology 2012;265:753–761.

7. Bianchi A, Tibiletti M, Kjørstad Å, Birk G, Schad LR, Stierstorfer B,
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dient images (c, d) after masking and thresholding for noise removal.
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Blood perfusion in lung parenchyma is an important property for assessing lung function. In small

animals, its quantitation is limited even with radioactive isotopes or dynamic contrast‐enhanced

MRI techniques. In this study, the feasibility flow‐sensitive alternating inversion recovery (FAIR)

for the quantification of blood flow in lung parenchyma in free breathing rats at 7 T has been

investigated. In order to obtain sufficient signal from the short T2* lung parenchyma, a 2D

ultra‐short echo time (UTE) Look‐Locker read‐out has been implemented. Acquisitions were seg-

mented to maintain acquisition time within an acceptable range. A method to perform retrospec-

tive respiratory gating (DC‐SG) has been applied to investigate the impact of respiratory

movement. Reproducibilities within and between sessions were estimated, and the ability of

FAIR‐UTE to identify the decrease of lung perfusion under hyperoxic conditions was tested.

The implemented technique allowed for the visualization of lung parenchyma with excellent

SNR and no respiratory artifact even in ungated acquisitions. Lung parenchyma perfusion was

obtained as 32.54 ± 2.26 mL/g/min in the left lung, and 34.09 ± 2.75 mL/g/min in the right lung.

Application of retrospective gating significantly but minimally changes the perfusion values,

implying that respiratory gating may not be necessary with this center‐our acquisition method.

A decrease of 10% in lung perfusion was found between normoxic and hyperoxic conditions,

proving the feasibility of the FAIR‐UTE approach to quantify lung perfusion changes.

KEYWORDS

arterial spin labeling, FAIR, lung imaging, lung perfusion, ultra‐short echo time, UTE

1 | INTRODUCTION

Blood perfusion in lung parenchyma is affected in a number of lung dis-

eases, including pulmonary embolism, lung cancer and chronic obstruc-

tive pulmonary disease. For staging and longitudinal monitoring of

disease progression, the quantitative assessment of pulmonary perfu-

sion arises as an important target.1,2

In clinical and preclinical practice, pulmonary perfusion has tradi-

tionally been performed by scintigraphy using radioactive isotopes,

such as Tc‐99 m‐labeled albumin.3,4 Even though clinically established,

the application of scintigraphy is limited by the related exposure to

ionizing radiation and by low spatial resolution, which impact diagnos-

tic accuracy, particularly when working with small animals.5

With the introduction of advanced MRI techniques, dynamic

contrast‐enhanced (DCE)‐MRI has evolved as an alternative approach

to measure pulmonary perfusion in clinical and pre‐clinical research.

In DCE‐MRI, after systemic injection of MR contrast agents (CAs),

the perfusion of the lung tissue is derived based on models quantifying

the pharmacokinetics of the injected agent. In small animal imaging,

DCE‐MRI may require special hardware to inject multiple boli of CA

and special reconstruction techniques to achieve sufficiently high spa-

tial and temporal resolutions to derive quantitative estimates.6,7

As an alternative MRI approach, arterial spin labeling (ASL) exploits

the intrinsic MR contrast for tissue perfusion quantification. ASL is

based on the non‐invasive labeling of blood water spins with inversion

or saturation preparation.8 Flow‐sensitive alternating inversion recov-

ery (FAIR) represents a commonly applied ASL‐MRI technique, in

Abbreviations used: ASL, arterial spin labeling; CA, contrast agent; CV,

coefficient of variation; DC, k‐space center; DCE‐MRI, dynamic contrast‐
enhanced MRI; FAIR, flow‐sensitive alternating inversion recovery; IR,

inversion recovery; RC, repeatability coefficient; ROI, region of interest; SD,

standard deviation; SG, self‐gating; SG20%, respiratory gated reconstruction

with 20% data exclusion; SG40%, respiratory gated reconstruction with 40%

data exclusion; SNR, signal‐to‐noise ratio; T1blood, T1 of blood; T1glo, T1 after

global inversion; T1sel, T1 after selective inversion; TE, echo time; TI, inversion

time; TRinv, repetition time between subsequent inversion pulses; TS, repetition

time between Look‐Locker sampling pulses; UTE, ultra‐short echo time
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which two 2D images are acquired with the same acquisition parame-

ters, but with selective and non‐selective inversion recovery (IR) prep-

aration.9 In the slice‐selective IR scan, blood flowing into the image

slice is non‐inverted and changes the apparent longitudinal relaxation

time of the tissue in comparison with the global IR scan, which ideally

inverts all inflowing blood. In combination with an established model,

the resulting change in T1 can be translated into a quantitative estima-

tion of capillary perfusion. FAIR has been successfully applied to quan-

tify lung perfusion in clinical settings,10 and to quantify cerebral,11

renal,12 cardiac13 and liver14 perfusion in small animals. Its application

to lung perfusion in small animals has not yet been reported, since con-

ventional imaging techniques are limited in providing sufficient lung

parenchymal signal due to the rapid transversal relaxation in lung

tissue.15,16

Ultra‐short echo time (UTE) MRI has been demonstrated to be

suited for direct imaging of lung parenchyma,17,18 since it allows echo

times (TE) between 8 μs (3D, Reference 16) and a few hundred micro-

seconds (2D, Reference 18). As a further advantage in lung imaging,

UTE is a radial center‐out method, thus being intrinsically less sensitive

to motion artifacts typical of Cartesian sampling. It is also well suited

for respiratory motion compensation by means of self‐gating (SG) by,

e.g., by monitoring the signal changes of the center of k‐space (DC).18

The objective of this work was to combine FAIR with self‐gated

UTE (FAIR‐UTE) to enable quantitative lung perfusion imaging in free

breathing healthy rats at 7 T. The FAIR‐UTE was combined with a

Look‐Locker T1 mapping scheme to acquire images with sufficient spa-

tial resolution in a reasonable acquisition time for in vivo applica-

tions.14,19 Repeatability and reproducibility were tested within and

between imaging sessions, and the ability of the method to identify

changes in lung perfusion was investigated under hyperoxic

conditions.

2 | METHODS

2.1 | Pulse sequence and image reconstruction

A segmented IR‐UTE protocol was implemented in ParaVision 6.0

(Bruker, Ettlingen, Germany) as illustrated in Figure 1. One coronal slice

(slice thickness 1.2 mm, TE = 0.32 ms, flip angle 5°; time between sub-

sequent inversion pulses TRinv = 12 s, field of view =55 × 55 mm2,

matrix size =128 × 128, acquisition time 20 min per average) was

acquired with global and selective inversion. In order to obtain the

400 spokes necessary to fully sample the radial dataset, each IR mod-

ule included 50 IR read‐outs. Each read‐out sampled eight spokes, sep-

arated by a Look‐Locker repetition time of TS = 6 ms, at 16 inversion

times TI of 26, 320, 570, 820, 1060, 1310, 1560, 1810, 2060, 2560,

3060, 4530, 6030, 7530, 9030, and 11 830 ms. Spokes followed a

golden angle ordering to facilitate the application of SG.20

A 4 mm localized selective IR measurement was followed by a

global (without slice selection gradient) inversion measurement. For

inversion, an adiabatic full passage inversion pulse with bandwidth of

20 kHz was applied. The imaging slice was positioned in the posterior

portion of the lungs, and care was taken to exclude the heart from the

selective inversion slab.

All images were reconstructed with in‐house developed software

implemented in MATLAB (MathWorks, Natick, MA, USA), resampling

data onto a 2D Cartesian grid. The sampling density was non‐uniform

due to the golden angle approach and the application of SG‐DC. Sam-

pling densities were identified by Voronoi diagram.21 A 2D inverse fast

Fourier transform was applied to the k‐space of each TI to obtain the

final images.

2.2 | T1 and perfusion quantification

After selective excitation, the FAIR method assumes non‐inverted

blood flowing into the imaging slice causing an apparent reduction of

the longitudinal relaxation with respect to the global excitation. Perfu-

sion values are derived from the difference slice‐selective (T1sel) and

global (T1glo) longitudinal relaxation measurements, assuming a con-

stant blood inflow. Bauer et al.22 modeled the effect of perfusion on

myocardial T1 recovery. Belle et al.9 extended this model to estimate

perfusion (P) under the assumption that all inflowing blood is fresh in

the slice‐selective case and recovering with the T1 of blood (T1blood)

in the global inversion case, resulting in

P ¼ λ=T1bloodð Þ T1glo=T1sel

� �
−1

� �
(1)

In Equation 1, the parameter λ is the blood‐tissue partition coeffi-

cient, defined as the quantity of water per gram of tissue over the

quantity of water per milliliter of blood, and here was fixed at

λ = 1.01 mL/g.23 T1blood is the intravascular capillary blood longitudinal

relaxation time: here blood was assumed to be mixed venous blood

with a 75% oxygen saturation and 0.4 hematocrit,24,25 which at 7 T

results in T1blood of 2.1 s.26

T1 values were calculated from the real part of the image data.

Required phase correction was performed utilizing the phase informa-

tion from the images acquired at the highest TI.
27 Images were filtered

with a 2D low‐pass Gaussian filter of size 10. Assuming a perfect inver-

sion, a least‐square three‐parameter fit of the IR data was performed in

a pixel by pixel fashion:

FIGURE 1 Schematic representation of the
2D IR‐UTE segmented acquisition scheme. In
the example, four spokes are acquired at sim-
ilar TI values with a golden angle scheme, i.e.
withabout111° inbetweensubsequentspokes.
The spoke position in k‐space is represented in
the bottom line

2 TIBILETTI ET AL.



S ¼ S0 1−β exp −TI=T1*ð Þ½ � (2)

where β is the saturated inversion efficiency. A Look‐Locker correction

according to

T1 ¼ T1* β−1ð Þ (3)

was applied before perfusion quantification. T1 values were

thresholded between 0 and 3 s.

2.3 | Animal handing and ASL repeatability analysis

Animal experiments were approved by the regional board for animal

welfare of Tübingen and conducted according to the German law for

the welfare of animals and regulations for care and use of laboratory

animals.

In order to test intra‐session and inter‐experiment repeatabil-

ity, six male Wistar rats were investigated twice within a week

(Week 1, Week 2), with two subsequent measurements per inves-

tigation (Scan 1, Scan 2). Care was taken to ensure similar animal

positioning and the slice was planned according to anatomical

landmarks.

All MRI images were acquired with a 7 T small animal MRI system

(BioSpec 7/16, Bruker, Ettlingen, Germany), using a dedicated four‐

element rat thorax phased‐array coil (RAPID Biomedical, Rimpar, Ger-

many) with 48 mm inner diameter.28 After initiation of the anesthesia

with 5% isoflurane in a mixture of N2O:O2 (70:30), the rats were

placed supine in the coil and the anesthesia gas was administered via

a facial mask. During scanning the isoflurane concentration was

adjusted between 1.5 and 2% to maintain the respiratory frequency

constant at around 60 cycles per minute.

2.4 | Respiratory synchronization

Even though the breathing pattern of small rodents exhibits short

inspiration phases followed by a long expiratory resting phase, the

respiratory motion during inspiration may still affect the final perfusion

quantification. For assessment of the impact of the respiratory motion,

reconstructions were performed with retrospective respiratory SG

applying a modified DC technique (DC‐SG) from data acquired over

the two scans in each investigation. Since the DC‐SG signal from a

FAIR‐UTE acquisition suffers from the marked influence of varying TI

(see Figure 4A later), DC‐SG signals were calculated separately for

each TI. A median filter of size 8 was applied to cope with DC noise

and the T1 relaxation. A decrease in the magnitude value of the signal

was identified as corresponding to the inspiration stage of the breath-

ing cycle. Considering the respiratory pattern of small rodents, two

thresholds were compared, excluding the lowest 20% (SG20%) or the

lowest 40% (SG40%) of each signal. The resulting quantitative perfusion

values were compared with perfusion values derived from

reconstructions based on 20% and 40% randomly selected data

(Rand20%, Rand40%).

2.5 | Lung perfusion under hyperoxic conditions

As a proof of concept of the capability of FAIR‐UTE protocol to iden-

tify changes in lung perfusion, three animals were further tested under

varying oxygen concentrations. Normobaric hyperoxic conditions are

known to increase vascular resistance and decrease cardiac output,29

leading to a change in lung perfusion. A FAIR‐UTE acquisition (one rep-

etition, 20 min long) was performed while the animal breathed the reg-

ular gas mixture of N2O:O2 (70:30). The delivered gas was then

switched to pure O2, and after an additional 15 min interval, necessary

to reach stable conditions,30 the acquisition was repeated with the

same setting and geometry.

The resulting data were further used to investigate the change in

T1glo values between normoxic and the hyperoxic conditions. As

reported earlier, the lung R1 = 1/T1 value measured in lung parenchyma

is linearly related to the oxygen concentration inhaled, which can be

used to image ventilation.31–34

2.6 | Data analysis

Regions of interest (ROIs) were manually defined for left and right lung,

liver tissue and muscle tissue, avoiding main vessels, in order to quan-

tify T1 values and perfusion in the reconstructed images. For signal‐to‐

noise ratio (SNR) calculation, an additional background ROI outside the

animal's body was identified. SNR was than calculated as the ratio

between the mean value of each ROI over the standard deviation

(SD) of the background ROI. For the experiments under hyperoxic con-

ditions, only one ROI covering right and left lung was considered.

Statistical analysis was performed with SPSS (IBM SPSS Statistics

for Windows, IBM, Armonk, NY, USA). Measurements of lung perfu-

sion were compared using the coefficient of variation (CV), a normal-

ized measure of data variability given by the ratio of the SD to the

mean of the data. Within session CV (CVWS) was assessed comparing

data from Scan 1 and Scan 2.

The Bland–Altman repeatability coefficient (RC) was calculated to

determine the minimum detectable change in perfusion in the lung.

This parameter corresponds to the 95% confidence interval given by

two perfusion estimates and is calculated as

RC ¼ 1:96
�P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ ΔP2
� �

n−1

vuut
×100% (4)

where �P is the mean perfusion, n is the sample size, ΔP is the difference

in perfusion estimates between time points. RC has been calculated for

the intra‐session (RCWS) and inter‐experiment (RCBS) perfusion values.

The significance level was fixed at 0.05. Values are indicated as

mean ± SD.

3 | RESULTS

3.1 | FAIR‐UTE

An example of the resulting image quality at all TI points is provided in

Figure 2. A clear difference during IR can be appreciated for the selec-

tive and the global inversion. At TI between 800 and 1000 ms, the

TIBILETTI ET AL. 3



signal intensity in lung parenchyma and blood vessel is clearly elevated

after selective inversion with respect to global inversion, due to the

inflow of non‐saturated blood spins. Lung parenchyma is clearly visible

at the lowest and highest TI.

Figure 3A presents an example of longitudinal relaxation of the

lung parenchyma signal from an ROI in the left lung and the relative

fitted curve for slice‐selective and global inversion. Figure 3 also pre-

sents the resulting T1 (B,C) and perfusion maps (D). Lung tissue and

vessels can be clearly identified as areas of lower T1sel and higher per-

fusion with respect to surrounding muscular, liver, and fat tissues.

Non‐physiological high perfusion values are observed in major blood

vessels, which exceed the limit of 80 mL/g/min set as a threshold.

Averaged over all ungated acquisitions, perfusion in the left lung is

slightly but not significantly higher than in the right lung (left lung

32.54 ± 2.26 mL/g/min, right lung 34.09 ± 2.75 mL/g/min; two‐sample

independent t‐test, p = 0.1). Regarding the estimated T1 values, for nei-

ther global nor selective T1 are there significant differences between

left (T1glo = 1.50 ± 0.034 s, T1sel = 0.71 ± 0.014 s) and right lung

(T1glo = 1.49 ± 0.031 s, T1sel = 0.71 ± 0.039 s; two‐sample t‐test, both

p > 0.6). Regarding liver tissue, T1glo was obtained as 1.16 ± 0.07 s,

while T1sel as 1.09 ± 0.06 s, for an estimated perfusion of

1.67 ± 0.85 mL/g/min. Regarding muscle tissue, T1glo was obtained

as 1.63 ± 0.02 s, while T1sel as 1.66 ± 0.02 s, for an estimated perfusion

of 0.45 ± 0.11 mL/g/min.

The between‐animal CV is 6.96% for right lung and 8.09% for left

lung.

3.2 | Repeatability and reproducibility

A significant increase in animal weight was measured from Week 1

(338 ± 29 g) to Week 2 (351 ± 32 g, t‐test, p = 0.001). No significant

correlation was found between estimated lung perfusion and animal

weight (p = 0.2).

The change in estimated perfusion among all imaging sessions for

all animals is presentedin Figure 4. No significant differences between

Scan 1 and Scan 2 (left lung p = 0.17, right lung p = 0.12) or Week 1 and

Week 2 (left lung p = 0.13, right lung p = 0.17; two‐sample dependent

t‐test) were observed. The inter‐experiment Bland–Altman RCBS for

FIGURE 2 Example of the resulting image quality obtained for all acquired TI points for selective (first and third lines) and global excitation (second
and fourth lines). TI values are reported above the figures in milliseconds

FIGURE 3 Quantification of perfusion from a FAIR‐UTE dataset. A, Example of IR for selective (blue) and global excitation (red), with the fitted
relaxation curves (data taken from an ROI in the left lung). B‐D, Example of T1 value maps for selective B and global inversion C, with resulting
perfusion map D. T1 values have been clipped at 3 s; resulting perfusion values are clipped at 80 mL/g/min. Non‐physiological high perfusion values
can be seen within the vessels (the largest, central vessel is the descending aorta)
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right lung was 21.27%, for left lung 15.97%. The intra‐session values

were 8.94% for right lung and 13.14% for left lung.

3.3 | SG

The efficacy of the SG protocol is shown in Figure 5. Plot 5 A shows

the dependency of the DC‐SG on the varying TI, while Plot 5B shows

the signal extracted from the spokes at the same TI and the thresholds

applied for gating. The direct comparison between the ungated recon-

struction (Figure 5I) and SG20% or SG40% (Figure 5E,H) shows a limited

increase in sharpness, particularly in the lung vasculature. Reconstruc-

tion of the discarded data from SG20% (Figure 5C) shows a lower dia-

phragm position, confirming that these data correspond to the

inspiratory phase. The data discarded for SG40% (Figure 5F) do show

a higher diaphragm position, indicating that the additionally rejected

spokes correspond to either the intermediate stages of inspiratory

movement or the expiratory position. As expected, the data discarded

in a random fashion for Rand20% (Figure 5D) and Rand40% (Figure 5G)

do not present a lowered diaphragm.

Mean perfusion for right lung was obtained as 31.47 ± 2.26 mL/

g/min for SG20% and 31.09 ± 2.35 mL/g/min for SG40%, correspond-

ing to a statistical significant decrease of 1.07 ± 0.99 mL/g/min and

1.45 ± 2.02 mL/g/min with respect to ungated data (p = 0.003 for

SG20% and p = 0.03 for SG40%). For left lung, mean perfusion was

obtained as 32.88 ± 2.71 mL/g/min for SG20% and

32.15 ± 2.54 mL/g/min for SG40%, corresponding to a statistically sig-

nificant decrease of 1.20 ± 1.16 mL/g/min and 1.94 ± 2.02 mL/g/min

FIGURE 4 Intra‐session and inter‐experiment repeatability of the estimated lung perfusion for left and right lung in all animals, for all acquisitions

FIGURE 5 Example of DC‐SG signals and resulting reconstructions. A, A section of the DC values where data are presented in the acquisition

order shows the influence of varying TI. Only the first 1500 spokes are shown. B, An example of the extracted DC signals for the lowest TI from
both repetition is proposed (800 spokes for both repetitions). The results of the median filter (in red) are superimposed on the original signal.
Horizontal lines represent the thresholds used for SG20% (lower) and SG40% (higher line) reconstruction. Given the acquisition method, the temporal
distance between spokes varies; therefore, no linear time axis can be represented in any of the plots. C‐I, The DC‐SG outcomes in terms of image
quality. C, The reconstruction of the discarded spokes for SG20%; D, the reconstruction for the spokes discarded in a random fashion for Rand20%; E,
the result of SG20%. F, The reconstruction of the discarded spokes for SG40%; G, the spokes excluded in a random fashion for Rand40%; H, the result
of SG40%. I, The reconstruction of the corresponding ungated image
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with respect to ungated data (p = 0.004 for SG20% and p = 0.01 for

SG40; two‐sample dependent t‐test). Regarding the datasets Rand20%

and Rand40% reconstructed facilitating the same number of spokes as

for the gated reconstruction, for left and right lung, no significant dif-

ferences were found with respect to ungated values (two‐sample

dependent t‐test, all p > 0.4).

SNR in ungated images was obtained as 7.44 ± 1.30 in lung paren-

chyma, 13.68 ± 3.88 in liver, and 25.25 ± 4.79 in muscle. In SG20% the

SNR was obtained as 6.36 ± 1.35 in lung parenchyma, 12.13 ± 4.58 in

liver, and 20.16 ± 3.04 in muscle, while in SG40% as 5.79 ± 1.15 in lung

parenchyma, 10.95 ± 3.77 in liver, and 17.75 ± 2.40 in muscle.

3.4 | Lung perfusion under hyperoxic conditions

The change in estimated lung perfusion between normoxic and

hyperoxic conditions is shown in Figure 6. In all three animals investi-

gated, hyperoxia caused a significant reduction of perfusion (paired t‐

test over all pixel values in ROI, p < 0.0001). The relative decrease in

the three animals tested was found to be 11.09%, 7.38%, and 9.14%.

Regarding the changes in T1glo, one animal presented an unex-

pected slight but significant decrease of T1glo while breathing 100%

O2 (−1.57%); the remaining animals presented a significant increase

of 1.41% and 2.90% (two‐sample paired t‐test, p < 0.0001).

4 | DISCUSSION

In this work we have demonstrated the feasibility of combining the FAIR

technique with a segmented 2D UTE read‐out for the quantification of

blood perfusion in rat lungs at high field strength. Repeatability and

reproducibility were tested, within and between imaging sessions. In

addition, a method of retrospective respiratory SG was introduced, to

assess the impact of respiratory motion on the perfusion and T1 data.

The implemented technique allowed the visualization of lung paren-

chyma with sufficient SNR for accurate T1 and perfusion quantification.

Parenchymal T1 values at 7 T were measured byWatt et al. in mice

lungs to be 1.4 s,32 whereas Zurek et al. reported, also in mice, a T1 of

1.85 s at 4.7 T.33 As T1 values increase with the magnetic field

strength, the mean T1 value observed in this study is in line with the

results of Watt et al., but in contrast to the data published by Zurek

et al. The accuracy of the obtained results is supported by T1 values

derived in other organs. That in liver tissue was obtained as slightly

higher than the value reported by Gambarota et al. in rats at 7 T

(1.02 ± 0.06 s).35 Ramasawmy et al. reported values of 1.36 ± 0.06 s

at 9.4 T in mouse liver and a perfusion of 2.4 ± 0.6 mL/g/min, which

is in line with our results, even if the applied protocols differ in terms

of read‐out and geometry.14 Caudron et al. reported a T1 in

paravertebral muscles of about 1.3 s at 4.7 T,36 while Jacquier et al.

reported a T1 of about 1.6 s at 7 T in Sprague–Dawley rats,37 which

is in line with our estimate of 1.66 s for global excitation. The mea-

sured muscle perfusion is 0.44 mL/g/min, which is in line with previ-

ously reported results obtained with similar techniques.37

Absolute lung perfusion values in rats have not been reported to

our knowledge. DCE‐MRI based approaches, which allow for the cal-

culation of metrics relative to the passage of CA that can be trans-

lated into quantitative perfusion values, have been published.7

These have been applied to small animal lung perfusion by Mistry

et al., mainly to obtain the ratio between ventilation and perfusion,

which does not allow a direct comparison with our results.6 Lung per-

fusion by SPECT has been reported only in a relative and not absolute

manner.5 A rough estimation of the lung perfusion can be derived38

FIGURE 6 Hyperoxic changes in lung perfu-
sion. A,B, The change in lung perfusion can
be identified in the perfusion map between
normoxic (NormOx,A)andhyperoxic(HyperOx,
B) conditions. C, Mean and SD of the perfu-
sionvalue in anROI covering left and right lungs
for all three animals investigated. The asterisk
indicates the presence of significant difference
between the estimated perfusion values
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from the cardiac output and weight of the lung. The cardiac output in

Wistar rats has been reported to be 70 mL/min,39 and the lung

weight of a rat of about 360 g weight is about 1.6 g,40 yielding an

approximate mean lung perfusion of about 43 mL/g/min. From these

assumptions, our measurements seem to underestimate the local

parenchymal perfusion. One possible source of underestimation may

be the fact that the FAIR method is not sensitive to perfusion from

capillaries that do not run roughly perpendicularly to the imaging

plane. This may be verified imaging perfusion on multiple perpendic-

ular slices. Limitations may rise from the assumption of perfect inver-

sion in the imaging slab, insignificant time delay of blood in entering

the imaging slice, and the T1 of capillary blood, which depends on

oxygenation and hematocrit levels, which were not measured in the

experiments. Further studies are necessary to establish the degree

of underestimation suffered from the method, and if further modifica-

tion to the model may compensate for them.

Regarding the repeatability estimation and the CV found in this

work (RCWS 8.94%–13.14%, RCBS 21.27% ‐15.97%), the values

compare well with the variability in perfusion measured with a

similar MRI method reported for liver perfusion by Ramasawmy

et al. (RCWS 18%, RCBS 29%)14 and for myocardial perfusion by

Campbell‐Washburn et al. (RCWS 24%, RCBS 54%).13

In previous published work, respiratory gating is applied in FAIR by

respiratory triggering of the initial inversion pulse.14 In our work, the

reconstructed ungated images do not present any clear motion artifact,

due to the intrinsic properties of the radial UTE read‐out.18 This allowed

us to perform a reliable fit of T1 values without the need to exclude any TI

points, as may be necessary with motion‐sensitive read‐outs.14

The application of DC‐SG resulted in a slight increase in image

sharpness and a slight but significant decrease of the calculated perfu-

sion values. Since no decrease was observed in the case of randomly

selected data, it can most likely be attributed to the inspiration move-

ment. Since the ungated results are dominated by the expiration stage,

the differences are only minor and may not be relevant. Due to the

change in lung density within the respiratory cycle, a higher apparent

perfusion in expiration than in inspiration could be expected.41 On

the other hand, inspiration also creates a significant through slice

movement, which may appear as an apparent perfusion increment.

Also, lung T2* may change between expiratory and inspiratory phase,

and theoretically impact T1 estimation in the ungated dataset. Estima-

tions carried out on human subjects indicate that these T2* differences

are minimal (<0.1 ms) in the case of free breathing,42,43 while no data

of this kind are available regarding small animals. It would be of inter-

est to investigate T1 and perfusion in the inspiratory phase, but this

would be hard to achieve in free breathing animals, due to SNR and

acquisition time limitations. The increase in image sharpness obtained

with DC‐SG may be of interest when aiming at the visualization and

quantification of a localized perfusion defect. Despite its advantages,

the application of DC‐SG is limited by the prolonged acquisition time

caused by the required oversampling. Overall, given the small changes

in the perfusion estimation presented in the lung parenchyma, applica-

tion of respiratory synchronization may not be necessary in general,

considering the substantial prolongation of scan time.

A limitation of this technique is the lack of cardiac triggering: a

DC‐SG cardiac signal cannot be obtained with retrospective

techniques in this setting, given the high, constant sampling rate that

would be needed to sufficiently sample the cardiac signal. UTE being

a radial sequence, though, DC is continuously sampled over all cardiac

cycles, effectively guaranteeing that data are uniformly averaged. Even

so, further development could investigate whether prospective gating

could be applied starting from a recorded ECG signal, or triggering on

detected ECG peaks, with further correction for varying TI.
13

Another limitation of this technique is that only a single slice is

acquired. In order to cover a higher lung volume, the pulse sequence

could be adapted to acquire multiple slices within the same imaging

time. This change would require additional correction to account for

slice‐variant inflow effects.13 Moreover, a wide coverage would be still

limited by the necessity to avoid the heart being included in the selec-

tive inversion slab of the FAIR module, but the acquisition of sagittal

slices should be straightforward.

The performance of FAIR‐UTE for identifying perfusion changes

was tested under hyperoxic conditions. Hyperoxia elevates vascular

resistance to maintain oxygen delivery at a constant level.29 The reduc-

tion in lung perfusion found in our experiments is around 10%, which is

at the limit of the intra‐session RC calculated. The expected change in

lung perfusion can be again derived by the expected change in cardiac

output. Thomson et al. demonstrated a decrease in cardiac output of

10% in healthy human subjects in the first hour of isocapnic hyperoxic

conditions, with respect to normoxic conditions.44 Tsai et al. found a

decrease of 25% in the cardiac output of the hamster between

normoxia and hyperoxia.45 Our results can be therefore considered

within expectation, but the lack of a direct measurement of cardiac

output changes can be considered a drawback of the presented study.

Our findings regarding the change of T1 for global inversions

between normoxic and hyperoxic conditions are not consistent. The

relative change in T1 caused by the increased delivered oxygen con-

centration depends on the baseline T1 and therefore on field strength.

Thus, although at 1.5 T a change of 10% in lung parenchymal T1 has

been found in healthy volunteers,34 at 4.7 T changes as low as 3% have

been reported in mice.33 Our protocol was optimized for perfusion

measurement, and a relatively long period (circa 30 min) passed in

between the two T1glo assessments. Therefore, despite the attractive-

ness of this method, which would allow for consecutive calculation of

perfusion and ventilation in the same setting, our method is probably

not sensitive enough to reliably measure the small change in lung

parenchyma T1 at high field strength between different oxygen levels,

which would allow ventilation quantification.

This work can be considered as a first step towards the non‐

invasive quantification of perfusion in small animals' lungs without

the use of CAs, necessary to allow for the detection of perfusion def-

icits in animal models of common lung diseases. While in clinical appli-

cation lung perfusion imaging with ASL has been deemed less robust

than DCE, further investigations will be necessary to evaluate the full

potential of the FAIR‐UTE approach for pre‐clinical applications.
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10 Summarized results and comments

In this chapter an overview of the principal �ndings and speci�c comments of the

presented works is o�ered. To facilitate its comprehension, results from each paper are

discussed in separate sections, mirroring the structure of chapter 3.

10.1 ZTE and 3D UTE for detection of lung

emphysema in rats

This work explored the possibility of using 3D Ultra short Echo Time (UTE) and Zero

Echo Time (ZTE) volumetric Magnetic Resonance Imaging (MRI) to detect the pres-

ence of emphysematous changes in rodents. Both 3D UTE and ZTE allowed to obtain

images with negligible artifacts and clear signal from lung parenchyma, as expected

given the short or zero Echo Time (TE) of these radial acquisition schemes.

Comparing the two acquisition methods, UTE yielded signi�cantly higher Signal to Noise

Ratio (SNR) than ZTE for lung and muscle tissues, while no signi�cant di�erence in

Normalised Signal Intensity (NSI) was observed .

The lower SNR in ZTE images may be partially explained by the missing data from the

center of k-space in the ZTE. It's possible that reducing the dead time may increase the

SNR. More importantly, no compensation was applied for aliasing artifacts introduced,

for example, by the coil material typically located outside the Field of View (FOV),

which T2* is too short to be detected by UTE. Also, noise distribution in the image is

not perfectly even in ZTE and UTE images, and this may have had an impact in the

observed SNR values.
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Both ZTE and UTE MR images showed a signi�cant decrease in the SNR and NSI

measured in Porcine pancreatic elastase (PPE)-treated lungs with respect to healthy

lungs, as expected. An excellent correlation was also found between lung density as

calculated from µComputerised Tomography (CT) and MRI SNR for both ZTE (r =

0.861) and UTE images (r = 0.878).

Histological results con�rmed the presence of signi�cant enlargement of the average

alveolar dimension in PPE-treated lungs. Very good correlations were observed between

these results and µCT �ndings (r = �0.802,), as well as ZTE (r = �0.742) and UTE

SNR (r = �0.780) .

Regarding T2* estimation from low de�nition 3D UTE, a signi�cant decrease in PPE-

treated lungs with respect to healthy lungs was found. This is probably due to the al-

teration of the alveolar structure in emphysematous lungs, which results in an increased

air to tissue ratio and thus in an increase in microscopic susceptibility gradients. Inter-

estingly, this quantitative parameter was the only one measured in this work (see 10.3)

where a di�erence was found between the PPE-treated lungs in group 2 and group 3,

which received a di�erent local dose of PPE.

10.2 DC self gating in 2D UTE

In this work, the feasibility of applying DC self-gating (DC-SG) for the reconstruction

of images corresponding to di�erent respiratory stages from freely breathing rats using

2D golden angle UTE was shown. An example of gated dataset is shown in Figure 14.

The typical respiratory pattern of freely breathing rodents under general anesthesia

is characterized by a rapid inspiration phase, followed by a relative long plateau in

expiratory position. Our data suggests that at a rate of approximately 60 respiratory

cycles/min, around 60% of the respiratory cycle is spent in the expiratory stage. Conse-

quently, UTE acquisitions of rodent lungs result in mainly artifact-free images depicting

structures in expiratory position. Application of DC-SG achieved an increase image

sharpness with constant SNRs in expiratory gated images.
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10 Summarized results and comments

Figure 14: Example of a reconstructed respiratory gated dataset for DC-SG 2D UTE.
Two coronal slices among the twelve acquired are shown. S1 to S10 refers to
the ten equally sized bins, where S1 indicate the lowest diaphragm position
(inspiration) and S10 the highest diaphragm position (expiration). The red
line indicate the position of the lung �liver interface in expiratory position.
It's clearly appreciated that all bins from S5 to S10 represent the expiratory
position: these bins can be uni�ed to reconstruct an higher de�nition dataset
depicting expiration. The reconstruction from the whole ungated dataset is
also shown for comparison.
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Another consequence of this respiratory pattern is that reconstructing inspiration images

with acceptable SNR is challenging and requires datasets with the highest oversampling

possible, given the appropriate time restrictions.

In this work, the SNR and NSI of lung parenchyma were evaluated. These parameters

signi�cantly di�ered among the various respiratory stages: SNR and NSI both decreased

from expiration to inspiration. These results are explained by the change in tissue density

present during the respiratory cycle.

Image-based self-gating (Img-SG) was implemented to visualize the presence of bulk

motion during the relative long acquisitions. In 7 animals of 12, motion could be

recognized and image quality could be improved eliminating motion corrupted data.

10.3 Ventilation de�cit detection with DC-SG 2D UTE

In this work, proton�based ventilation maps were calculated in healthy rats and in rats

treated with PPE, a well established pre-clinical model of human emphysema.

Results showed a reduction of pulmonary function in the PPE-treated lungs, compared

to the control group of non-treated lungs and to the baseline values taken before treat-

ment. The small group size of the animals involved in the experiments limited the

capability of obtaining consistently signi�cant results in all groups at all time points. A

clear tendency was nonetheless observed, and overall the experiment veri�ed as proof-of-

concept that the method investigated was able to detect the reduction in lung function

present in emphysematous rats, distinguishing healthy tissue from diseased one.

With respect to µCT - derived measures of lung density, a good agreement exists

between those and Mean speci�c expansion (MSE) (r= - 0.739). A slightly better

correlation (r = -.77) was found with the MSE and the histologically derived measures

of alveolar dimension.

In this work, the PPE dose administered in the left lung of group 2 was doubled compared

to the dose administered in each lung lobe of group 3. Yet, no signi�cant di�erence
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has been observed in the lungs of these animals 2 or 4 weeks after the PPE administra-

tion. This may be interpreted as a non-linear dose-response relationship with respect

to speci�c ventilation, since both doses already result in marked alveolar changes after

2 weeks.

10.4 Image based 3D UTE self gating in a clinical

application

In this work, an Img-SG protocol was introduced for 3D UTE lung imaging in human

volunteers.

Three k-space ordering schemes (Regularised spiral (RS), Quasi Random (QR) and

Multidimensional golden angle scheme (MGA) ) providing relative uniform coverage of

k-space in short time intervals were implemented. They all enabled the reconstruction

of time-resolved low-resolution 3D images with a temporal resolution of 588 ms. From

these datasets, navigator-like respiratory signals were successfully extracted by directly

monitoring the position of the lung�liver interface over time. An example of multi�stage

reconstruction is provided in Figure 15.

Images reconstructed with the Img-SG technique were signi�cantly sharper than images

reconstructed with the standard DC-SG method. One limitation of the DC-SG meth-

ods results from the presence of a strong component related to the rotating read-out

gradient direction in the extracted signal. These components could be eliminated from

the signal by �ltering, if they do not lie in the same frequency range of the respiratory

rate.

The strength of Img-SG lies on the direct visualization of the liver�lung interface position

over time. This allows for detecting changes in respiratory rate, pattern, and diaphragm

excursion. The main limit is given by the maximal temporal resolution that can be

achieved, which may not be acceptable for clinical use in diseased patients, where

higher and more irregular breathing rates may be expected.
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Figure 15: Example of the a reconstructed respiratory gated dataset for Img-DC 3D
UTE acquired in a volunteer. One coronal and one axial slice from the
same dataset are shown. S1 to S10 refers to the ten equally sized bins,
where S1 indicate the lowest diaphragm position (inspiration) and S10 the
highest diaphragm position (expiration). The red line indicate the position
of the lung �liver interface in expiratory position. The bins S5 and S10
were pooled together to reconstruct an higher de�nition dataset depicting
expiration. The reconstruction from the whole ungated dataset is also shown
for comparison.
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Independently of the ordering scheme, image sharpness in inspiration was less pro-

nounced than in expiration, indicating that the expiratory position was more repro-

ducible.

None of the implemented ordering schemes revealed a clear superiority compared to the

others. The RS follows a spiral pattern along the sphere, thus minimizing the gradient

changes between consecutive Repetition Time (TR) and therefore theoretically lowering

eddy-current related artifacts. This scheme has the disadvantage of requiring to de�ne

the maximum frame rate achievable before the acquisition, whereas the �nal frame

rate can be arbitrarily chosen after the acquisition with the QR and MGA scheme. No

signi�cant di�erences in the �nal gated images was found between QR and MGA. MGA

did show a relatively small but signi�cant increase in SNR than QR.

In this work, di�erent bin sizes were compared. Reduction of the bin from 30% to 20%

yielded signi�cantly higher lung�liver interface sharpness and an increase in apparent

diaphragm excursion, to the expense of lower SNR.

10.5 Image based 3D UTE self gating in a preclinical

application

In this work, the Img-SG protocol for 3D UTE presented in section 10.4 was adapted to

small animal imaging. One of the main challenges to be overcome was the higher respi-

ratory rate of the rodents, which required an higher frame rate to image the respiratory

movement. Also, the reduced number of coil elements (only four) available decreased

the theoretical acceleration achievable. Finally, the high SNR in lung parenchyma al-

lowed by the lower TE in preclinical scanners decreased the contrast between lung and

liver tissue. An example of Img-SG gated dataset is shown in Figure 16.

The 3D-Golden-angle radial sparse parallel (GRASP) reconstruction applied in this work

yielded su�cient image �delity for deriving the Img-SG signal. On the other hand,

the gridding solution used in section 10.4 resulted in particularly poor image quality,

not allowing for the recognition of any clear anatomical features. The reconstructed

106
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Figure 16: Example of a reconstructed respiratory gated dataset. One coronal slice and
one axial slice are represented. S1 to S10 refers to the ten equally sized bins,
where S1 indicate the lowest diaphragm position (inspiration) and S10 the
highest diaphragm position (expiration). The red line indicate the position
of the lung �liver interface in expiratory position. It's clearly appreciated
that S5 to S10 represent in reality the same position: these bins can be
uni�ed to reconstruct an higher de�nition dataset depicting expiration. The
reconstruction from the whole ungated dataset is also shown for comparison.
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dataset had a temporal resolution of 190 ms, less than half the temporal resolution in

the clinical work.

Despite the improvement in image quality o�ered by the 3D-GRASP reconstruction,

a novel algorithm to extract the Self-Gating (SG) signal had to be introduced. This

approach performed well and had the advantages to be straightforward and not requiring

any user interaction.

Additionally, the DC-SG method was here applied to respiratory gating, with inconsis-

tent outcomes. DC-SG obtained satisfactory results in acquisitions where the animal

presented with a regular respiratory frequency. In datasets where the respiratory rate

was not consistent, DC-SG failed at achieving satisfactory gating. In an e�ort to im-

prove results, varying �lter frequencies along the acquisition were applied. This may be

advantageous where a slow drift in respiratory rate is present. One factor that limited

the robustness of this gating method was the limited movement of spins in and out of

the 3D FOV in this acquisitions, which is the source of the DC-SG signal. This e�ect

is particularly pronounced if 3D UTE is compared to 2D coronal images, where through

plane motion is expected to be the main source of DC variability, and when a coil with

limited FOV is used.

Similarly to the results in section 10.2, SNR and NSI in lung parenchyma signi�cantly

di�ered between the reconstructed respiratory stages, re�ecting the density changes

expected over the respiratory cycle due to lung in�ation.

10.6 Perfusion quanti�cation with 2D UTE FAIR

In this work, the Flow-sensitive Alternating Inversion Recovery (FAIR) method was

implemented with a segmented self-gated 2D UTE readout for the quanti�cation of

blood perfusion in rat lung parenchyma.

The acquired images allowed for the visualization of lung parenchyma and T1 estima-

tion in this tissue. An example of the estimated T1 and perfusion values in an acquired

dataset is shown in Figure 17. A T1 value of ∼ 1.5 s was found in lung in the global
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inversion experiments. Albeit no published data exist regarding the value of this param-

eter at 7T, this estimation is compatible with the results reported at lower magnetic

strengths.

Figure 17: Example of the estimated T1 values in (a) selective and (b) non selective
inversion experiments on a coronal slice. In (c) the resulting perfusion map
is shown: lung tissue presents clearly higher perfusion values than muscle
and liver tissue. Major vessels are easily distinguished, as the the blood �ow
results in apparent perfusion higher than 80 ml/g/min, set here as the upper
limit.

Lung perfusion did not di�er between left and right lung and was ∼ 34 ml/g/min. Com-

parable values in rats or other rodents have not been reported in the existing literature.

A rough estimation of the average lung perfusion in healthy rats can be nonetheless de-

rived if the cardiac output and lung weight are known. Given data taken from published

works, the measurements presented here seem to underestimate the local parenchymal

perfusion. This method is in fact only sensible to perfusion from capillaries running

perpendicularly to the imaging slice. Multiple acquisitions over mutually perpendicular

slices could compensate such underestimation. Additionally, a number of assumptions
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have been made which may have an impact on perfusion estimation, such as the perfect

inversion in the imaging slab and the insigni�cant delay of blood entering the imaging

slice.

In this work, repeatability and reproducibility within and between imaging sessions were

tested and found to be in line with previous results obtained with Arterial Spin Labeling

(ASL) methods applied to other rodent organs.

Retrospective respiratory SG was applied to the acquired data, to assess if respira-

tory motion had a signi�cant impact on the perfusion estimation. Inversion recovery

acquisitions are hard to trigger externally, as a �xed spacing of Radio Frequency (RF)

pulses are requested for T1 and perfusion quanti�cation. A signi�cant but slight (∼ 5%)

decrease in lung perfusion was found when SG was applied, with respect to ungated

data. Reconstructed images also appeared sharper. Overall, DC-SG is probably not

necessary in most applications, given the little change found in perfusion quanti�cation.

Moreover, the acquisitions should be oversampled when applying SG, therefore increas-

ing acquisition time, as the elimination of inspiratory data may lead to undersampling

artifact and decrease SNR.

The protocol presented in this work was also applied to the identi�cation of perfusion

changes under hyperoxic conditions. When an animal breaths 100% O2, vascular re-

sistance increases in lung tissue, in order to maintain oxygen delivery at a constant

level. The experiment found a decrease in lung perfusion of around 10% with respect

to normoxic conditions. As the decrease in mean lung perfusion is a consequence of

a decrease in cardiac output, the existing literature on similar experiments seems to

indicate that this was a realistic estimation.
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In this thesis, 2D Ultra short Echo Time (UTE), 3D UTE and Zero Echo Time (ZTE)

sequences were studied for their ability to visualize lung parenchyma and extract infor-

mation about lung ventilation and perfusion. The main focus was on the imaging of

healthy and emphysematous lungs in rodents at high magnetic �eld strength.

Regarding ZTE, our results do not suggest there is any clear advantage in term of

image quality with respect to 3D UTE for preclinical lung imaging at 7T.

3D UTE in this work could achieve a 8 µs Echo Time (TE), which allows for the

detection of 96% of the native signal arising from lung tissue, assuming an exponential

decay with T2* = 0.2 ms [9]. ZTE decreases TE to zero, but clearly this di�erence is

not prominent enough to give ZTE a real advantage in this context. Moreover, ZTE

does present drawbacks. It cannot directly acquire the most central part of k-space,

imposing a higher computational burden for image reconstruction and decreasing the

Signal to Noise Ratio (SNR). Also, its sensitivity to extremely short T2 components

makes ZTE able to detect signal from virtually any material containing protons , so the

reconstruction may completely fail if the chosen Field of View (FOV) is too small with

respect to coil and sample dimension.

ZTE and 3D UTE e�ciency in discriminating between healthy and diseased lung tissues

are comparable. Crucially, it must be underlined that µComputerised Tomography (CT)

does achieve a higher resolution in a shorter acquisition time. In this case, MRI main

advantage is the lack of radiation exposure, which may be an issue in longitudinal studies.

UTE can also be applied to quantify lung parenchyma T2*. No previous data were

available in the literature relatively to this parameter quanti�cation at 7T, but results

at lower �eld strengths were compatible with values obtained in this work. A decrease in
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T2* in emphysematous parenchyma was found. Additionally, a di�erence between lungs

receiving di�erent local doses of Porcine pancreatic elastase (PPE) was found, while

all other studied parameters failed to discriminate between such di�erences. This MRI-

derived parameter may be considered more sensitive to microscopical lung changes than

µCT and histological parameters. Given the limited size of the groups tested, though,

more data is needed to con�rm such results.

In this work, a particular emphasis was given to the investigation of di�erent Self-

Gating (SG) methods for 2D and 3D UTE. It was demonstrated that such techniques

allow for an improvement in image quality, particularly regarding image sharpness. They

also allowed for the reconstruction of di�erent respiratory stages, which in turn can be

exploited to extract local functional information. Additionally, such methods can be

employed to evaluate the impact of respiratory movement in parameter quanti�cation,

in particular when prospective gating techniques cannot be easily implemented.

Local ventilation was studied in healthy and emphysematous lungs applying proton-based

ventilation maps to 2D UTE self-gated reconstructions. The DC self-gating (DC-SG)

protocol was applied to multislice 2D UTE data to derive inspiration and expiration

images from free-breathing animals. The main limitation of the protocol came from

the image quality in inspiration. Indeed, only a short section of the breathing cycle is

spent by rodents under anesthesia in the inspiratory phase, while the expiratory phase

takes up the 60% of the cycle. As expected, the obtained ventilation maps showed a

decrease in ventilation in emphysematous tissue with respect to healthy lung parenchyma

Further work may apply this method to other models of lung diseases. Alternative

modalities to study local ventilation are also available, albeit not widely adopted (see

2.3.3). The direct comparison of di�erent methodologies would be of interest, as limited

information is available regarding their sensitivity, repeatability, reproducibility, accuracy

etc, particularly in small animal imaging.

Expanding from 2D to 3D UTE has the main advantage to signi�cantly decrease TE

while allowing the use of shorter Repetition Time (TR). Also, isotropic datasets are

acquired in 3D UTE, instead of relatively thick slices as in 2D UTE, thus allowing for

complete 3D view and data reformatting. The main drawback is the high number of
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projections necessary to encode for a fully sampled 3D dataset, with respect to typical

multislice 2D acquisitions.

DC-SG in 3D UTE is more challenging than in 2D UTE. Through�plane motion is not

present when imaging the whole thorax, so one of the main sources of DC gating signal

is lost.

In this thesis, Image-based self-gating (Img-SG) was investigated as an alternative to

DC-SG techniques in 3D UTE. First, this method was implemented on a clinical scan-

ner, as human subjects breath at a lower rate, relaxing some of the requirements for

respiratory movement visualization. Img-SG proved to be superior to DC-SG in this

implementation. Img-SG was later implemented for small animal imaging. Beside the

higher respiration rate, the lower number of coil elements available decreased the the-

oretical acceleration achievable. Also, the high signal from lung tissue visible here, due

to the lower TE feasible with a preclinical scanner, limited the contrast between lung

and liver tissues and made the extraction of the diaphragm movement more challenging.

A key improvement was the application of an iterative reconstruction method, which

was able to reduce the strong undersampling artifacts in the reconstructed datasets.

Such an iterative reconstruction may be useful in clinical application, as some patients

may breath be signi�cantly faster and irregular than the healthy subjects tested in our

work. Also, further work may utilize such gated datasets for the calculation of 3D

proton based ventilation images in healthy and diseased animal models. In fact, the

higher SNR achieved in lung tissue and the isotropic resolution may provide signi�cant

improvement over the 2D case.

Alongside ventilation, local parenchymal perfusion needs to be quanti�ed in order to

fully evaluate lung function. A 2D UTE Flow-sensitive Alternating Inversion Recovery

(FAIR) protocol was presented in this work and allowed for the quanti�cation of lung

perfusion in free breathing rats. A DC-SG protocol proved that the breathing movement

is not heavily in�uencing the extracted parameters quanti�cation. It was demonstrated

that 2D UTE FAIR can detect a change in lung perfusion caused by breathing hyperoxic

gas mixture. Further work may address the capability of FAIR to detect pathological

changes in animal models of di�erent diseases. Further methodological improvements
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may be considered, to allow for multi-slice acquisitions. Tissue perfusion can also be

estimated through MRI with contrast agent injection. Further works may optimize such

methods for small animal lung imaging, and compare them with results obtain with the

UTE FAIR.

In conclusion, 2D UTE, 3D UTE and ZTE sequences were employed to visualize lung

parenchyma and extract information about lung ventilation and perfusion, in healthy

rats and in a diseased animal model. Retrospective respiratory gating techniques were

widely studied and compared, to improve image quality, reconstruct images representing

di�erent respiratory position, and identify the in�uence of respiratory movement in

parameter quanti�cation.
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