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1 Introduction

1.1 Motivation and aim of this thesis

The field of medical imaging was born in 1895 with the X-ray discovery by
Wilhelm Konrad Roentgen. Almost 125 years later, most of the medical imaging
categories are still based on exposure to ionizing radiation [1].

According to the most recent report by the National Health Service, almost
70% of all imaging procedures performed in the United Kingdom, between February
2017 and February 2018, involved some level of exposure to ionizing radiation [1].
Among those, X-ray and Computed Tomography were the most relevant, and
accounted for almost 95% of the exams [1].

When compared to X-ray, Computed Tomography comprises a small portion
of the procedures [2]. Nevertheless, in countries like the United States, CT accounts
for nearly half of the population’s collective radiation dose from medical
examinations [3].

It has been reported that three anatomical regions (head/neck, thorax, and
abdomen/pelvis) account for between 76% and 90% of the all CT examinations [4].
Among those, for young patients, 27% of the scans can be replaced by Magnetic
Resonance Imaging [5]. For adults, between 47% and 73% of the CT scans could
actually be investigated with MRI [6].

Since 2003, the number of MRI examinations is growing at an average of 12%
per year in places like the United Kingdom, surpassing the CT growth and the overall
growth of diagnostic imaging modalities [2]. This increasing interest in MRI is not
only a consequence of a greater concern with radiation doses, but also a result of
the improvement in the technology [7]. New contrast mechanism, improvement in
SNR, smarter reconstruction techniques and innovative ways to assess metabolic

function justify the MRI relevance in clinical routine [8-11]



There are already a variety of scenarios where MRI can replace imaging
techniques based on ionized radiation, especially in the brain and lumbar spine
[12,13]. For brain function, MRI usually is the gold standard in the study of
neuropsychiatric conditions, and in the evaluation of the interaction of new
medicines [14].

MRI still encounters several limitations, including long scanning times,
motion artifacts, loud acoustic noise levels during measurements and poor SNR in
tissues with short relaxation times. One of the most challenging applications is lung
imaging, where most of the above problems are found [15].

The treatment and management of pulmonary diseases still rely on ionizing
radiation. However, exposure to radiation is detrimental, especially for pediatric
patients or when repeated examinations are required, for example, for monitoring
chronic pulmonary diseases.

With a combination of extremely short measurement times (that can be
performed in a single breath hold) and high-resolution three-dimensional images
with sub-millimeter voxel size, Computed Tomography is still the gold standard for
the visualization of lung morphology in the field of medical imaging [16].

Conventional pulmonary CT does not provide functional information. Lung
ventilation and perfusion is feasible when using dual-energy CT scanners [17]. This
procedure is still in the early stages of validation and requires administration of
iodine or xenon as contrast agents.

Lung function assessment has been traditionally the hallmark of nuclear
medicine techniques. Single-proton emission Computed Tomography (SPECT), and
Positron Emission Tomography (PET) represent methods of choice to regionally
assess lung ventilation and perfusion [18,19]. Yet, they all require injection of
radioactive tracers, which also expose the subject to ionizing radiation.

In this context, magnetic resonance imaging presents itself as a radiation-free
modality that can visualize both lung function and morphology. Dynamic contrast-
enhanced MRI (DCE-MRI) for example, has better sensibility than SPECT for

diagnostic of chronic thromboembolic pulmonary hypertension (CTEPH) and
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according to Ref. [20], DCE-MRI should be considered as a first-line imaging modality
for CTEPH screening.

Unenhanced and non-invasive MRI techniques have also been presented and
they allow for the visualization of lung function without administration of any
contrast agent. Approaches like Fourier Decomposition MRI (FD-MRI) and Self-gated
non-contrast-enhanced functional lung MRI (SENCEFUL) utilizes fast acquisition
techniques to monitor the lung proton signal change during free breathing [21,22].
Subsequently, the amplitude of these signal changes is used to quantify regional
ventilation and perfusion. Due to limitations of the acquisition methods, FD-MRI and
SENCEFUL offer structural images with poor SNR and low spatial resolution.

The perpetual improvement in hardware and software has led to the
development of faster MRI sequences, like Ultrashort Echo Time (UTE) and Zero Echo
Time (ZTE), which are suited for the detection of signal from tissues with short T2
and T2* components and are naturally robust to movement artifacts [23-25] . UTE
and ZTE are promising methods that could resolve the remaining issues in lung MRI,
offering morphological images of the lung with both high SNR and spatial resolution.

Theoretically, by combining short echo time acquisitions with an unenhanced
method for ventilation and perfusion, it would be possible to create a technique that
is able to measure highly resolved images of the lung and assess lung function in a
single measurement. This scenario would not only be important from a technological
perspective, but also from a clinical point of view, because MRI could become an
alternative, or even a substitute, for Computed Tomography, SPECT and PET
examinations of the lung.

For this to become a reality, several technical challenges must be overcome.
First, fast acquisition techniques can only be as fast as allowed by the scanner
hardware, so the MRI sequence must consider the hardware limitations.
Additionally, the total measurement time cannot be accommodated in a breath hold
and gating and imaging registration techniques must be implemented to account for

breathing and cardiac motion.

11



After measurement, the data, which would probably be undersampled in
order to reduce the measurement time, must be reconstructed and the functional
contrast extracted using signal models.

With that in mind, this work proposes the implementation of a 3D Ultrashort
Echo Time sequence in the Self-gated non-contrast-enhanced functional lung MRI
framework. For this reason, a 3D-UTE sequence was developed and implemented
on a 3 Tesla MRI scanner.

The new sequence was used to acquire morphological images with high
resolution in 6 healthy subjects and a patient with lung cancer. The study was
performed in free-breathing and without administration of contrast.

After measurement, time-resolved images of the breathing cycle were
reconstructed using iterative SENSE. An automatic technique for gating, using a
combination of the signal from different coil arrays was evaluated.

The breathing motion was then suppressed using a two-dimensional and a
three-dimensional image registration technique, and the results of the two
algorithms were compared.

Ventilation-weighted maps were generated with SENCEFUL, and regional
ventilation was quantified. In the end, the results of the 3D-UTE implementation

were compared with the standard SENCEFUL approach.
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1.2 Thesis outline

This work is structured as follows:

Chapter 2 presents an overview of the morphology and function, with a focus
on the ventilation process and breathing motion. The challenges of lung magnetic
resonance imaging are discussed, and a technique for fast image acquisition is
presented. The state of the art for self-gating techniques and unenhanced ventilation
assessment are also examined.

Chapter 3 outlines the methods used in this study, including the acquisition
technique, gating, reconstruction and extraction of the functional information from
the lung.

Chapter 4 contains the results of this work, with quantitative values for
ventilation and ventilation-weighted maps. A comparison with a standard method
for ventilation assessment is presented.

The results are discussed in Chapter 5, and in Chapter 6 and 7 a brief

conclusion and summary of the findings can be found.
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2 Theory

2.1 The human lung

2.1.1 Lung function and morphology

The organs of respiration can be divided into three sub-systems: the upper
airways (nasal and oral cavities, nasal sinuses, pharynx), lower airways (trachea,
alveoli and bronchial tree) and the respiratory muscles (diaphragmatic and
intercostal muscles) [26].

After being filtered in the nasal passages, air passes through the pharynx and
larynx, to the trachea. The respiratory tract regulates the air temperature and
humidity. The trachea conducts the inhaled air to the bronchi and the exhaled air
out of the respiratory system [26]. An illustration of the trachea and bronchial tree

is presented in Figure 1.
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Figure 1. Anterior view of the upper and lower airways. Opensource
image from Ref. [27].

The right and left bronchi bifurcate from the trachea. The right bronchus is
wider, with three main lobes, while the left one is narrower, with only two lobes
[28,29]. Each bronchus divides into secondary bronchi, which then is further
branched into tertiary bronchi. Bronchioles, with very small diameters, spread
repeatedly through the lung from the tertiary bronchi.

Alveolar ducts are connected to the very end of each bronchiole, and each
duct branches in approximately 100 alveolar sacs [26]. Each sac is filled with several
alveoli, which are in direct contact with the capillaries of the respiratory system [26].

An illustration of the alveoli sacs and capillaries is presented in Figure 2.
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Figure 2. Bronchiole, capillaries and alveoli. Opensource image from Ref.
[27].

The pulmonary artery branches and spread throughout the lung similarly to
the bronchial tree, decreasing in size and diameter at each dichotomy, while its total
cross-sectional area increases. The arteries spread more profusely in the peripherical
areas of the alveolar wall, where the capillaries may occupy up to half of its surface
(Figure 2) [28]. The two lungs contain about 300 million alveoli, with approximately
100 m? of total surface available for gas exchange [28].

The gas exchange happens through passive diffusion, across the pulmonary
blood-gas barrier at the alveolar membrane [30]. This is a continuous process,
involving both ventilation and perfusion [30].

The capillaries in the alveolar wall are irrigated with arterial blood, which has
a low concentration of oxygen (02) and a high level of carbon dioxide (CO3) [30]. This
causes a change in partial pressure, from the alveoli to the capillaries. The high
concentration of Oz in the capillaries drives the O, into the tissue. And the high

amount of CO; in the capillaries drives the CO; into the alveoli.
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Figure 3. Schematic of the oxygen transport pathway showing the
principal structures and their physiological functions. Adapted from Ref.
[30].

After the blood has flowed through the capillaries and has reached the
pulmonary veins, O; levels are increased and CO; levels decay [30].

It can be assumed that ventilation is the circulation of air in and out of the
lungs, and perfusion is the blood flow in the pulmonary capillaries. When ventilation
is higher than perfusion, the arterioles expand and the bronchioles constrict.
Similarly, when perfusion is higher than ventilation, the arterioles constrict, and the
bronchioles expand. Imbalances are usually caused by diseases or the regional

gravity effect on blood [30].
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2.1.2 The mechanics of breathing

The main function of the human lung is to enable the exchange of oxygen and
carbon dioxide between the alveolar and pulmonary capillary [26]. As previously
explained, gas exchange is continuous and involves both ventilation and perfusion.
For that to occur, the lung must be constantly ventilated. The alternation between
inspiration and expiration ensures that fresh air will get in contact with the alveoli
and the excess of carbon dioxide will be removed from the body. This gas exchange
is made possible by pressure differences between the lungs and the atmosphere.

To enable these pressure differences, the volume of the lungs is increased
during inspiration and decreased during expiration. The diaphragm takes the main
role in this process, which is also supplemented by thoracic respiration.

For inspiration, the diaphragm and intercostal muscles must overcome the
elastic resistance in the lung and chest wall, as well as the viscous resistance in the
airways. During tidal breathing, 75% of the intrathoracic volume changes due to
diaphragmatic breathing [26,29]. When the diaphragm contracts, the space between
the diaphragm and the chest wall is then filled by the lung. Thoracic respiration is
more active during forced breathing. In thoracic respiration, the external intercostal
muscles elevate the obliquely placed ribs, which expand the chest cage [26,29].

Because of its elastic nature, the lungs normally tend towards the reduction
of their volume. Thus, expiration is considered a passive process, where the energy
accumulated during inspiration is released from the elastic fibers of the lung and the
diaphragmatic muscles, forcing air out the body while the chest cage returns to its
resting position [26]. During forced exhalation, the abdominal muscles exert
additional pressure, enhancing the movement.

The amount of gas in the lungs is measured in terms of lung volume and lung
capacity. Lung volume measures the amount of air in a single function [31]. For
example, tidal volume (TV) is the volume of air inhaled in a single breath during

normal breathing.
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Lung capacity measures the sum of two or more volumes. The vital capacity
(VC), for instance, represents the amount of air that can be inhaled during a
breathing cycle, and it’s calculated as the sum of the expiratory reserve (ERV), tidal
and inspiratory reserve (IRV) volumes [31]. An illustration of the correlation among

different values of lung capacity and lung volume is found in Figure 4.
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Figure 4. Standard lung volumes and capacities from a spirometer trace
[31].

Lung volume and size depends on age, sex, body build, and physical
conditioning. The normal TV in adults is usually 10% of VC, approximately 300 — 500
ml [32]. During exercise, TV can increase up to 50 % of VC [33].

Pulmonary function tests (PFT) are the gold standard to measure lung
volume, function and capacity. Spirometry is the most clinical adopted PFT and
directly measures changes in lung volume by monitoring the amount and rate of air
expired by the lungs over time. However, this method is relatively insensible, as it

analyses ventilation only on a global scale, without any regional information.
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2.2 Unenhanced visualization of the lung's parenchyma with MRI

2.2.1 Relevant aspects of Lung MRI

When using magnetic resonance to image the lung, there are some intrinsic
properties that must be considered. The most important ones are low proton
density, local magnetic field inhomogeneities, short T2* times and continuous
motion.

The lung parenchyma has very low proton density, between 0.1 and 0.3 g/cm?
(depending on the level of inflation), which is about ten times less than other tissues
in the human body. For comparison, the density of the human cerebrum is on
average 1.04 g/cm? and of the liver is about 1.05 g/cm3[34,35]. As a result, the MR
signal from the parenchyma is much lower than in the adjacent tissues.

The lower proton density is explained by the high number of airways and
alveoli that are present in the lung and are required to achieve a larger surface area
for gas exchange. These heterogeneous structures (Figure 5) result in microscopic
magnetic field inhomogeneities, caused by the different magnetic susceptibility of

the lung tissue and the air.
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Figure 5. Microscopic image of the lung parenchyma [36].

Magnetic field inhomogeneities lead to fast dephasing of the already low MR
signal, resulting in extremely short T2* values. Higher B, intensities attenuate local
magnetic inhomogeneities, shortening the T2* even more at higher field strengths.
This behavior leads to a trade-off between signal amplitude and T2* values, because
even though the MR signal is higher at higher B, fields, its signal also decays faster,
which requires even faster acquisition techniques. Ref. [37] compared the lung T2*
during free-breathing at 1.5 and 3 T, and found a reduction of 75% for the T2*, from
2.11+0.27 msat 1.5Tto 0.74 + 0.1 ms at 3T.

Moreover, continuous motion in the thorax and abdomen require

countermeasures to avoid image blurring.
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2.2.2 Ultrashort echo time MRI (UTE)

Ultrashort echo time techniques represent the method of choice when high
SNR and improved image resolution from the lung parenchyma are sought [38]. They
minimize the effect of rapid signal decay in the lung by reducing the echo time to
less than 200 microseconds [39,40]. This is normally achieved by sampling the free
induction decay as soon as possible, right after the radiofrequency (RF) excitation.

UTE can be used for both 2D and 3D measurements, and it’s based on non-
cartesian trajectories, like radial-center out and spirals [41,42]. In this work, only
radial-center out trajectories will be discussed.

In a conventional Cartesian approach, the k-space is filled line by line. In radial
center-out, every readout starts at the k-space center and then the system is rotated.
For reference, a schematic of the k-space trajectory in Cartesian and radial

acquisitions is presented in Figure 6.

A) ky B) ky

Figure 6. Two dimensional cartesian (A) and radial (B) k-space trajectories.

In radial acquisitions, any given direction in the k-space can be characterized

by the polar angle (0 < © <1t ) and the azimuthal angle (0 < ¢ < 2mt ) [43]. In a three-
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dimensional k-space, the x, y and z components of the readout gradient G can be

calculated according to the following set of equations:

G, = G sinBcos ¢
Gy, = G sinBsin¢ Equation 1
G, =Gcos

Radial acquisition results in a non-uniform sampling of the k-space, with
oversampling of the lower frequencies. Moreover, UTE radial methods sample the k-
space while the gradients are being ramped up, resulting in a non-linear sampling.
Re-gridding algorithms and weighting functions are then required during image
reconstruction to correct such nonuniformities [39,44].

The Nyquist criterium requires that the distance between adjacent samples,
in the k-space, should be less than the inverse of the image FOV. As demonstrated
by Ref. [43], the number of half-echo acquisition required to fulfill the Nyquist
sampling rate in a sphere enclosing volume is:

_ 2
Nproj =4n kmax

Equation 2

In order to meet the Nyquist criterion also in the periphery of the k-space,
three-dimensional radial acquisitions require m times more the number of readouts
compared to a 3D cartesian method with a similar matrix size. This increases the total
acquisition time and creates raw data sizes that are computationally challenging to
handle [45,46]. On the other hand, radial trajectories are naturally more robust
against under sampling, so reaching full Nyquist in the outer parts of the k-space is
not always necessary [47].

For 2D-UTE applications, half excitation pulses are typically used, and the slice
profile results from a sum of two excitations with opposing gradients [37]. There is

no slice selection for 3D imaging, hence an even shorter TE can be achieved, as the
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data is sampled a few microseconds after the end of the RF pulse. An example of a

2D and 3D UTE techniques is displayed in Figure 7.

A)
ADC ..o S I
TE

B)
ol
ADC s I
Gx,y,z ....... _/ ................................................................................. L ......

TE

Figure 7. Ultrashort echo time sequences diagrams for 2D (Fig. A) and 3D (Fig. B)
acquisitions. 2D-UTE normally uses a half-pulse excitation, which is applied with the
slice selective gradient. 3D-UTE normally employs a rectangular hard-pulse
excitation. For both, the sampling starts while the gradients are still ramping up.
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In short echo time acquisitions, the echo time is mainly limited by the
hardware dependent dead-time, which is defined as the delay between the end of
the RF pulse and the beginning of the data acquisition [48,49]. The dead-time is
related to the ADC filtering, the circuit ring down time and the switching of the coils
from transmitter to receiver mode.

Radial acquisitions are very sensible to gradient delays and imperfections,
therefore, corrections are also required. As reported by Ref. [45], hardware
imperfections might cause offsets between the start of the readout gradient and the
ADC sampling. Consequently, the data must be re-grid at the k-space center and on
the ramp, to avoid image artifacts during reconstruction [45].

In contrast to the read direction in conventional Cartesian imaging, the signal
from outside the encoded area can create aliasing artifacts, which are usually
manifested as streaks and blurring [39,40,44]. Thus, it is recommended to use RF
coils with sensitivities limited to the desired FOV.

For pulmonary applications, besides the reduction of signal loss, radial
sampling schemes are also naturally less sensitive to motion artifacts [50]. As
demonstrated by Ref. [50], the over-sampling of low-frequencies components,
responsible for gross features and contrast, results in the reduction of motion
artifacts and offers similar benefits to conventional signal averaging.

Additionally, the center of the k-space can be used to monitor physiological
functions, such as cardiac and respiratory motion. Consequently, UTE acquisitions
are gaining attention in the past few years for their inherent self-gating ability. [51].

UTE can also provide similar contrast and diagnostic information as in
Computed Tomography, with isotropic resolution as small as 1 mm [51]. In
combination with hyperbolized gasses and oxygen-enhanced MRI (OE-MRI), UTE is a
promising method to evaluate disease progressions without multiple exposures to

radiation [40].
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2.3 Magnetic Resonance Imaging of the respiratory motion
2.3.1 Breathing motion and respiratory signal

As observed by Ref. [52], the signal intensity in the parenchyma depends on
the state of inflation of the lung. During expiration, for example, the lung contracts
and the relative proton density in a voxel is increased, reducing the magnetic
susceptibility and increasing the MR signal intensity. Consequently, the proton
density of the parenchyma is determined by the phase of the respiratory cycle and
is directly correlated with lung volume [21].

By observing the diaphragm motion in fluoroscopic studies, Ref. [53]

proposed an equation (Equation 3) to estimate its position over time.
— 2n (T
z(t) = zo — bcos T P Equation 3

where z, is the position at exhale, b is the amplitude of the respiratory cycle, n
determines the steepness and flatness of the curve, ¢ is the phase of the respiratory
cycle and t is the period of the respiratory cycle. An example of z(t) is presented in

Figure 8, fort=5s,b=2cmand n=3.
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Figure 8. Simulation of the position of the diaphragm.

Ref. [21] modified Equation 3 to include the contribution of cardiac motion
to the MR signal, which is a result of the blood flow in the ventricles.

i) =i, — ATCOSzn (T_ — (Pr> + ACCOSzm (Z - (pc) Equation 4

T

where i(t) is the signal variation with respect to the cardiac and breathing cycles, i, is

a constant value for the signal’s baseline, 7,- and ¢, are the period and phase of the

respiratory cycle, 7. and ¢, are the period and phase of the cardiac cycle, 4, and A,

are the amplitude of the respiratory and cardiac cycles, and n and m affect the shape

of the curve.
A simulation of the respiratory and cardiac time-courses is presented in

Figure9 using A, =10,A4.=5,7,=55,7,=0.8s,n=3, m=1and io, ., and ¢, =0.
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Figure 9. Simulation of the contribution of the cardiac and breathing
motions to the MR signal.

After applying a Fourier transform, it is possible to observe the frequency

components related to each motion in the Fourier domain (Figure 10).
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Figure 10. Spectral separation of the cardiac and breathing motions in the
frequency domain.

In adults, the average cardiac frequency is between 0.75 and 2 Hz,
corresponding to beating rates of 45 to 120 beats per minute. Breathing frequencies
range, on average, between 0.1 and 0.5 Hz, corresponding to one respiratory cycle
every 2 - 10 seconds [22]. Spectral separation of the cardiac/respiratory motion

contribution to the MR signal can be achieved using high and low pass filters [21].
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2.3.2 Real-time navigators

Magnetic resonance imaging of the respiratory motion, in free-breathing,
requires synchronization of the image acquisition with a navigator that represents
the respiratory cycle. This can be achieved using external devices (i.e. thoracic belts,
bellows or cushions) or using self-gated MRI techniques.

External devices monitor the chest or abdomen expansion and are mainly
used for prospective gating, meaning that the data acquisition only happens when a
specific state of expansion is reached (normally end-expiration). Bellows for
respiratory synchronization have also been used for retrospective gating [54].
Nevertheless, these devices reflect only the motion patterns of the chest wall and
do not offer a direct representation of the respiratory motion [55].

Self-gating (SG) techniques, on the other hand, do not rely on external
devices, because the information related to respiratory motion is extracted from the
measured MR data itself. SG methods can be classified into two distinct groups:
Image-based self-gating (Img-SG) and DC self-gating (DC-SG).

Img-SG relies on the direct visualization of the breathing motion, by
reconstructing images with low spatial resolution [56]. For that, sequence
parameters must be within the limits imposed by the characteristics of the
movement of interest, in order to maintain acceptable spatial and temporal
resolutions [56]. The use of a sliding window approach, partially overlapping
adjacent datasets, can be helpful to improve temporal/spatial resolution.

In lung imaging, the liver-lung interface is the most common monitored area.
As previously discussed, the movement of the diaphragm offers a very good
approximation of the lung motion. Thus, by monitoring its displacement over time,
it is possible to create a signal navigator based on its position. This approach is
demonstrated in Figure 11 and Figure 12.

In Figure 11, low-resolution reconstructions from a radial center-out
acquisition are presented. Each image was reconstructed with only 700 radial

samples, using a sliding window approach. The number of radial samples is not
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sufficient to fully sample the k-space, but it provides enough information to detect

the position of the diaphragm over time.

Figure 11. Breathing phases reconstructed using an Img-SG approach.

The displacement of the lung-liver interface, monitored in the region of

interest tagged with a blue rectangle in Figure 11, is presented below.
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Figure 12. The position of the diaphragm during a free-breathing
measurement monitored with an Img-SG approach

DC-SG does not require any image reconstruction to extract the SG signal. In
this case, the k-space center, which represents the sum of the total transverse
magnetization in the excited region, is used as a navigator. In 2D acquisitions, the

movement of an object within the slice region changes the spin density, which leads
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to DC signal variations. A similar effect is observed when the blood flow carries
unsaturated spins into the excited region, causing changes in the overall
magnetization and in the DC signal [57].

In 3D measurements, the whole volume is excited, minimizing the effect
caused by the inflow of unsaturated spins. Nonetheless, changes in the spin density
still cause proportional DC signal variations. Consequently, the movement of the
diaphragm in the excited volume will lead to a synchronous signal variation of the
DC signal, which can be recorded by coil elements positioned near the diaphragm.

Likewise, coil arrays positioned close to the heart, will be able to record
variations caused by cardiac motion. The maximum amplitude of the DC signal for
2D cardiac applications results from the inflow of spins from major vessels or from
the blood flow in the ventricles.

In this scenario, radial acquisitions have obvious advantages over cartesian
techniques, because they sample the k-space center at every TR. Cartesian methods
must be adapted to acquire such information [22].

The DC signal extracted from the k-space center of the previous radial center-

out acquisition is visualized in Figure 13.
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Figure 13. DC signal from a single coil element positioned close to the
diaphragm.

The resulting gating information from both Img-SG and DC-SG enables the
reconstruction of multiple respiratory phases from a single acquisition, allowing the

visualization of the breathing motion and the assessment of lung function.
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2.4 Unenhanced ventilation assessment with MRI

Hyperpolarized gasses, like Helium-3 and Xenon-129, have been exploited to
evaluate regional inhaled gas density in patients in a few specialized centers.
However, their clinical application has been limited by high costs and the
requirement of specialized equipment for administration and measurement [58].
Oxygen-enhanced MRI is a cheaper alternative, but low SNR and long acquisition
times are obstacles to a broader implementation [59].

Given the limitations of hyperpolarized gasses and oxygen-enhanced MRI,
unenhanced techniques like Fourier Decomposition, Matrix Pencil Decomposition,
and SENCEFUL are gaining interest as potential alternatives [21,22,60]. A description

of each one is presented next.
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2.4.1 Fourier Decomposition

Fourier Decomposition MRI was first introduced by Ref. [21] as a method to
obtain regional lung ventilation and perfusion in free breathing and without the
administration of contrast agents. FD-MRI, in its original implementation, employs a
two-dimensional balanced steady-state free precession (bSSFP) pulse sequence to
acquire time-resolved sets of lung images.

Normally, between three and five images are acquired per second.
Subsequently, the time series is registered to a reference image with a mean value
of the diaphragm position by using a non-rigid two-dimensional registration
algorithm. This eliminates most of the signal changes caused by motion and
guarantees that the signal alterations in the image stack will be a result of spin
density and input variations. For ventilation, the expansion and contraction of lung
parenchyma lead to these signal variations. While for perfusion, the main
responsible for signal changes is the inflow caused by the cardiac motion.

The signal contributions of perfusion and respiration can be spectrally
separated by a pixel-wise Fourier transform along the temporal dimension.
Therefore, integration over the range of frequencies related to perfusion/ventilation
is applied in the Fourier domain, to produce functional information. Hence, unsteady
breathing and cardiac motion cause widening of the spectral lines, which can lead to
undesired noise and artifacts [21].

Another particularity of the Fourier transform approach is that non-
oscillating signals do not have a frequency component. So, in cases where the blood
flow is constant during measurement, its frequency component is transferred to the
0-Hz in the Fourier domain. As a result, it won’t appear on the perfusion maps [61].
Its indirect approach to picture ventilation is also not able to show the alveolar and
bronchial space, as with hyperpolarized gas imaging, due to a lack of regional

changes in proton density [61].
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Additionally, the 2D-bSSFP (or any other 2D technique) suffers from through-
plane motion artifacts [62]. Partial volume effects, caused by a large slice thickness,
have also been reported [21,61,63].

Fourier decomposition has presented results in agreement with traditional
methods, such as dynamic contrast-enhanced MRI (DCE-MRI), single proton
emission computed tomography (SPECT) and dynamic fluorinated gas washout MRI
(**F-MRI) [21,61,63]. In Figure 14, Ref. [21] compared perfusion weighted images
from FD-MRI with dynamic contrast-enhanced MRI, from a patient with cystic

fibrosis (DC-MRI).

Figure 14. Morphological CT in coronal view (a,d) and perfusion maps of
a patient with a cystic parenchymal defect in the lower lobe of the right
lung (arrows) shows a tissue density malformation. A perfusion defect in
DCE-MRI perfusion map (b,e) is clearly visible on the perfusion-weighted
image (c) and density-weighted image (f) obtained using the Fourier
decomposition method. Ref. [21], used with permission from John Wiley
and Sons.

Its clinical potential has also been demonstrated in patients with obstructive

pulmonary diseases (COPD) [21,61,63].
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2.4.2 Matrix Pencil Decomposition

Besides widening of the spectral lines, FD-MRI also requires stable peak
detection in the Fourier spectrum, which has been reported to be very unstable [60].
Furthermore, the Fourier transform of truncated signals often causes spectral
leakage and Gibbs ringing artifacts [64]. Ref. [60] proposed the use of a Matrix Pencil
method (MP), to better estimate the position of the respiratory and cardiac peaks in
the frequency domain. Matrix pencil works on truncated, time-shifted and
equidistant data sets, and it has been traditionally used in spectroscopy to estimate
the spectral components of a sum of exponential signals [64].

Similar to FD-MRI, a time-resolved image series of the thorax was acquired,
using a 2D- bSSFP technique. Spatial inconsistencies in the image stack are corrected
with a non-rigid 2D image registration. The signal in a region in the center of the FOV
is summed and low and high-pass filters are used to separate its cardiac and
ventilation contributions. One matrix with the respiratory poles, and another with
the cardiac poles, are then retrieved using the matrix pencil decomposition of the
respective low and high-pass-filtered signals. The local respiratory and cardiac
amplitudes can then be found voxel-wise by a Moore-Penrose inverse these matrices
[60].

When compared to FD-MRI, MP offered a more precise evaluation of the
respiratory and cardiac signal modulations in the lung parenchyma [60].

Ref. [60] compared the image quality of ventilation and perfusion-weighted

maps measured with FD-MRI and MP. The results are presented in Figure 15.
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Figure 15 - Ventilation-weighted (Vw) and perfusion-weighted (Qw)
images generated with MP (a, c) and standard FD method (b, d). From
Ref. [22], used with permission from John Wiley and Sons.

The image quality of the ventilation and perfusion-weighted maps was found
to be analogous to FD-MRI. However, quantification of ventilation and perfusion
were more accurate. Notwithstanding the improved quantification, widening of the

spectral lines is still an obstacle in this method.
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2.4.3 Self-gated Non-Contrast-Enhanced Functional Lung imaging
(SENCEFUL)

Self-gated Non-Contrast-Enhanced Functional Lung imaging utilizes a DC-SG
approach to obtain highly resolved ventilation and perfusion-weighted maps of the
human lung in free breathing. In its original implementation, SENCEFUL employs a
modified two-dimensional Fast Low-Angle SHot (FLASH) sequence, with a quasi-
random sampling order of the k-space, to additionally sample a non-phase-encoded
free induction decay (FID) after each readout.

Afterwards, the DC signal from each coil is filtered and coil elements with high
sensibility to the cardiac/respiratory motion are selected. The gating signal is used
as a reference to re-sort the quasi-random data in different bins, each one
corresponding to a specific breathing/cardiac phase from a representative
breathing/cardiac cycle.

The respiratory gating using the direct current (DC) signal, extracted from a
coil element positioned close to the diaphragm, is presented in Figure 16 (a and b).
The periodic motion of the diaphragm is reflected in the resulting DC signal. The
signal reaches its highest amplitude during expiration and its minimum during
inspiration. A gating window (Figure 16 (c)), is used to separate all data related to a
state of motion. This gating window can be shifted along the scope of the DC signal,
and different data stacks, corresponding to different breathing phases, can be
created and reconstruct. Figure 16 (c) highlights three breathing phases (end-

expiration, intermediate respiratory phase and end-inspiration).
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Figure 16. lllustration of the DC signal (b) extracted from a coil element
close to the diaphragm (a) and the corresponding gating process (c). From
Ref. [22], used with permission from John Wiley and Sons.

This allows for the suppression of the breathing motion and an improved
depiction of the lung morphology. Additionally, because the data is sorted into a
single pseudo cycle, it solves the problems related to spectral broadening.

A similar approach is used for cardiac gating. The periodic inflow of blood is
clearly reflected in the resulting DC signal (Figure 17), which is also slightly
modulated by respiratory motion. To minimize lung motion, a gating window is set
to expiration and only the cardiac cycles within this gating window are accepted.
Later, different cardiac phases are defined by another gating window, shifted

between the signal peaks (Figure 17 (c and d)).
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Figure 17. DC signal (b) measured with a coil element sensible to the
cardiac motion (a). A gating window is shifted between peaks to segment
the acquired data into different cardiac cycles. From Ref. [22], used with
permission from John Wiley and Sons.

After reconstructing each dataset, a complete representative respiratory and

cardiac cycle is obtained (Figure 18).
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Figure 18. Four different respiratory (A) and cardiac (B) phases measured
from a healthy subject, in free breathing, with SENCEFUL.

As displayed in Figure 18(A), the shape of the lungs changes significantly
during a respiratory cycle, and an image registration technique is required in order
to analyze corresponding regions across the image stack. A 2D-motion registration is
applied to the time series, aligning the reconstructed images to a reference image.
As reported by Ref. [22] best results are obtained when the reference image is
halfway between the inspiration and expiration phases. As all cardiac phases are in
the same respiratory phase, no motion correction is required for the cardiac cycle.

When the echo time is short, it can be assumed that the MR signal variations
in the lung parenchyma, during a breathing cycle, are caused by the gas exchange
process. The quantitative weighted ventilation value (QV) is then a measure of this
signal change and offers a representation of the ventilation in ml air added during
inspiration per ml of lung parenchyma. The idea is well established and was initially
introduced by Ref. [65]. In this paper, QV is called Total Ventilation (Vabs), which is

calculated as:
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Vaps =< Equation 5

Sexp is the signal in the end-expiration phase, Sinsp is the signal in the end-
inspiration phase, and Snoise is @ measurement of the noise. As this is mainly a
subtraction of the end-inspiration and end-expiration phases, signal variations
caused by noise lead to false ventilation information.

SENCEFUL typically determines these signal variations in a different fashion
than Ref. [65]. Thereby, the QV is calculated in the frequency domain, which reduces
the noise dependence. For that, not only two breathing phases are used, but also all
the others in between.

QV can also be compared to the Vital Capacity, measured in liters, from a
conventional pulmonary function test. For that, the QV (ml air/ml lung parenchyma)
needs to be multiplied by the total lung volume, which can be determined by a
thoracic MRl scan [65]. In general terms, it can be said that the QV offers a method
to measure the Vital Capacity regionally.

Similar to FD-MRI, SENSEFUL extracts the function information after applying
a pixel-wise Fourier transform. The functional contrast, for ventilation and perfusion,
is observed in the real part of the spectral image from the lowest non-zero frequency
component of the spectrum. The normalized signal amplitude from each pixel is then
used to generate ventilation and perfusion-weighted maps.

Because of the Fourier transform approach, non-oscillating signals are not
visualized in the functional maps. Additionally, through-plane motion and partial
volume effects are still reported [66].

As a result of not being limited by a specific acquisition rate, SENCEFUL was
able to acquire images with higher SNR and spatial resolution than FD-MRI [22].

SENCEFUL was already validated against Fourier decomposition and dynamic
contrast-enhanced MRI (DCE-MRI). Examples of ventilation and perfusion maps are

presented in Figure 19.
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Figure 19. Comparison of SENCEFUL with DCE-MRI and Fourier
decomposition. For perfusion, SENCEFUL shows good accordance with
the DCE-MRI data. For ventilation SENCEFUL and standard FD offer
equivalent functional information. The SENCEFUL maps exhibit better
visibility of the lung boundary, fewer artifacts, higher signal-to-noise ratio
(SNR) and higher contrast than standard FD. From Ref. [22], used with
permission from John Wiley and Sons.

SENCEFUL also presented good correlation with vital capacity tests when

used to quantify the ventilation in patients with cystic fibrosis [66].
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3 Methods

This work presents a method to assess lung ventilation in 3D by combining
Self-gated Non-Contrast-enhanced Functional Lung MRI (SENCEFUL) with an ultra-
short echo time (UTE) acquisition and a 3D image registration technique.

Six healthy volunteers (4 men, 2 women; mean age * SD, 26 * 2.0; range, 23
—29 years) and one patient with lung cancer (male, 62 years old) were included in
the study. The patient had a non-small cell lung cancer in segment 3 of the left upper
lobe and accumulated mucus in different regions of the lung.

All measurements were performed at the University Hospital of Wirzburg,
on a 3 Tesla MAGNETOM Prisma (Siemens Healthineers, Erlangen, Germany). Post-
processing and reconstruction were conducted off-scanner on MATLAB®.

This project was approved by an institutional ethics committee and
performed in accordance with the ethical standards as laid out in the 1964
Declaration of Helsinki and its later amendments. Informed consent was obtained
from the participant prior to the study.

Ventilation weighted maps were generated and the quantitative ventilation
values were assessed. Lung ventilation and image quality were compared between
the new UTE-SENCEFUL and the standard 2D-SENCEFUL methods. Additionally,
different gating techniques, reconstruction methods, and image registration
processes were evaluated for UTE-SENCEFUL.

A description of the acquisitions, reconstructions, gating techniques and
guantification of ventilation is presented in the following sub-chapters and can also
be found in Ref. [62]. Excerpts and images of this paper were reproduced in this

thesis, with permission from John Wiley and Sons.
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3.1 3D-SENCEFUL
3.1.1 3D-UTE sequence and protocol

Initially, a 3D-UTE pulse sequence, with a radial center-out acquisition, was
developed in the IDEA software environment, provided by Siemens Healthineers.
The sequence consisted of a nonselective RF pulse excitation, followed by a 3D
center out (koosh ball) acquisition. An illustration of the koosh ball trajectory and

the sequence diagram is presented in Figure 20.

®) 10 s
RF |/

3D koosh ball trajectory ADC

Gx,v,z \

20 ps

(A)

Figure 20. K-space trajectory and acquisition scheme. A) 3D koosh ball
trajectory, filled in a quasi-random order. The center of the k-space is
denser than its extremities. B) Sequence diagram, with the ADC starting
10 us after the end of the RF pulse. The read-out gradients started 30 ps
after the end of the RF pulse.

In order to achieve the shortest possible echo time, the k-space was also
sampled while the gradients were ramping up. Considering the scanner dead time
between the end of the RF pulse and the ADC, and the transient phase of the digital
filter, an echo time of 30 us was used in this application. The first readout points
were acquired immediately after the transient phase of the digital filter.

The following acquisition parameters were applied during measurement:
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Parameter Value

TE (ms) 0.03

TR (ms) 1.78

Flip Angle 2°
Resolution (mm?) 2.3

FOV (mm?3) 300

Number of Projection 350000
Bandwidth (Hz/pixels) 2298

Matrix size 128x128x128
Total measurement time (min) 10.4

Table 1 —3D-UTE measurement parameters

All examinations were performed using a body-coil array coupled on a 3 Tesla
whole-body MR scanner (Siemens MAGNETOM Prisma; Siemens Healthineers,
Erlangen, Germany) with maximum gradient amplitude of 80 mT/m and a maximum
slew rate 200 T/m/s. The subjects were scanned in free breathing and head-first

supine position.
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3.1.2 DCgating

Because each projection starts in the center of the k-space, the average
signal value of the first points acquired during readout can be used as the DC signal.
In this experiment, the average value of the first five points after the transient phase
of the DC signal was used. The DC signal was then filtered using a Savitzky-Golay
function with a trinomial polynomial order and frame size of 801 points.

Next, the gating signal was extracted using two different approaches: a
manual approach and an automatic method employing coil clustering [67]. For the
first method, the DC signal from each individual coil was plotted and a single coil
which presented high signal correlation with the breathing motion, was manually
selected.

The second method, initially proposed by Ref. [67], combines the signal from
a subset of coils elements that are highly correlated, to automatically determine the
dominant motion. To this end, a correlation matrix of the DC signal from all coils was
calculated. Next, a thresholding operation was applied to the correlation matrix, and
all values above 0.95 were set to 1. Values smaller than the threshold were set to
zero.

Principal component analysis was applied to calculate the eigenvalue
decomposition of this matrix. To find the coil cluster, another thresholding operation
was exploited. The coil cluster was selected based on the eigenvalues corresponding
to eigenvectors higher than 0.4. The limits for both thresholding operations were
empirically determined. A demonstration of the coil clustering algorithm is found in

Figure 21.

51



Time (s)

Coil 6

Time (s)

Coil 10

Cluster Correlation
1 —— — Coil 6 10 3
Coil Cluster

CA\ln 10

Coil Cluster

1 N E
Thresholding
(t = 0.95) Ihruholdmg ()

C Correlation Graph

Coil 6 10

[ .l.

Figure 21. Coil clustering algorithm. (a) Navigators from three individual
coil elements. (b) calculation of the correlation matrix; (c) construction of
a correlation graph by thresholding the correlation matrix; (d) eigenvalue
decomposition of the correlation graph; (e) thresholding of the
eigenvector corresponding to the largest eigenvalue. Modified from Ref.
[67], used with permission from John Wiley and Sons.

In this method for motion estimation, coils with negative correlation can also
be present. Therefore, the signals from the coil cluster need to be aligned based on
the sign of the correlation coefficient, so that they do not cancel out each other. The
motion estimate was then calculated as the average DC signal within the coil cluster.

For comparison, time-resolved images and functional maps of three healthy
subjects were also reconstructed using the DC signal from a single coil, which was
manually chosen. The maximum of the first derivative in the lung-liver interface was
used to calculate the distance in pixels, from the diaphragm in the end-inspiration
and end-expiration phases. This distance was used as a quantitative parameter to

compare the manual and automatic methods for DC gating and coil selection.
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3.1.3 Data binning

The gating signals, obtained with the automatic and manual methods, offer a
representation of the breathing motion. Thus, its signal variation can be used as a
navigator to track the diaphragm position over time, such that the interval between
the minimum and maximum signal amplitudes can be divided into individual time-
frames.

The DC signal amplitude difference was normalized to one and eight gating
windows were defined. Each window represented a different state of motion during
a breathing cycle. The window width was defined such that each breathing phase
had at least 50 thousand projections, which represents a sampling density of
approximately 25% of the Nyquist sampling rate at ko

An illustration of the gating process is shown in Figure 22.
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Figure 22. Gating process illustration. The filtered DC signal extracted
from the k-space center, that is, the first readout points of each
projection. The DC signal is used as a reference to segment the acquired
raw data into 8 different k-spaces. After reconstruction, each k-space
represents an individual breathing phase. Modified from Ref. [62], used
with permission from John Wiley and Sons.

As presented earlier, 350000 spokes were acquired for each measurement.
Hence, overlapping of the breathing phases occurred, and some spokes were
assigned to 2 different phases.

The k-spaces, corresponding to each gating window, were individually

reconstructed, as described next.
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3.1.4 Trajectory correction and image reconstruction

After measurement, gradient errors were corrected in postprocessing using
the Gradient Impulse Response Function (GIRF) approach [68,69]. GIRF completely
characterizes the gradient system as a linear and time-invariant system, and it was
used to correct deviated trajectories from 3D ultrashort echo time acquisitions
[68,69]. The corrections were applied for all three axis and all coil channels.

Because the k-space related to each breathing phase is extremely under-
sampled, iterative SENSE was the method of choice to reconstruct the datasets [70].

SENSE-reconstruction unfolds by solving a set of linear equations to
determine the “true” pixel values in the desired image, based on the sensitivities of
the individual coil elements and the superposition of pixel intensities.

The reconstruction code was written based on the Michigan Image
Reconstruction Toolbox (MIRT), which is an open source algorithm for image
reconstruction on MATLAB® [71]. Using MIRT, low-resolution images were
reconstructed from each surface coil and the complex sensitivity profiles of each coil
element was calculated.

For comparison, the ungated dataset from a single subject was reconstructed
with SENSE, and also re-grid in a Cartesian fashion and reconstructed using a Fast
Fourier Transformation (FFT).

All reconstructions were performed off-scanner, on a workstation with 64

CPU cores and 256 GB of RAM.
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3.1.5 Ventilation quantification

In order to asssess the signal variation caused by respiration, the respiratory
motion needs to be suppressed and the lung structures must be aligned in the image
stack. For this purpose, a demon-based nonrigid 3D image registration technique
was employed [72]. All breathing phases were registered to one intermediate phase,
with approximately the same extent of deformation with respect to inspiration and
expiration.

Next, a symmetric Hamming filter, with a window width of 1.25 times the k-
space matrix size and a maximum signal amplitude of 1, was used to smooth the
images before the generation of the ventilation maps.

To take advantage of all reconstructed breathing phases and minimize the
contribution of noise, a model function was fitted to the signal evolution over the
breathing cycle. A simple shifted sine curve model with offset was assumed.
According to this model, the signal of the first harmonic in the frequency domain is
half the signal amplitude of the sine wave in the time domain. The Quantitative
weighted Ventilation value (ml of gas/ ml of lung tissue) was evaluated as two times
the amplitude of the first harmonic in the frequency domain, normalized by the
signal in expiration.

After quantifying the ventilation on each voxel, the lungs were manually
masked in different regions and the mean Quantitative weighted Ventilation value £
standard deviation for each lung area was calculated for all volunteers. The signal
intensities assigned to the blood vessels were manually set to zero using a simple
threshold approach, before generating the functional maps.

An illustration of the different lung regions for regional ventilation

assessment is shown in Figure 23.
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Lung segmentation
for quantitative weighted ventilation (QV) assessment

Figure 23. Lung segmentation. The lungs were divided into the following
regions: total lung; right lung; right lung: upper half; right lung: lower half;
left lung; left lung: upper half; left lung: lower half. Additional regions
were analyzed only for the 3D-UTE measurement, including the right lung:
posterior half; right lung: anterior half; left lung: posterior half; and left
lung: anterior half. QV, quantitative weighted ventilation. Image from Ref.
[62], used with permission from John Wiley and Sons.

Additionally, to show the benefits of the 3D image registration and to
estimate the influence of through-plane motion in the ventilation maps, a 2D
registration method was applied to each partition of the nonregistered 3D data set
from a healthy volunteer. Ventilation weighted maps were generated and the level
of artifacts in the functional maps was compared to the 3D image registration

technique.
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3.2 2D-SENCEFUL

In addition to the 3D-UTE measurement, 2D-SENCEFUL measurements were
conducted with a modified FLASH sequence with a quasi-random ordering of the
phase encoding. For the gating process, the DC signal was acquired for 20 us, 250 us

after completion of the readout. The acquisition diagram is presented in Figure 24.
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Figure 24. Fast low-angle shot sequence diagram, with additional
sampling of the direct current (DC) signal.

For each subject, six adjacent coronal slices covering the midcoronal region

were measured. The following measurement parameters were used:
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Parameter Value

TE (ms) 0.7
TR (ms) 2.5
Flip Angle 8°

Resolution (mm?) 4.5
FOV (mm?) 350
Slice thickness (mm) 10

Repetitions 500
Total measurement time (min) 2.7

Table 2. 2D-FLASH acquisition parameters.

The DCsignal from a coil element close to the diaphragm, and with high signal
correlation with the respiratory motion, was used for gating. The signal was filtered
using a Savitzky—Golay function with a trinomial polynomial order, and frame size of
301 points.

The DC signal amplitude was normalized to one, and eight individual k-
spaces—each representing a breathing phase—were sorted. A simple inverse
Fourier Transform was applied to convert the data to the image domain.

All breathing phases were registered into an intermediate phase using a 2D
nonrigid image registration with a free-form deformation based on B-splines [73].
The target breathing state presented a similar extent of deformation with respect to
the end-inspiration and end-expiration phases.

Prior to the generation of the functional information, a 2D Hamming window
with the maximum signal amplitude of 1 and window width of 1.25 times the k-space
matrix size was used as a filter to denoise the reconstructed images.

Each coronal slice was manually masked in different regions and the average
ventilation for each location was calculated. Because the number of measured slices
with 2D-SENCEFUL was not enough to cover the whole lung, the ventilation for the
anterior and posterior halves of the lung was not assessed.

The images acquired using the 2D-FLASH and 3D-UTE techniques were
compared regarding their image quality and quantitative ventilation values. Their

corresponding functional maps and morphological images were set side by side with
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respect to recognition of the lung structures, artifact level and clinical quality of the
ventilation information. The mean QV values were also compared among the two

acquisition techniques and the literature.
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3.3 SNR comparison

The noise behavior in the 3D-UTE and 2D-FLASH acquisition was compared
using the pseudo multiple replica method [74]. This approach employs a Monte Carlo
simulation to create artificial noise, based on a single noise measurement. The noise
measurement is used to determine the noise correlation among different coil
channels and to produce authentic artificial noise.

For that, noise scans were performed in a healthy subject with the RF voltage
set to zero, for both the 2D and 3D methods. The subject was measured in tidal
breathing and using the same setup, MR protocol, and coil configuration as for the
diagnostic acquisitions. An additional diagnostic measurement was also performed.

A hundred noise-only datasets were created for the 2D-FLASH acquisition,
and fifty different datasets were created for the 3D-UTE. The noise datasets were
scaled by a factor of 0.1 and added to the k-space from the diagnostic
measurements.

The 3D-UTE datasets were reconstructed with SENSE and an inverse Fourier
transform was employed in the 2D-FLASH reconstruction.

After reconstruction of each dataset, the SNR was calculated for every pixel
along the stack of images of the 2 different acquisition, as the mean signal intensity
was divided by 10 times its standard deviation.

The lungs were then segmented and the mean SNR value for the coronal slice

in the lung was determined for the 2D-FLASH and 3D-UTE measurements.
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4 Results

4.1 Non-gated reconstruction

The SENSE reconstruction has improved the overall image quality of the
measured data. In Figure 25 (A), the image was reconstructed with an inverse fast
Fourier Transform, after the non-Cartesian data was resampled into a Cartesian grid.
The same data, reconstructed with SENSE, is presented in Figure 25 (B). The
measurement was performed in tidal breathing and no gating technique was

applied.

Figure 25. Comparison between SENSE and traditional gridding. In A) the
k-space was re-grid in a 3D cartesian grid and reconstructed with an invest
Fourier Transform. B) presents the same dataset reconstructed with
SENSE.

SENSE has drastically improved the overall image quality, with less blurring
and improved SNR. Receive coil inhomogeneity was also reduced. Nevertheless, the

reconstruction time was considerably longer. For a rawdata with 50000 radial
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projections, the traditional gridding process takes one hour and twenty minutes. For

the same dataset, SENSE took four hours and fifteen minutes to reconstruct the data.
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4.2 Self-gating and morphological images

4.2.1 Coil clustering versus manual selection

The DC signal measured with the 3D-UTE acquisition and extracted from the
k-space center provided consistent respiratory motion estimation for all subjects. An
example of a gating signal, measured from a healthy volunteer, is presented in Figure

26.
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Figure 26. Filtered DC signal extracted with the coil clustering algorithm.
The different colors represent the gating windows.

Coil clustering and manual selection of the DC signal were both reliable and

presented very good correlation, as seen in Figure 27.
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Figure 27. DC signal from a manually chosen coil compared to the DC
signal from a coil-cluster.

After reconstruction, image sharpness was visually similar in both gating
techniques. The distance between the lung-liver interface in the end-inspiration and
end-expiration phases was, on average, 7% larger in images reconstructed using the
coil-clustering method. An end-inspiration and end-expiration breathing phases,
reconstructed using coil clustering and a manually selected DC signal from a single

coil element are shown in Figure 28.
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end-expiration

Coil Clustering

Single coil

Figure 28. Comparison of coil clustering and manual selection of the DC
signal.  End-inspiration and end-expiration breathing phases
reconstructed using a coil clustering algorithm for DC-gating and a
manually selected DC signal from a single coil element. In this figure, only
the coronal slice from a reconstructed breathing phase is presented.
SENSE was used to determine the fully sampled data.

Coil clustering was also a reliable form of gating for the patient with lung

cancer. The patient was very debilitated, with irregular breathing motion, especially

during the first half of the measurement. Such irregularities were properly reflected

in the DC signal, as highlighted by the dashed rectangles in Figure 29.
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Figure 29. Gating signal from a patient with lung cancer. The signal was
calculated with a coil clustering algorithm. The patient was debilitated
and presented irregular motion during measurement. The effect of this
irregularity was reflected in the DC signal. Areas of instability are
highlighted with the dashed rectangles.
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4.2.2 3D-UTE versus 2D-FLASH

Figure 30 shows four breathing phases reconstructed from a healthy
volunteer using the 3D-UTE and 2D-FLASH acquisitions. For both techniques, the
different breathing states and corresponding positions of the diaphragm during a
breathing cycle can be clearly delineated.

The improved SNR and increased spatial resolution of the 3D-UTE allowed for
a better visualization of parenchyma and blood vessels, which were only slightly

visible with the 2D measurement.
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#) 2D-FLASH (10 mm)

® 3D-UTE (2.3 mm)

Figure 30. Four reconstructed breathing phases from a healthy volunteer,
using 2D-FLASH and 3D-UTE. The 2D-FLASH images (A) were
reconstructed from a single measurement, with a scanning time of 2.7
min. To cover the whole lung, usually more than 12 slices are required
(depending on the volunteer), which can take more than 32 min. The
presented 3D-UTE images (B) were sections extracted from the 3D
reconstruction, with a total measurement time of 8.7 min. With a shorter
TE and TR and higher SNR, 3D-UTE was able to improve the resolution and
finely depict the lung structures, which were not visible in the 2D-FLASH
acquisition. Image from Ref. [62], used with permission from John Wiley
and Sons.

The mean SNR in the lung for the UTE acquisition was 49% larger than the
SNR measured with the 2D-FLASH. SNR maps, measured from a healthy, are seen in

Figure 31.
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SNR maps

2D - FLASH

Figure 31. SNR maps from similar coronal slices, measured from a healthy
subject, is presented for the 2D-FLASH and 3D-UTE acquisitions. The
mean SNR in the lung was found to be 49% higher for the UTE
measurement, compared to the 2D FLASH acquisition with a low spatial
resolution. Image from Ref. [62], used with permission from John Wiley

and Sons.
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4.3 Ventilation assessment and quantification

UTE-SENSEFUL was able to successfully assess the ventilation for all healthy
subjects and the patient with lung impairments. The results, which are shown in this
sub-chapter, were also published in Ref. [62] and are reproduced here with

permission from John Wiley and Sons.

4.3.1 2D image registration versus 3D image registration

A coronal view of the end-inspiration and end-expiration breathing phases
after 3D and 2D image registration is displayed in Figure 32. The corresponding
unsegmented ventilation-weighted map is also seen for both registration methods.

As observed, the 2D image registration is not able to account for through-
plane motion, which results in signal changes across the image stack that mimic the
signal variation caused by the respiratory process. Such artifacts, as pointed by the

yellow arrows, led to false ventilation information.
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Figure 32. 2D and 3D image registration comparison. Exemplary results of
the UTE-SENCEFUL in a healthy volunteer, depicting the end-inspiration
and end-expiration breathing phases subsequently to 3D and 2D image
registration. The corresponding ventilation-weighted maps are presented
in the right column. As pointed by the yellow arrows, the 2D image
registration technique is less robust against through-plane motion,
resulting in ventilation artifacts. Image from Ref. [62], used with
permission from John Wiley and Sons.

The 3D motion correction still struggled in regions with a lot of motion,

especially in the diaphragm. However, the number of ventilation artifacts was

considerably reduced when compared to the 2D method.
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4.3.2 Ventilation assessment and quantification in the control
group

Figure 33 presents one breathing phase in the coronal, axial, and sagittal
planes after 3D image registration, as well as the corresponding ventilation-weighted
maps generated by UTE-SENCEFUL for a healthy volunteer. Moreover, the
ventilation-weighted map generated with the conventional 2D-SENCEFUL and the
corresponding morphological image after 2D image registration are displayed for

comparison.
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Ventilation Weighted Maps

Figure 33. Ventilation-weighted maps from a healthy subject. 3D
morphological images after image registration and ventilation-weighted
maps using UTE-SENCEFUL and the standard 2D-SENCEFUL approaches.
UTE-SENCEFUL ventilation maps have a slice thickness of 2.3 mm,
compared to 10 mm for the 2D-SENCEFUL. In the right column, the faint
ventilation artifacts in the upper part of the lungs were introduced by the
2D image registration. Image from Ref. [62], used with permission from
John Wiley and Sons.

In Figure 33, no indication of impairment is found in the structural or
functional images. The same applies to the other measured healthy volunteers,

which is confirmed by the quantitative ventilation values presented in Table 1.
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Lung Region 2D-SENCEFUL UTE-SENCEFUL Mann-

(ml/ml) (ml/ml) Whitney test
(p=0.05)
M SD MDN M SD MDN
Total lung 0.11  0.07 0.11 0.11  0.08 0.10 Not different
Right lung 0.11  0.07 0.10 0.11 0.08 0.10 Not different
Right lung - upper half 0.11  0.06 0.11 0.10 0.08 0.09 Not different
Right lung - lower half 0.11  0.08 0.10 0.11  0.09 0.11 Different
Right lung - posterior half 0.12  0.09 0.10
Right lung - anterior half 0.10 0.08 0.11
Left lung 0.11 0.08 0.11 0.11 0.08 0.10 Not different
Left lung - upper half 0.11  0.06 0.11 0.10 0.07 0.09 Not different
Left lung - lower half 0.11  0.09 0.12 0.12 0.09 0.11 Not different
Left lung - posterior half 0.12 0.09 0.10
Left lung - anterior half 0.11  0.08 0.10

Table 3. Average quantitative weighted ventilation values from the group
of healthy subjects, assessed with UTE-SENCEFUL and 2D-SENCEFUL. UTE-
SENCEFUL values are the average QV of the whole specified lung region
and the 2D-SENCEFUL values are the average QV of six different coronal
slices. The results of the statistical test, comparing the two methods, are
presented in the last column. The average values of 2D-SENCEFUL and
UTE-SENCEFUL were only statistically different in the lower half of the
right lung. Abbreviations: M, mean; SD, standard deviation; MDN,
median. Table from Ref. [62], used with permission from John Wiley and
Sons.

The average quantitative ventilation values among all healthy volunteers for
both UTE-SENCEFUL and 2D-SENCEFUL were 0.11 + 0.08 mL/mL and 0.11 + 0.07
mL/mL, respectively.

Mann-Whitney test examination has confirmed, within a 95% confidence
level, that the average QV values were only significantly different, between UTE and
FLASH, in the lower half of the right lung.

In UTE-SENCEFUL, ventilation in the posterior halves of the lung was higher
than in the anterior halves, which reflected the gravitational effect [61]. Other

smaller changes among different regions were only visualized by UTE-SENCEFUL.
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4.3.1 Ventilation assessment and quantification in a patient

In Figure 34, morphological views and ventilation-weighted maps from the
patient with lung impairments are presented. Sagittal, coronal, and axial views depict
the ventilation deficit in the tumor area, which can be compared with the
morphological images. The impact from the lung tumor was observed in the
ventilation maps from both 2D-SENCEFUL and UTE-SENCEFUL, and other ventilation

defects were found, especially in the posterior and lower halves of the right lung.

3D-SENCEFUL (2.3 mm)

2D-SENCEFUL (10 mm)

Morphological Images

Ventilation Weighted Maps
ml/ml

Figure 34. Ventilation-weighted maps from a patient with lung cancer. 3D
morphological images after image registration and ventilation-weighted
maps from a patient with a lung tumor using UTE-SENCEFUL and 2D-
SENCEFUL. The patient suffered from accumulated mucus, and the lungs
were inflated. The yellow arrows indicate the tumor area and its impact
on lung ventilation. Other ventilation defects are observed in different
parts of the lung. Image from Ref. [62], used with permission from John
Wiley and Sons.

As visualized in images from the right column, 2D-SENCEFUL ventilation maps
suffered from partial volume effects and through-plane motion. This problem was

found in all measured slices and was even more evident in the QV values, which were
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unrealistically high for the standard technique, with higher values than the control
group. For both 2D and UTE SENCEFUL, an overall increase in the SDs was observed
compared to the healthy subjects. The average QV values for the whole lung £ SD for
the patient scanned with UTE-SENCEFUL and 2D-SENCEFUL were 0.11 + 0.10 mL/mL

and 0.18 £ 0.17 mL/mL, respectively. Further details can be seen in Table 4.

Lung Region 2D-SENCEFUL UTE-SENCEFUL
(ml/ml) (ml/ml)

M SD MDN M SD MDN
Total lung 0.18 0.17 0.16 0.11 0.10 0.09
Right lung 0.18 0.17 0.15 0.12 0.10 0.10
Right lung - upper half 0.20 0.17 0.20 0.11  0.10 0.09
Right lung - lower half 0.15 0.17 0.09 0.13 0.11 0.11
Right lung - posterior half 0.13 011 0.12
Right lung - anterior half 0.10 0.10 0.07
Left lung 0.19 0.16 0.18 0.10 0.09 0.08
Left lung - upper half 0.20 0.16 0.19 0.09 0.08 0.07
Left lung - lower half 0.19 0.16 0.18 0.11  0.09 0.10
Left lung - posterior half 0.09 0.09 0.08
Left lung - anterior half 0.10 0.09 0.08

Table 4. Quantitative weighted ventilation values assessed using UTE-
SENCEFUL and 2D-SENCEFUL for a single patient with lung cancer. 2D-
SENCEFUL values were unrealistically high, including in the upper part of
the left lung, where the tumor is localized. A reduction in ventilation in
the upper half of the left lung was depicted by UTE-SENCEFUL, which also
presented an overall smaller standard deviation. Abbreviations: M, mean;
SD, standard deviation; MDN, median. Table from Ref. [62], used with
permission from John Wiley and Sons.

QV values assessed using UTE-SENCEFUL and 2D-SENCEFUL for a single
patient with lung cancer. 2D-SENCEFUL values were unrealistically high, including in
the upper part of the left lung where the tumor is localized. A reduction in ventilation
in the upper half of the left lung was depicted by UTE-SENCEFUL, which also
presented an overall smaller SD.

The impairment in the tumor area (left lung: upper half) was reflected by UTE-

SENCEFUL. The upper half region of the left lung had an average ventilation 18%
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lower than the lower half region of the left lung and the upper half region of the right

lung. The ventilation in the left lung was also smaller than the right lung.
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5 Discussion

SENSEFUL MRI exploits the direct current signal variations induced by the
cardiac and breathing motion to generate functional contrast. For this purpose,
representative breathing and cardiac cycles are created, and the ventilation and
perfusion information is extracted in the frequency domain.

When compared to Fourier Decomposition, SENSEFUL has shown functional
maps with higher SNR and temporal resolution. Additionally, SENCEFUL presented a
solution for spectral broadening, by fitting the measured data into a model.

Notwithstanding the improved functional maps, the SNR in the structural
images was still limited by long echo times and poor spatial resolution. Ventilation
artifacts have also been reported, as consequence of the large slice thickness and
residual motion after 2D image registration.

Aiming to solve the remaining problems, this study combined a 3D-UTE
acquisition with SENSEFUL MRI. As direct benefits, 3D-UTE was able to reduce the
echo time from 0.7 ms with 2D-FLASH to 0.03 ms with UTE. The slice thickness was
greatly reduced, from 10 mm to 2.3 mm. However, the main benefit was the
reduction in measurement time.

In 2D-SENSEFUL, the measurement time per slice is 2.7 minutes, and between
eight and twelve slices are required to cover the whole lung, which can take up to
thirty-two minutes. UTE-SENCEFUL was able to scan the whole lung in about ten
minutes.

Concerning scanner noise, patient comfort was additionally improved with
UTE. Because of the constant gradient switching, the 2D-FLASH acquisition is
considerably louder, which might be a safety risk when proper hearing protection is
not used [75].

Another benefit of the 3D-UTE is the intrinsic sampling of the k-space center
with every readout. That allows for the omission of an additional measurement after
each phase-encoding step, as it was previously necessary for the conventional 2D-

SENCEFUL.
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When manually selected, DC signals with high correlation with breathing
motion were found for all measurements. Previously, the signal from a single coil
was chosen for gating in 2D-SENSEFUL [22,66]. Aiming to create a more robust
method for motion estimation, coil clustering for dense coil arrays was combined
with a 3D radial acquisition in this work.

Coil clustering benefits have been demonstrated for cardiac and respiratory
motion estimation with a cartesian acquisition [67]. For the 3D-UTE acquisition, coil
clustering improved signal gating, which resulted in sharper reconstructions of the
breathing phases. Because of the lack of perfusion information in 3D-UTE, the
cardiac motion was not evaluated.

The impact of gating instabilities and non-uniform breathing patterns, like the
one observed in the patient with lung impairment, were not evaluated in this work.
Nevertheless, it is possible to assume that dubious gating can regrade the image
quality, and future considerations in this aspect might be necessary for a more
robust clinical implementation.

When compared to 2D-SENCEFUL, UTE-SENCEFUL radically improved the
quality of the morphological images. Fine structures of the lung, which were not
visible with FLASH, are now visible with UTE. This was mainly a result of the short
echo time achieved with UTE, in combination with an appropriate reconstruction
method.

The main constraints to a better image quality were the data size and
measurement time. In order to achieve full Nyquist sampling rate, for each breathing
phase, approximately 206 thousand spokes per breathing phase would have to be
acquired.

The current setup, with a total number of 350 thousand projections, results
in a rawdata file larger than 20 GB (depending on the number of coils selected).
Therefore, increasing the number of radial acquisitions is not only impractical
because of the increase in measurement time, but mainly because of the huge
amount of data generated. An alternative approach would be to reconstruct fewer

breathing phases, but this has not been investigated in this study.
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UTE robustness against motion artifacts, as reported by Ref. [50,76], was
confirmed by the findings of this thesis. When combined with a 3D image registration
technique, the 3D-UTE acquisition reduced the number of ventilation artifacts in the
functional maps, especially those caused by through-plane motion, which were a
common cause of artifacts for 2D-SENCEFUL.

As observed in the 2D-SENCEFUL investigation of the patient with lung
cancer, partial volume effects caused by a large slice thickness and residual signal
changes caused by through-plane motion resulted in large areas of false ventilation
and an unrealistic QV value. In this study, the patient was debilitated and presented
intense and irregular breathing, which could not be accommodated by 2D-
SENCEFUL. Due to better compliance, fewer artifacts were found in healthy subjects.

The lungs were manually segmented to calculate the regional ventilation. This
process is time-consuming, particularly for three-dimensional datasets. Alternative
approaches for automatic masking and segmentation are available and should be
considered in the future.

In this work, the QV value for each lung region was calculated as the average
value of the total number of pixels inside the segmented area. By doing so, the signal
from areas with very low ventilation, in general in the outermost parts of the lung,
were included in the measurement, which has increased the SD when compared to
previously published data. Still, the mean values for the control group are in good
agreement with Ref. [66], and the correlation of the QV with pulmonary function can
be further analyzed in a clinical study.

When compared to 2D-SENCEFUL, UTE-SENCEFUL was able to improve the
overall quality of the morphological and functional images while reducing total scan
time. Concerning technical limitations, the 3D-UTE acquisition is not able to assess

lung perfusion.
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6 Conclusion

This work presented a self-gated method to evaluate pulmonary ventilation
in three dimensions without the administration of contrast agents, by introducing a
3D-UTE in the SENCEFUL framework.

Pulmonary ventilation was successfully assessed and quantified using a three-
dimensional ultrashort echo time sequence in SENCEFUL MRI for a group of healthy
subjects and a patient with lung impairments.

When compared to the 2D approach, UTE-SENCEFUL has provided structural
images with a better representation of the lung morphology, a 3D time-resolved
reconstruction of the breathing cycle, and the possibility of assessing the ventilation
in free-breathing for the whole lung with a single measurement.

UTE-SENCEFUL, combined with a 3D image registration technique, was also
able to better account for through-plane motion and reduce ventilation artifacts in

the functional maps.
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7 Summary

In this thesis, a 3D Ultrashort echo time (3D-UTE) sequence was introduced
in the Self-gated Non-Contrast-Enhanced Functional Lung Imaging (SENCEFUL)
framework. The sequence was developed and implemented on a 3 Tesla MR scanner.
The 3D-UTE technique consisted of a nonselective RF pulse followed by a koosh ball
guasi-random sampling order of the k-space. Measurements in free-breathing and
without contrast agent were performed in healthy subjects and a patient with lung
cancer.

A gating technique, using a combination of different coils with high signal
correlation, was evaluated in-vivo and compared with a manual approach of coil
selection. The gating signal offered an estimation of the breathing motion during
measurement and was used as a reference to segment the acquired data into
different breathing phases.

Gradient delays and trajectory errors were corrected during post-processing
using the Gradient Impulse Response Function. Iterative SENSE was then applied to
determine the fully sampled data.

In order to eliminate signal changes caused by motion, a 3D image
registration was employed, and the results were compared to a 2D image
registration method.

Ventilation was assessed in 3D and regionally quantified by monitoring the
signal changes in the lung parenchyma. Finally, image quality and quantitative
ventilation values were compared to the standard 2D-SENCEFUL technique.

3D-UTE, combined with an automatic gating technique and SENCEFUL MRI,
offered ventilation maps with high spatial resolution and SNR. Compared to the 2D
method, UTE-SENCEFUL greatly improved the clinical quality of the structural images
and the visualization of the lung parenchyma.

Through-plane motion, partial volume effects and ventilation artifacts were

also reduced with a three-dimensional method for image registration.
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UTE-SENCEFUL was also able to quantify regional ventilation and presented

similar results to previous studies.
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8 Zusammenfassung

In dieser Arbeit wurde eine 3D-UTE (ultrashort echo time) Sequenz mit
SENCEFUL-MRI kombiniert. Die Sequenz wurde fiir einen 3 T MR-Scanner entwickelt
und implementiert. Die 3D-UTE-Technik bestand aus einem nichtselektiven HF-
Impuls, gefolgt von einer quasi-zufalligen Abtastung des k-Raums. Messungen in
freier Atmung und ohne Kontrastmittel wurden bei gesunden Probanden und einem
Patienten mit Lungenkrebs durchgefihrt.

Zur Zuordnung der Daten zu verschiedene Atemphasen wurde eine Technik
verwendet, die verschiedene Spulen mit hoher Signalkorrelation kombiniert. Die
Ergebnisse wurden in einer in-vivo Messung bewertet und mit einem manuellen
Ansatz der Spulenselektion verglichen.

Die Technik ermdglichte eine Visualisierung der Atembewegung und wurde
als Referenz verwendet, um die erfassten Daten in mehrere Atemphasen zu
segmentieren. Gradientenverzégerungen und Trajektorienfehler wurden mit der
"Gradient Impulse Response Function - GIRF" korrigiert. Bei der Bildrekonstruktion
kam Iteratives SENSE zum Einsatz.

Eine 3D-Bildregistrierung erlaubte es, Signalanderungen durch Bewegung zu
eliminieren. Es erfolgte ein Vergleich der Ergebnisse mit einem 2D-
Bildregistrierungsverfahren.

Die Lungenventilation wurde in 3D gemessen und anhand der
Signalanderungen im Lungenparenchym quantifiziert. SchlieBlich, wurden die Werte
fiir die Bildqualitat und Lungenventilation mit der Standard-2D-SENCEFUL-Technik
verglichen.

Die 3D-UTE-Sequenz in Kombination mit einer automatischen Gating-Technik
und SENCEFUL-MRI, ermdglichte die Akquise von Ventilationskarten mit hoher
raumlicher Auflésung und SNR. Im Vergleich zur 2D-Methode, verbesserte UTE-
SENCEFUL die klinische Qualitat der Morphologischen Bilder.

Bewegung, Partialvolumeneffekte und Ventilationsartefakte wurden

ebenfalls mit einer dreidimensionalen Methode zur Bildregistrierung reduziert.
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Insgesamt konnten mit der 3D-UTE Technik die Ergebnisse vorangegangener

Studien reproduziert und die Bildqualitat verbessert werden.
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