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Abstract

Excessive pulmonary inflammation can lead
to damage of lung tissue, airway remodelling
and established structural lung disease. Novel
therapeutics that specifically target inflamma-
tory pathways are becoming increasingly
common in clinical practice, but there is yet to
be a similar stepwise change in pulmonary
diagnostic tools. A variety of thoracic mag-
netic resonance imaging (MRI) tools are cur-
rently in development, which may soon fulfil
this emerging clinical need for highly sensi-

MRI. Finally, we consider potential clinical
applications of these techniques including
phenotyping of lung disease, evaluation of
novel pulmonary therapeutic efficacy and lon-
gitudinal assessment of specific patient
groups.
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DWI Diffusion-weighted imaging

FEV, Forced expiratory volume in
1 second

GRE Gradient recall echo

ILD Interstitial lung disease

IPF Idiopathic pulmonary fibrosis

LAM Lymphangioleiomyomatosis

LCI Lung clearance index

LVR Lung volume reduction

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

OE-MRI  Oxygen-enhanced MRI

OTF Oxygen transfer function

PE Pulmonary embolism

PET Positron emission tomography
PFT Pulmonary function test

RBC Red blood cell

RER Relative enhancement ratio
RF Radiofrequency

SS Systemic sclerosis

SUV Maximum standardized uptake value
T Tesla

UTE Ultrashort echo time

V/iQ Ventilation-perfusion

VDP Ventilation defect percentage
VDV Ventilation defect volume
ZTE Zero echo time

8.1 Introduction

Inflammation dictates much of the discrete reper-
toire of responses the lungs employ against
injury. Sophisticated filtration, removal and
immune-mediated pulmonary defences work in
parallel to limit entry of pathogens and
environmental particulates. When initial defences
are overwhelmed, a vigorous acute inflammatory
response confines and destroys noxious agents
and promotes recovery [1]. An extreme manifes-
tation of this response is the acute respiratory dis-
tress syndrome, in which an exaggerated
inflammatory cascade disrupts the alveolar-
capillary membrane, leading to severe respiratory
failure [2]. Persistence of acute inflammation
may be followed by a chronic inflammatory
response designed to clear necrotic tissue, isolate

remaining infective organisms and repair dam-
aged lung. Abnormal chronic inflammation is
implicated in many lung diseases, including
asthma, chronic obstructive pulmonary disease
(COPD), cystic fibrosis (CF) and interstitial lung
disease (ILD). In these conditions, chronic
inflammation can lead to progressive tissue dam-
age, airway remodelling or established structural
lung disease [3-5]. The location and mechanism
(including immune cell and cytokine expression)
of this inflammation vary, which gives rise to dis-
tinct patterns of lung disease.

Novel pulmonary therapeutics such as biolog-
ics and cystic fibrosis transmembrane receptor
(CFTR) modulators can modify abnormal and
excessive inflammation, either by targeting an
element of the inflammatory pathway or indi-
rectly downregulating its activity. These thera-
pies mark a paradigm shift in lung disease
management towards precision medicine and
personalized care, but there is yet to be a similar
stepwise change in diagnostic tools.

Conventional respiratory diagnostics include
blood tests, pulmonary function tests (PFTs) and
a range of thoracic imaging. While the plain
radiograph remains a key screening and diagnos-
tic investigation, it is frequently complemented
by several other modalities including ultrasound,
computed tomography (CT), positron emission
tomography (PET) and ventilation-perfusion
(V/Q) imaging. CT remains the gold standard for
assessment of lung structure and is tremendously
versatile as a diagnostic tool for parenchymal
lung disease, pulmonary vascular disorders,
malignancy and pulmonary infection. The
demand for CT imaging in healthcare is continu-
ally growing, and developments such as low-dose
CT screening for lung cancer will likely see this
increase further [6]. However, CT has limited
scope for functional assessment, and while PFTs
offer a global assessment of airflow, lung vol-
umes and gas transfer, they are insensitive to
regionally heterogeneous lung disease.

Although unlikely to replace CT, the novel
thoracic magnetic resonance imaging (MRI)
approaches discussed in this chapter may offer
highly sensitive assessments of regionally hetero-
geneous lung disease that complement existing
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diagnostics. The absence of ionizing radiation
also provides a new avenue for longitudinal
imaging, which could be useful for the detection
of early lung disease progression and evaluation
of therapeutic interventions.

8.2  Basic Principles of MRI

MRI is widely used in clinical medicine, most
notably for neuro-, cardiac, vascular, soft tissue
and abdominal imaging. Standard images are
acquired by exploiting the magnetic ‘spin’ prop-
erty of protons in hydrogen atoms, applying a
complex series of magnetic fields and then using
radiofrequency (RF) pulses to localize and char-
acterize those protons in a target tissue [7].

The MRI Scanner

The MR signals used to create an image are gen-
erated by a series of magnetic coils contained
within the housing of the MRI scanner (Fig. 8.1).
The main magnetic coil is a superconducting

MRI Scanner

Main Magnetic Coil

Gradient and Active Shim Coils
Radiofrequency Coil

Bore

Patient Table

Fig. 8.1 Cross section of an MRI scanner. A closed bore
MRI scanner is shown. A concentric series of magnet
coils surrounds the bore of the scanner. The main mag-
netic field (B,) is orientated in the z-axis, parallel to the

magnet cooled to approximately —269 °C using
cryogenic liquid helium. At this temperature,
resistance to the flow of electric current is mini-
mal. Thus, a high electric current flowing through
the coil’s loops of wire creates a high-strength
magnetic field orientated in the z-axis. This
strong magnetic field is referred to as B, and its
field strength is measured in Tesla (T) units [8].
Clinical MRI scanners generally employ 1.5 or 3
T fields, but ultra-high-field scannersup to 11.7 T
are currently in development for future research
in human subjects [9].

Gradient coils create a secondary magnetic
field that distorts B, in orthogonal directions.
Most MR systems employ three sets of gradient
coils, one for each orthogonal plane — x, y and z.
The primary function of these coils is spatial
encoding of MR signals. Shim coils also adjust
By, but their purpose is to increase magnetic field
homogeneity. This action minimizes local sus-
ceptibility effects (e.g. due to a person lying in
the scanner) that would otherwise disrupt B, field
homogeneity and degrade image quality.

scanner’s bore. A sliding table allows a subject to be
moved into and out of the scanner. (Adapted from
Introduction to neuroimaging analysis [10])
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RF coils transmit RF energy and detect proton
RF signals. Some RF coils only transmit or
receive, whereas others can do both. The transmit
coil generates an RF pulse of electromagnetic
energy that alters the spin of protons in B,. When
the RF pulse is switched off, protons create their
own RF signal, which the receive coil can detect.
The RF coil magnetic field is called B;.

The sum of B, By and gradient coil magnetic
fields is a spatially localized output signal which
is detected by the receive RF coil. Complex com-
puter algorithms encode these output signals as
volume elements (voxels) which are combined to
create an MRI [8].

Basic MRI Physics

The following is an abbreviated explanation of
MRI physics, which can be expanded upon with
the literature referenced in this section.

The magnetic susceptibility of hydrogen and
its abundance within the body are fundamental to
conventional MRI. The atomic nucleus of hydro-
gen consists of a single positively charged proton
that spins on its axis. This spinning proton gener-
ates a small magnetic field perpendicular to the
direction of spin called a ‘magnetic moment’ [8].
When placed in the strong magnetic field of an
MRI scanner, these magnetic moments become
aligned to B,. Most protons stay in a low energy
state lining up parallel to B, but the remainder
occupy a high energy state and instead line up
anti-parallel to By. This results in protons having
a net longitudinal magnetization parallel to B,
[11, 12]. When in By, the spin axis of a proton is
altered in a similar fashion to gravity acting upon
a spinning top. The rotational motion of this spin
axis is called precession. The resonance element
of MRI occurs when an RF pulse is applied at the
same frequency as the precession rate of these
protons in a given magnetic field [13].

When an RF pulse is applied, some protons are
flipped from a low to a high energy state, which
reduces longitudinal magnetization. Proton spins
are also pushed together so they precess in phase.
The result is a net transverse magnetization vector
relative to B called a flip angle [7].

After the RF pulse is turned off, two types of
proton relaxation effect can be measured. T1

relaxation occurs when high energy protons relax
into the low energy state, release heat and restore
longitudinal magnetization parallel to B, T2
relaxation occurs when the positively charged
protons repel one another and no longer precess
in phase [7]. Tissues in the human body exhibit
characteristic differences in T1 and T2 relaxation
dependent upon the quantity of hydrogen they
contain and the molecular structure of hydrogen
containing compounds. This allows for contrast
between different tissues and anatomical struc-
tures to be detected on an MRI scan.

Greater contrast can be achieved by altering
RF pulses or delivering multiple RF pulses in a
so-called pulse sequence. Underpinning these
concepts are two key MRI parameters: echo time
and repetition time. Echo time is the time between
delivery of an RF pulse and sampling of the
resultant proton MR signal. Repetition time is the
duration of one pulse sequence. Adjustment of
these parameters can emphasize T1 and T2 relax-
ation effects resulting in T1- or T2-weighted
images [14].

The eventual MRI is comprised of voxels,
which represent the location and relative mag-
netic signal of protons in the scanned tissue.
Voxels are conventionally displayed in grayscale,
and their brightness varies based on MR signal
strength: the stronger the signal, the brighter the
voxel. MR signals are localized by gradient coils
that apply a magnetic gradient to a slice of tissue
and then encode the orthogonal position of pro-
tons by adjusting precession frequency (fre-
quency encoding) and precession phase (phase
encoding). A composite MR signal is then gener-
ated, which is initially stored as K-space data.
After MRI acquisition, Fourier transformation is
performed by computer software to convert the
raw K-space data into an image [12, 15].

8.3  Technical Challenges

of Thoracic MRI

MRI has advanced significantly since 1977 when
the first in vivo human imaging of a finger and
the thorax were performed [16, 17]. Despite this
historical starting point, the lungs have been
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somewhat of an orphan organ amongst the other-
wise extensive use of MRI in contemporary med-
ical care. Instead, CT has been dominant in
thoracic imaging given its affordability, speed
and ease of interpretation [18]. Modern CT imag-
ing rapidly delivers localized structural data and
protocol improvements have significantly
reduced ionizing radiation doses without com-
promising image quality [19]. As such, MRI is
perhaps best thought of as a complement to,
rather than a replacement for, current thoracic
imaging methods. However, the difficulties of
applying conventional MRI techniques to the
lungs have been a hindrance to its mass adoption.
The fundamental issues with performing MRI of
the lungs are:
* Low tissue density
e Numerous air-tissue interfaces
* Physiological motion of the heart and thoracic

cavity

MRI typically relies on protons in the target
tissue to generate an MR signal. Lungs have a
relatively low density, with a combined mass of
approximately 1 kg in a thoracic volume of 4-5 L
for a typical adult [20]. As such, lung proton den-
sity is significantly lower than that of other solid
organs, which leads to reduced MR signal. Signal
is further attenuated by magnetic susceptibility
artefact due to the millions of air-tissue interfaces
in the lower respiratory tract. These interfaces
cause substantial local magnetic field inhomoge-
neity with rapid loss of proton MR signal during
imaging [21]. The result is lung that appears uni-
formly black and featureless on standard
MRI. Third, the physiological motion of the heart
and thoracic cavity can produce ghost images and
further artefact during MR acquisition, which
also degrade image quality [22]. The key strate-
gies used to tackle these issues are:
* Use of intravenous or inhaled contrast agents
e Implementation of specialized Ilung MR

sequences
» Respiratory and cardiac gating

Intravenous gadolinium contrast is widely
used for clinical MRI scans, notably in vascular
and neuroimaging. Its ability to shorten T1 relax-
ation creates greater contrast between tissues,
and thus pathology can be more easily identified

[23]. While this is helpful for pulmonary vascular
imaging, the approach does not appreciably
improve lung parenchymal images. Instead, lung
MRI has seen a predominant focus on inhaled
contrast agents such as hyperpolarized noble
gases, oxygen and more recently fluorinated
hydrocarbons. These substances generate an
inherently higher MR signal than the lung itself
and facilitate visualization of the airways along-
side functional information concerning flow, ven-
tilation and gas exchange [24].

For structural imaging, specialized sequences
have been designed to overcome the rapid signal
decay that inhibits the use of conventional MRI
in the lungs. These sequences minimize so-called
echo time, which allows lung MR signal to be
acquired before decay occurs. Ultrashort and
zero echo time (UTE and ZTE) sequences employ
this principle and can produce images of lung
parenchyma comparable to CT [25].

Finally, thoracic motion can be addressed in a
few ways. For short sequences, a single breath
hold may suffice, but longer sequences typically
require gating. Respiratory gating allows the sub-
ject to free breathe and can be achieved during
imaging with an external sensor or belt worn by
the subject set to trigger acquisition at the same
point in each respiratory cycle [26]. Alternatively,
respiratory navigated sequences that identify the
diaphragm and automatically trigger acquisition
when the diaphragm is in a specified imaging
window can be used [27]. ECG gating may also
be used to control for cardiac motion, but this sig-
nificantly prolongs examination time and is prob-
ably a lesser priority than control of respiratory
motion [28]. All of these methods also assume
control of extra-thoracic motion, and as such,
subjects must remain as still as possible during an
imaging sequence.

8.4 Thoracic MRl Modalities

8.4.1 Overview of Hyperpolarized

Gas MRI

As discussed, the lungs are an inherently chal-
lenging organ to image with conventional MRI
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techniques. An inhaled noble gas was one of the
first solutions as demonstrated by Albert et al. in
1994, using hyperpolarized xenon-129 (1?*Xe) to
image ex vivo mouse lungs [29]. Compared with
lung, the inherently greater signal of the hyperpo-
larized gas allowed the airways to be visualized,
and this work was soon translated in vivo to
human subjects in 1997 by Mugler et al. [30].

A close competitor for '2Xe was another
noble gas: helium-3 (*He). The first hyperpolar-
ized 3He images were acquired in guinea pig
lungs by Middleton et al., with an improved MR
signal when compared to the '?Xe images from
1 year before [31]. *He then became the favoured
hyperpolarized gas in thoracic MRI for many
years, as polarization methods and imaging qual-
ity were superior. However, scarcity and expense
when compared to 12Xe has seen *He use decline
more recently.

A number of adjustments to conventional MRI
are required for hyperpolarized gas imaging.
First, a polarizer is needed to manufacture hyper-
polarized gas by means of spin exchange optical
pumping. The scanner itself must also be cali-
brated for resonance of the noble gases, given the
gyromagnetic ratios, and hence Larmor frequen-
cies of '¥Xe and *He differ from that of a proton.
Finally, a dedicated radiofrequency (RF) coil,
again attuned to the appropriate frequency, is
necessary for an image to be generated [32].
While some of this equipment is commercially
available, many research teams have developed
their own bespoke polarizers and coils instead.

8.4.2 Hyperpolarized 3He MRI

3He is an inert gas, and unlike the more abundant
“He isotope, the odd number of nucleons (two
protons and one neutron) facilitates the magnetic
spin required for MRI. Early adoption in thoracic
MRI was facilitated by sophisticated hyperpolar-
ization techniques, allowing levels of polariza-
tion of around 30%, compared with 1-2% for
129Xe [33]. This equated to superior MR signal
and image quality, which placed *He as the front-
runner in hyperpolarized gas MRI research for
many years. However, *He used in medical

research is derived from the radioactive decay of
tritium (hydrogen-3), a substance historically
used in the manufacture of nuclear weapons. In
recent years, the supply of tritium has dwindled,
which has made use of *He prohibitive and
prompted a move back towards '*Xe [34].

*He imaging is typically performed during a
breath hold, where hyperpolarized *He rapidly
diffuses through the airways and remains con-
fined in the lungs. Given its insolubility in lung
tissue, side effects are uncommon (~6-7% of
subjects) and often mild, for example a self-
limiting cough or dry mouth [35]. The inhaled
SHe mixture is typically anoxic, and so modest
oxygen desaturation (~4%) may be observed, but
recovery is usually rapid upon free breathing of
room air [36]. An anoxic mixture delays loss of
polarity by limiting *He interaction with para-
magnetic oxygen. However, once inhaled, *He
undergoes rapid depolarization, both due to its
interaction with oxygen in the airways and the
application of RF pulses during imaging [37].
This rapid loss of polarity, alongside the con-
straint of a single breath hold, means images
need to be obtained within approximately 20 sec-
onds. Given the MRI scanner and RF coil are
specifically attuned to *He, the resulting image
isolates structures that contain the hyperpolarized
gas — in this case, the airways — and excludes the
surrounding tissues [38].

Static Ventilation *He Imaging

In static ventilation imaging, ventilation hetero-
geneity is localized and quantified during a *He
breath hold. Areas of decreased *He signal imply
a reduction in ventilation, referred to as ventila-
tion defects. These are typically described as the
ventilation defect volume (VDV) or ventilation
defect percentage (VDP), which are regionally
mapped and quantitative measures of pulmonary
ventilation [39].

One of the earliest uses of hyperpolarized *He
in human subjects by Kauczor et al. demonstrated
ventilation defects in a spectrum of lung diseases.
Defects were visible in patients with COPD, bron-
chiectasis, lung cancer and pleural effusion and
correlated well with pathology visible on conven-
tional imaging [40]. Mathew et al. showed defects
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in COPD patients varied little for same-day imag-
ing, but changed more after a 1-week interval,
despite stable spirometry [41]. As perhaps would
be expected, similar studies in asthma have shown
ventilation defects can be induced by exercise and
methacholine challenge [42] and improve with
inhaled beta-agonist administration [43]. More
interestingly, longitudinal studies in asthma have
shown defects may persist or recur in the same
locations, which is thought to reflect areas of
chronic inflammation and airway remodelling
[44]. Small ventilation defects can also be seen in
healthy patients with normal lung function, and
these should not be mistaken as pathological dur-
ing image analysis [45].

In CF, ventilation defects correlate with forced
expiratory volume in 1 second (FEV;) but are
also seen in patients with normal range spirome-
try (Fig. 8.2) [46]. While studies with chest phys-
iotherapy and nebulized DNase have shown little
change in global measures of *He ventilation,
regional differences before and after treatment
can be detected, which may represent shifting
airway secretions [46, 47]. Altes et al. demon-
strated ventilation defects decrease in patients
with G551D mutation taking ivacaftor, but return
to baseline after washout of the drug.
Improvements were even seen in patients with
normal range spirometry and those with small
changes in FEV,, which supports the potential
role of hyperpolarized gas MRI as a sensitive bio-
marker [48].

Normal

FEV1
%pred)

1 30' )

Fig.8.2 3He MRI of static ventilation in CF. Comparison
of a healthy subject and three adults with CF. An increas-
ing burden of ventilation defects is demonstrated with

129

Diffusion-Weighted *He Imaging
Diffusion-weighted imaging (DWI) in conven-
tional MRI assesses the net diffusion of water
molecules in tissues [49]. This technique is com-
monly used in neuroimaging to identify restricted
diffusion as seen in acute ischaemic stroke,
malignancy and white matter disease [50]. DWI
lung MRI instead measures the diffusion of
hyperpolarized gas through the airways. *He
DWTI is performed during a breath hold, and dif-
fusion is quantified as the apparent diffusion
coefficient (ADC). ADC is a relative measure of
diffusion restriction and can be represented visu-
ally as an ADC map to compare regions of
interest [51].

ADC characteristically reduces as airway cali-
bre decreases. This is well demonstrated in
healthy lungs where ADC in the major airways is
higher, and lower but homogeneous in peripheral
airways [52]. In contrast, small airway destruc-
tion causes foci of increased ADC as seen in
emphysematous lung (Fig. 8.3) [53]. Subclinical
lung disease can also be detected, with even very
mild emphysematous change demonstrating
increased ADC values [54]. In COPD, mean
ADC is well correlated with diffusion capacity of
the lung for carbon monoxide (D o), reinforcing
the role of ADC as a surrogate marker of alveolar
damage [55]. ADC also shows greater sensitivity
than spirometry to detect deterioration in lung
function of COPD patients over periods of up to
2 years [56].

deteriorating lung function [46]. (Image reproduced with
permission of the rights holder. Elsevier — License num-
ber: 4858760327184)
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Fig. 8.3 *He MRI ADC map in severe COPD. Coronal
views of a patient with severe COPD show increased ADC
values (yellow pixels) in both upper lobes in keeping with
emphysematous lung. Similar ADC values are also seen in

In idiopathic pulmonary fibrosis (IPF), mean
ADC is also increased as damaged alveoli lose
surface area and 3He diffusion becomes less
restricted [57]. Chan et al. showed mean ADC
correlates with D, o and CT fibrosis scores and
used an alternate DWI metric — the derived mean
diffusive length scale — which estimates the mean
alveolar dimension in a voxel [58] to demonstrate
DWI is sensitive to small changes in IPF lung
morphometry over a 1-year period [57].

8.4.3 Hyperpolarized '**Xe MRI

In contrast to *He, xenon is lipophilic, making it
readily soluble in pulmonary tissues as well as
the bloodstream. This property is key to its anaes-
thetic effect but also the basis of dissolved phase
MR imaging [30]. Approximately 2% of inhaled
xenon dissolves, leaving ample gas for airspace
MR signal [34]. The ?Xe isotope used in hyper-
polarized MRI is conveniently abundant, com-
prising roughly a quarter of naturally occurring
xenon derived from the atmosphere [32]. ¥Xe
imaging has demonstrated an excellent safety
profile in both healthy volunteers and patients

large calibre airways (trachea and main bronchi). Coloured
bar units are cm?/second [53]. (Image reproduced with
permission of the rights holder. John Wiley and Sons —
License number: 4858820929850)

with various lung diseases [59]. Common side
effects include tingling, dizziness and euphoria,
which are invariably mild and short-lived [60].

Many of the techniques developed for *He
MRI have been applied to '*Xe including venti-
lation and DWI. '®Xe’s solubility in pulmonary
tissues has also led to great interest in dissolved
phase imaging. As such, the use of ??Xe MRI has
grown considerably over the past decade as a vir-
tue of favourable economics, better polarization
technology and its scope for unique and sensitive
functional lung imaging [34].

Static Ventilation '¥Xe Imaging
When the transition of hyperpolarized gas MRI
from *He to '*Xe began, various research groups
sought to compare the two modalities. In 2010,
Altes et al. showed the imaging quality of both
was comparable, and similar ventilation defects
could be detected in healthy volunteers and
patients with COPD, asthma and CF [61].
However, subsequent work by other groups has
highlighted important differences between *He
and ?Xe static ventilation imaging.

An intriguing finding was that some ventila-
tion defects are seemingly missed or ‘masked’
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with 3He when compared side by side to '*Xe
imaging [62]. This was reflected by greater '*Xe
VDP in COPD [62] and asthma [63] compared to
SHe. Svenningsen et al. investigated asthmatic
patients who had previously undergone °*He
imaging after methacholine challenge [64] with
repeat *He and '?Xe imaging 1 year later. They
found that follow-up '??Xe imaging without prov-
ocation testing revealed defects that had previ-
ously only been detectable with *He once
methacholine had been given (Fig. 8.4) [63].

The rationale behind this may be the lower
diffusion coefficient and higher density of '*Xe,
which results in its slower airway transit and
delayed filling of poorly ventilated lung [62, 63].
Gas mixtures using '*Xe are typically closer in
density to air; hence, their diffusion coefficients
are similar. This similarity allows clinically rele-
vant ventilation defects to be visualized with
129X, which may otherwise be undetectable with
He [62].

Static ventilation studies with ??Xe have oth-
erwise explored similar lung diseases to *He. In
COPD, '®Xe ventilation correlates with functional
measures including spirometry [62] and V/Q
imaging [65]. Ventilation defects improve after
beta-agonist use in asthma [63] and may be a
more sensitive measure than spirometry to detect
lung function decline with advancing age [66].
Elevated VDP and ventilation heterogeneity have
been shown in CF subjects with even mild lung
disease (FEV, > 100%) [67], and '*Xe defects
correlate with lung clearance index (LCI) in this

3He MRI
Post

group [68]. In lymphangioleiomyomatosis
(LAM), co-registered '*Xe and CT images have
also shown significant ventilation heterogeneity
between similarly sized cystic lung volumes,
which highlights the merit of combining func-
tional images alongside conventional structural
assessments [69].

Diffusion-Weighted ?Xe Imaging
The majority of '?Xe DWI research has been
conducted in COPD, where *He and '*Xe ADC
measurements have shown good correlation with
one another [62]. When compared to *He, abso-
lute '*Xe ADC values are smaller [70], which
likely reflects xenon’s lower diffusion coefficient
as described previously.

12%Xe ADC correlates with emphysematous
burden and alveolar destruction on both CT [71]
and ex vivo histological samples [72]. Various
groups have also shown strong correlations with
spirometry and D; o measurements. Research in
other lung diseases has been more limited, but
12X e ADC measurements have been successfully
performed in CF [73], LAM [69] and ex vivo IPF
lungs [72].

Dissolved Phase 1Xe Imaging

Dissolved phase '*Xe MR takes advantage of
xenon’s solubility in pulmonary tissue to gener-
ate quantifiable and spatially localized gas
exchange imaging. Xenon follows the same
transfer pathway as oxygen, diffusing through
the alveolar-capillary unit and then transiently

129%e MRI

Pre Post

Fig. 8.4 Comparison of *He and '*Xe static ventilation
MRI in a subject with asthma. Coronal views of a patient
with asthma taken pre- and post-bronchodilator. '*Xe
MRI reveals ventilation defects that are not detected with

He [63]. (Image reproduced with permission of the rights
holder. John Wiley and Sons — License number:
4858821365032)
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binding with haemoglobin once in the blood-
stream [74]. A chemical shift relative to the gas-
eous phase occurs when '»Xe diffuses into the
pulmonary interstitium (referred to as ‘barrier tis-
sues’ in dissolved phase imaging) and again upon
diffusion into red blood cells (RBCs). Due to
chemical shift, each compartment has a distinct
129Xe MR signal — gas, barrier and RBC — that
can be detected by selective excitation of the
appropriate '2Xe resonant frequency [75].

Early attempts to acquire a dissolved phase
image were hampered by low '?Xe polarization
levels and poor MR signal [30]. In contrast to the
gas phase, relatively little '*Xe dissolves into
barrier tissues (roughly 2%), and once there MR
signal degrades rapidly [75]. These problems
were overcome with frequency-selective RF
pulses to isolate a combined barrier/RBC dis-
solved phase signal sufficient to create an image.
These initial studies in healthy volunteers showed
a dissolved phase gradient, where MR signal
increases in the dependent lung. This is thought
to represent increased perfusion and alveolar
compression of those areas during imaging [75].

Later studies refined the technique further to
generate separate barrier and RBC dissolved
phase images [74]. This has allowed better dis-
crimination of the gas exchange mechanics in
lung pathology, with a particular focus on ILD. In
IPF, Kaushik et al. showed mean RBC signal was
decreased and barrier signal increased when
compared with healthy controls. This results in a
low RBC : barrier ratio which strongly correlates
with Dico [74]. Low RBC/barrier ratio is also
seen in COPD, again correlating with Dy ¢ as
well as CT emphysema score [76] (Fig. 8.5).

Regional mapping has helped identify three
patterns of impaired gas exchange in the dis-
solved phase imaging of IPF. These are thought
to represent different levels of disease activity,
which are [78]:

1. Diffusion block — high barrier and low RBC
signal

2. End stage fibrosis — low/normal barrier and
low RBC signal

3. Early/active disease — high barrier and normal
RBC signal

While the ‘end stage fibrosis’ pattern overlaps
with areas of severe fibrosis on CT, the ‘early/
active disease’ pattern lacks such change on con-
ventional imaging. Given a single MRI voxel
contains upwards of 40,000 alveoli, these areas
may represent early disease that could be used as
a functional MR biomarker of inflammation [78].
Finally, recent work with higher field strength
MRI has shown the sensitivity of dissolved phase
129X e can be augmented further to provide greater
imaging resolution in IPF as well as other lung
diseases [79].

8.4.4 Oxygen-Enhanced MRI
(OE-MRI)

Oxygen can also be used as an MR contrast agent
in oxygen-enhanced MRI (OE-MRI). However,
unlike hyperpolarized gases, oxygen itself is not
directly visualized. Instead, the weakly paramag-
netic molecular oxygen (O,) shortens T1 relax-
ation in lung tissue and the pulmonary circulation
during MRI. When 100% oxygen is inhaled, T1
relaxation is shortened by approximately 9%
[80], leading to a rise in T1-weighted signal.

Oxygen transport in the lungs is dependent
upon ventilation, diffusion and perfusion, such
that the T1-weighted signal in OE-MRI is repre-
sentative of all three processes. It follows that
disruption to any of these elements in lung
pathology can then affect the oxygen-enhanced
signal [81]. Maximal T1 signal is obtained when
alveolar capillary blood is saturated with molecu-
lar oxygen, and Mai et al. demonstrated this
could be achieved with an oxygen flow rate of
15 L/min [82]. Flow rates above this do not
increase T1 signal further; hence, OE-MRI
sequences typically employ sequential room air
and 15 L/min acquisitions.

OE-MRI is typically performed during free
breathing with acquisitions taking several minutes
to complete. To improve image quality and reduce
movement artefact, respiratory gating with navi-
gator echoes that identify the diaphragm during
imaging can be used [83]. High-flow oxygen and
face masks are inexpensive and widely available,
which means there are few barriers to performing
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Tissue

Fig. 8.5 'Xe dissolved phase MRI in severe
COPD. Coronal views of the three '’Xe phases and ratio
maps in one subject. A large number of ventilation defects
are seen in the gas phase. There is also marked heteroge-

OE-MRI with standard clinical MRI scanners.
However, MR signal is relatively small when
compared to hyperpolarized gases and oxygen
itself can alter pulmonary physiology [80]. Data
from OE-MRI can be displayed and quantified in
several ways, including T1 mapping and calcula-
tion of relative enhancement or oxygen transfer.
In addition, OE-MRI may also be combined with
intravenous gadolinium for V/Q imaging.

T1 Mapping in OE-MRI
T1 maps are one method of visualizing OE-MRI
data and are typically colour-coded to represent
different T1 relaxations (Fig. 8.6). Images per-
formed with different fractions of inspired oxy-
gen (FiO,) can then be compared for qualitative
evaluation of lung function. In healthy subjects,
100% oxygen causes widespread reduction of T1
relaxation with some heterogeneity [81]. The T1
maps in lung disease are generally even more het-
erogeneous and exhibit lower T1 relaxation val-
ues due to impaired oxygen transport [84].
Renne et al. demonstrated heterogeneity of T1
maps in lung transplant recipients with bronchi-
olitis obliterans syndrome (BOS), but median T1
relaxation values could not discriminate between
stages of disease [86]. However, other studies
have verified the regional sensitivity of lung T1
measurement. Jakob et al. identified focal lung

Tissue/Gas
) ‘.' P

RBC/Gas

RBC/Tissue

)
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neity of the dissolved phase and ratio maps [77]. (Image
reproduced with permission of the rights holder. John
Wiley and Sons — License number: 4858830024322)

disease in CF that exhibited both blunted T1
relaxation and matched perfusion abnormality
[87]. Similar findings have also been shown in
patients with CF receiving nebulized hypertonic
saline [88].

Relative Enhancement and Oxygen Transfer
Function
To help describe and visualize regional lung
function in OE-MRI quantitatively, the terms
relative enhancement ratio (RER) and oxygen
transfer function (OTF) have been developed.
First, RER describes the change in T1 signal
intensity of spatially matched voxels between
room air and 100% oxygen images [89]. It can be
represented visually as a relative enhancement
map or alternatively several regions of interest
can be identified and the RER for each one calcu-
lated. Ohno et al. used these methods to show
markedly lower RER in patients with lung cancer
and emphysema compared with healthy volun-
teers. This study also showed that mean RER
strongly correlated with FEV, and D; ¢ [89]. The
same research group has since corroborated these
findings in a larger cohort of COPD patients [90]
and found similar but weaker correlations in
patients with asthma [91] and ILD [92].
OE-MRI VDP can also be derived from RER
and has shown strong correlation of *He VDP
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T1

T10

Perfusion

Fig. 8.6 OE-MRI Tl maps and DCE perfusion
MRI. Coronal views of three subjects: (a) healthy subject,
(b) and (¢) COPD. Reduction in oxygen-enhanced signal
with 100% oxygen (T10,). Signal is significantly dimin-
ished in COPD subjects. Minor ventilation and perfusion

measurements in adults with CF. However,
OE-MRI VDP measures were approximately 5%
lower than *He VDP [93]. This likely reflects key
differences in the performance of these tech-
niques as OE-MRI has a longer wash-in time and
lower spatial resolution and measures a combina-
tion of ventilation, diffusion and perfusion as pre-
viously discussed.

abnormalities are demonstrated in subject b (white
arrows). More marked abnormalities are seen in subject ¢
[85]. (Image reproduced under Creative Commons
Attribution License)

OTF describes the change in lung T1 relax-
ation rate (R1) for a given oxygen concentration
and represents a combination of airflow, oxygen
diffusion and lung perfusion [86, 87]. In the orig-
inal paper, adults with CF showed significant
OTF heterogeneity and areas of poor oxygen
transfer also demonstrated MR perfusion abnor-
malities [87]. Renne et al. later examined the
effect of endoscopic allergen testing on OTF and
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airway eosinophil count in asthma. Their study
showed OTF decreased in airway segments
exposed to allergen, with a corresponding airway
eosinophilia. Follow-up MRI after 24 hours
showed OTF then returned to baseline [94]. The
same research group has also measured OTF in
lung allograft recipients finding it is significantly
lower in patients with evidence of BOS [86].

Ventilation/Perfusion OE-MRI

V/Q imaging was part of the inception of
OE-MRI in 1996. Edelman et al. compared
gadolinium-based perfusion imaging alongside
oxygen-enhanced ventilation images to demon-
strate V/Q mismatch [95]. In patients with COPD,
oxygen enhancement is also markedly abnormal
and strongly correlated with perfusion abnormal-
ities [85].

Arterial spin labelling (ASL) has been used as
alternative measure of perfusion for V/Q imaging
in combination with OE-MRI. ASL precludes the
need for an injected contrast agent and instead
uses magnetically labelled arterial blood as a
tracer [96]. In healthy volunteers, V/Q imaging
has been successfully performed using this
method, including the demonstration of a
matched V/Q defect in a subject following left
upper lobectomy [97].

8.4.5 Ultrashort Echo Time (UTE)
MRI

Ultrashort echo time (UTE) is a proton-based
MRI modality and was first described by Bergin
et al. as a means of obtaining structural lung
images [98]. This is achieved by minimizing the
delay between application of an RF pulse and
detection of the resulting MR signal. The result-
ing UTE images were comparable to CT of the
time.

Given the rapid decay of lung MR signal dur-
ing MRI, the echo time for UTE is by necessity
<200 ps [21]. So-called zero echo time (ZTE)
sequences reduce this further to as little as 5 ps,
but the exact echo time achievable is limited by
the software and hardware constraints of the MR
platform used [99].

Typically, UTE sequences also employ spe-
cialized radial sampling approaches to acquire
imaging data, which contrast with the Cartesian
sampling methods used for conventional MRI
[100]. This method helps to minimize motion
artefact and facilitate free-breathing scans
through respiratory gating [101]. Recent UTE
techniques with self-gating discard any motion-
corrupted data and use the remaining data to cre-
ate the final images [102]. The result is a
signal-averaged MRI scan with improved resolu-
tion by virtue of the pooled imaging data [103].

UTE MRI for Assessment of Structural Lung
Disease

Neonatal intensive care patients are particularly
prone to pulmonary morbidity due to prolonged
periods of oxygen therapy and mechanical venti-
lation. Self-gated UTE can produce CT-like
images in these patients by controlling for bulk
movement and respiratory motion without the
need for sedation [104]. In this way, end-inspira-
tory and -expiratory images can estimate tidal
volume and identify structural lung change in
bronchopulmonary dysplasia (BPD) [102, 105].
In BPD, preliminary studies have suggested UTE
can be used to quantify hyperinflation to predict
clinical outcomes, and could be used for longitu-
dinal follow-up [104, 105].

In infants with CF, UTE has demonstrated
good correlation with CT for bronchiectasis and
bronchial wall thickening [106]. Similar struc-
tural imaging has also been demonstrated in
adults with CF using free-breathing UTE acquisi-
tions lasting 8—15 minutes (Fig. 8.7) [107].

In COPD, UTE shows short-term reproduc-
ibility over a 3-week period [108] and can pro-
duce structural information comparable to CT
[109]. Chassagnon et al. compared a cohort of
systemic sclerosis (SS) patients with and without
evidence of ILD on CT. In this study, elastic
registration of inspiratory and expiratory UTE
showed increased lung stiffness in patients with
SS-related ILD, corresponding with areas of
fibrosis on HRCT [110].

UTE has also shown promising results in the
detection and morphological characterization of
lung nodules. Studies have shown UTE can detect
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Fig. 8.7 Axial CT and UTE MRI in an adolescent with
CF. CT (a, ¢) and UTE MRI (b, d) slices show evidence of
nodular consolidation (black arrow in a and b) and wide-

between 73% and 86% of nodules when com-
pared to CT, but is markedly less sensitive for
identification of very small modules (i.e. those
<4 mm) [111, 112]. It also tends to underestimate
long- and short-axis nodule measurements by up
to 1-2 mm [113].

UTE MRI for Assessment of Lung Function
UTE is an appealing foundation for co-registered
structural and functional lung MRI as it is capa-
ble of reducing acquisition times and capturing
motion-insensitive images during free breathing.

Sheikh et al. demonstrated a variation of UTE
imaging — dynamic proton density (DPD) — in
healthy volunteers and patients with asthma,
comparing them to hyperpolarized 3He
MRI. Breath hold UTE images were acquired
and used to generate DPD maps that reflect the
difference in UTE signal intensity between full
inspiration and expiration. This technique dem-
onstrated ventilation heterogeneity and produced
functional data comparable to *He imaging in
patients given methacholine and salbutamol
[114].

UTE can also be combined with inhaled con-
trast agents such as '?Xe and oxygen to augment

spread bronchiectatic change [107]. (Image reproduced
with permission of the rights holder. Springer Nature —
License number: 4858830473723)

pulmonary assessment. For Xe MRI, UTE
sequences can improve image resolution and
decrease breath hold times when compared to the
conventionally used gradient recall echo (GRE)
sequences [115]. Shortened T1 relaxation time in
the presence of 100% oxygen also makes UTE
desirable for OE-MRI and allows whole lung
acquisitions with isotropic resolution in as little
as 5 minutes alongside simultaneous structural
imaging [116].

8.4.6 Dynamic Contrast-Enhanced
MRI

Dynamic contrast-enhanced (DCE) MRI uses
gadolinium-based intravenous contrast agents for
pulmonary imaging. As discussed previously,
gadolinium shortens T1 relaxation, which creates
contrast between imaged tissues [23]. While this
is less helpful for imaging lung parenchyma
(given T1 relaxation values are already very
short), gadolinium is well suited to pulmonary
vascular imaging and can be used to evaluate
abnormal lesions through measurement of
changes in perfusion and vascular permeability.
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Pulmonary Vascular Imaging with
Gadolinium

MR angiography (MRA) with gadolinium can be
used to evaluate acute and chronic pulmonary
vascular disease. For the diagnosis of chronic
thromboembolic pulmonary hypertension, the
performance of MRA is comparable to CT angi-
ography, but the extent of disease is still better
characterized with CT [117]. The use of MRA in
pulmonary embolism (PE) has historically been
less successful; the multicentre PIOPED 111 study
found a quarter of MR images were inadequate
and overall 43% of PEs were missed [118]. A
later study by Schiebler et al. significantly
improved on this, with 97.4% of scans of diag-
nostic quality and a 1-year negative predictive
value of 97% for PE [119]. In clinical practice,
MRA may yet become a suitable alternative to
CT pulmonary angiography (CTPA) when radia-
tion exposure and iodinated contrast agents need
to be avoided.

Assessment of Parenchymal Lung Disease
with DCE MRI

DCE MRI may be used to evaluate inflammatory
activity and characterize severity of ILD. Chin
et al. measured time to peak contrast enhance-
ment after gadolinium injection in ILD patients
and correlated these findings with imaging-
targeted lung biopsies [120]. Areas found to be
inflammatory predominant on biopsy were char-
acterized by early contrast enhancement, whereas
fibrotic-predominant  areas  displayed late
enhancement. More recently, Buzan et al. com-
pared peak contrast enhancement with disease
severity (assessed instead by CT) in a mixed
group of ILD patients [121]. They found non-IPF
patients had earlier peak enhancement than the
IPF cohort, but only in the non-IPF group could
severity of lung disease be discriminated by time
to peak enhancement. These findings may repre-
sent different vascularity at the histological level,
whereby less severe or actively inflamed lesions
in ILD demonstrate greater vascularization and
permeability to contrast. Conversely, severely
fibrotic areas in IPF have low vascularity and
hence delayed contrast enhancement. These
inferences are similar to those encountered with

dissolved phase '*Xe MRI [78], and so DCE
MRI may present an alternate avenue for assess-
ment of lung disease activity and response to pul-
monary therapeutics in ILD.

In children with CF, early detection of lung
disease may also be possible with DCE
MRI. Amaxopoulou et al. demonstrated a spec-
trum of perfusion deficits despite normal appear-
ances of lung parenchyma on structural imaging
[122]. This is likely a reflection of small airways
disease that would otherwise not be detectable
with standard imaging. Kellenberger et al. also
measured perfusion abnormalities in a mixed
cohort of paediatric patients with congenital tho-
racic malformations [123]. At peak enhancement,
perfusion deficits were evident in areas of hyper-
inflation, cystic malformation, bronchopulmo-
nary sequestration and bronchogenic cysts. Both
studies show DCE MRI can add highly sensitive
functional data to proton-density imaging, which
together provide a comprehensive assessment of
complex thoracic abnormalities in the paediatric
population.

Assessment of Pulmonary Nodules and
Malignancy with DCE MRI

Complex pharmacokinetic parameters of gado-
linium enhancement in pulmonary nodules and
lung cancers have been explored by several
groups as a means of differentiating benign and
malignant aetiologies. Ohno et al. found DCE
MRI measures of perfusion were comparable to
the PET-CT maximum standardized uptake value
(SUV,,,y) in the differentiation of solitary pulmo-
nary nodules [124]. Other groups have also sug-
gested arole for DCE MRI in the risk stratification
of malignancy, notably for evaluation of radio-
logically indeterminate lesions [125, 126].

DCE MRI biomarkers have also been evalu-
ated as potential predictors of anti-cancer therapy.
Huang et al. found DCE MRI-derived markers of
tumour perfusion and vascular permeability
(Kyans and K,,) were correlated with both SUV
and decreased tumour size in lung cancer patients
6 weeks after radiotherapy [127]. Xu et al. simi-
larly found that after 1 week of chemotherapy,
tumour K., and K, decreased significantly in
lung cancer patients defined later as treatment



138

J. P.Brooke and I. P. Hall

responders according to conventional CT criteria
[128]. As such, these MR imaging-based bio-
markers could offer sensitive early measures of
treatment response to complement existing imag-
ing techniques.

The Potential Role
of Thoracic MRI
in Respiratory Medicine

8.5

At present, the thoracic MRI modalities dis-
cussed in this chapter are predominantly used as
research tools. Clinical translation of these tech-
niques is a complex matter and requires technical
hurdles to be addressed alongside consideration
of application and health economics. For certain
modalities, such as hyperpolarized gas MRI,
their cost and technical requirements will likely
be prohibitive for some institutions. Instead,
delivery by specialist tertiary centres may be
more feasible. It is then important to consider
how these imaging techniques can answer key
research questions and complement existing clin-
ical methods of assessing lung structure and
function.

One of the most often cited advantages of tho-
racic MRI is the absence of ionizing radiation.
X-ray-based investigations can deliver substan-
tial radiation doses, and so their use should be
carefully rationalized by clinicians. The steward-
ship of ionizing radiation is particularly relevant
in the following situations:

e For patients with long-term/lifelong condi-
tions who may require serial imaging

e The investigation of thromboembolic disease
in pregnancy, where radiation exposure to the
breast tissue may increase future cancer risk
[129]

*  When minimizing radiation exposure is essen-
tial, such as in ataxia-telangiectasia where
faulty DNA repair mechanisms greatly
increase lifetime cancer risk [130]

However, potential limitations of thoracic
MRI must also be considered as some techniques
may be particularly challenging for certain
patients:

e Modalities requiring prolonged scanning time
may be uncomfortable for younger patients or

patients who struggle to lie flat for extended

periods due to breathlessness.

e Patients with significant breathlessness or
cough may also find breath hold manoeuvres
difficult during techniques like hyperpolarized
gas MRI.

¢ Inhalation of anoxic contrast agents (viz. *He
and '®Xe) may be unsuitable in patients with
severe lung disease due to risk of hypoxia.

e Some inhaled contrast agents can also cause
sedation: '*Xe is known to have anaesthetic
effects [131], and high-flow oxygen can pre-
cipitate hypercapnic respiratory failure in sus-
ceptible patients [132].

Therefore, wider use of thoracic MRI requires
evaluation of both its merits and its clinical prac-
ticality. As highlighted previously, there are some
discrete situations where techniques such as UTE
MRI or MRA could be the preferred imaging
method for specific patient groups. However, the
complete replacement of conventional studies
that use ionizing radiation remains impractical
given the current demands and financial models
of healthcare [133].

Phenotyping Lung Disease with Thoracic
MRI
Some thoracic MRI research has focused on the
phenotyping of airways disease, namely in
asthma and COPD. Increasingly, different asthma
phenotypes are recognized, which has allowed
treatments such as biologics to be tailored to the
individual patient [134]. Phenotyping of asthma
with MRI shows promise and highlights some of
the difficulties encountered in the assessment of
asthma severity. Hyperpolarized gas MRI can
demonstrate regional ventilation defects, and
while correlation with disease severity and spi-
rometry is observed, some patients have marked
ventilation defects in the presence of preserved
spirometry [135]. When compared to other
measurements such as CT and provocation test-
ing, ventilation defects can also be indicative of
regional airway remodelling [136]. Therefore,
MRI may be particularly interesting when its
findings are discordant with standard diagnostic
tools like spirometry.

Historically, COPD has been divided into
emphysematous and chronic bronchitis pheno-
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types, but broader classification based on ana-
tomical, physiological or pathophysiological
criteria has been suggested [137]. Some of these
patterns of disease can be demonstrated using
MRI, which could then be used to guide therapy.
One example is lung volume reduction (LVR),
given the increasing use of endobronchial valves.
Patient selection for LVR is key, with favourable
outcomes often linked to upper lobe predominant
emphysema [138]. However, valve insertion in
lower lobe predominant emphysema has also
proven useful when collateral ventilation is mini-
mal [139]. Hyperpolarized *He MRI has been
used retrospectively to identify alternate targets
for endobronchial valve insertion undetected on
CT. In theory, this may increase the number of
patients to whom LVR could be offered, but fur-
ther research is required [140]. *He MRI has also
been used to detect bronchodilator response
[141] and identify patients with the ‘frequent
exacerbator’ phenotype [142], but these applica-
tions would likely be harder to justify in clinical
practice.

Assessing Response to Novel Therapeutics

It has been established that evidence of lung dis-
ease can be detected in patients with CF who
have normal spirometry using MRI and lung
clearance index (LCI) [143, 144]. As such, tradi-
tional measures like FEV, may lack the sensitiv-
ity required for future clinical practice and
research trials. Instead, thoracic MRI using
hyperpolarized gases or non-contrast functional
measures could serve as imaging-based biomark-
ers to evaluate therapies like CFTR modulators
and aid longitudinal monitoring of lung disease
[48, 145].

As discussed previously, hyperpolarized '*Xe
and DCE MRI methods may become useful in
assessing different levels of disease activity in
ILD [78, 121]. In particular, functional imaging
with hyperpolarized **Xe demonstrates longitu-
dinal deterioration of gas exchange in IPF with a
greater sensitivity than transfer factor (Dpco)
[146]. In this way, early detection of lung disease
progression could be feasible and become an
invaluable tool for the evaluation of novel
therapeutics.

8.6  Conclusion

There have been tremendous advances in tho-
racic MRI since the pioneering hyperpolarized
gas and structural imaging studies of the mid-
1990s. However, widespread adoption is yet to be
realized with CT remaining the workhorse of
cross-sectional lung imaging in clinical practice.

Structural imaging without ionizing radiation
already has clear clinical applications, but further
refinements to improve spatial resolution are
needed to bridge the gap between thoracic MRI
and CT. Functional imaging shows tremendous
promise, and we can expect this to become
increasingly relevant in the delivery of cutting-
edge medical therapies that require highly sensi-
tive measures of lung function.

Substantial work is still required for clinical
translation, but the potential of co-registered
structural and functional imaging without ioniz-
ing radiation is an exciting prospect for the future
of respiratory care.
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