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'F MRI of the Lungs Using Inert
Fluorinated Gases: Challenges and New
Developments

Marcus J. Couch, PhD," lain K. Ball, PhD,? Tao Li, MSc,® Matthew S. Fox, PhD,**
Birubi Biman, MD; FRCPC,%’® and Mitchell S. Albert, PhD*’7*

Fluorine-19 ("°F) MRI using inhaled inert fluorinated gases is an emerging technique that can provide functional images of
the lungs. Inert fluorinated gases are nontoxic, abundant, relatively inexpensive, and the technique can be performed on
any MRI scanner with broadband multinuclear imaging capabilities. Pulmonary '*F MRI has been performed in animals,
healthy human volunteers, and in patients with lung disease. In this review, the technical requirements of '°F MRI are dis-
cussed, along with various imaging approaches used to optimize the image quality. Lung imaging is typically performed in
humans using a gas mixture containing 79% perfluoropropane (PFP) or sulphur hexafluoride (SF¢) and 21% oxygen. In lung
diseases, such as asthma, chronic obstructive pulmonaqy disease (COPD), and cystic fibrosis (CF), ventilation defects are
apparent in regions that the inhaled gas cannot access. "’F lung images are typically acquired in a single breath-hold, or in
a time-resolved, multiple breath fashion. The former provides measurements of the ventilation defect percent (VDP), while
the latter provides measurements of gas replacement (ie, fractional ventilation). Finally, preliminary comparisons with other
functional |ung |mag|ng techniques are discussed, such as Fourier decomposition MRI and hyperpolarized gas MRI. Over-
all, functional '°F lung MRI is expected to complement existing proton-based structural i |mag|ng techniques, and the com-
bination of structural and functional lung MRI will provide useful outcome measures in the future management of
pulmonary diseases in the clinic.

Level of Evidence: 3

Technical Efficacy: Stage 1

M agnetic resonance imaging (MRI) is a potentially ideal

function, as it is noninvasive, nonionizing, and it can be

imaging modality for studying lung structure and

performed longitudinally. Although structural lung MRI
has historically been poor, due to the low tissue density and
other factors, ultrashort echo time (UTE)' and zero echo
time (ZTE)? pulse sequences are now able to provide high-
quality images of the lung parenchyma, airways, and blood
vessels. These techniques have the potential to provide
information that can assist with the management of respira-
tory disease. For example, in a study involving pediatric
cystic fibrosis (CF) patients, UTE imaging was shown
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to detect structural abnormalities, such as airway wall thick-
ening, bronchiectasis, and mucous plugging.3 That study
also showed that structural abnormality scores from UTE
images were strongly correlated with scores obtained from
computed tomography (CT) imaging. In addition to struc-
tural imaging, there has also been an interest in using
proton-based imaging techniques to obtain functional
information from the lungs. Imaging techniques such as
oxygen-enhanced (OE) MRI* and Fourier decomposition
(FD) MRI® can provide maps that are related to ventilatory
function. Although OE and FD MRI techniques continue

to improve,®” both approaches suffer from a low signal-to-
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noise ratio (SNR) and they are only indirectly sensitive to
lung function.

Hyperpolarized (HP) helium-3 (*He) and xenon-129
(**°Xe) MRI of the lungs has been performed for more than
two decades,® and it continues to be a very active field of
research in animals and humans. HP gas MRI is quickly
evolving into a mature technique that is able to provide func-
tional information regarding respiratory diseases, including
chronic obstructive pulmonary disease (COPD), asthma, and
CFE.”'” HP gas MRI is a very versatile technique that is able
to measure a range of functional biomarkers, such as the ven-
tilation defect percent (VDP),!! the apparent diffusion coeffi-
cient (ADC),"? and fractional ventilation."> HP gas MRI is
reproducible,'® and imaging biomarkers are correlated with
pulmonary function test (PFT) measurements, such as the
forced expiratory volume in 1 second (FEV)."” Unfortunately,
the cost and complexity of HP gas MRI has played a role in
hindering its widespread clinical use. HP gas MRI is currently
only available in research centers, and it requires a polarizer,
expensive isotopes, and dedicated trained personnel to manufac-
ture the gases. Most research sites have switched to using HP
'2Xe only, since it is cheaper than *He and more widely avail-
able.'® *?Xe also has the advantage of being able to dissolve
into blood and tissue, thereby providing information that is
related to gas exchange.16 Most HP "*?Xe studies in the litera-
ture have used isotopically enriched gas mixtures, which can also
be expensive. Recent efforts have focused on optimizing polari-
zer technology and imaging approaches for cheaper, naturally
abundant xenon gas mixtures'’; however, the cost of purchasing
a polarizer still represents a significant hurdle for new sites.

Fluorine-19 (*’F) MRI using inhaled inert fluorinated
gases is a lung imaging technique currently under develop-
ment that can potentially provide a more economical alterna-
tive to HP gas MRI. Feasibility studies have been reported in
human lungs, demonstrating breath-hold images with gas
mixtures containing 79% sulfur hexafluoride (SF¢) or per-
fluoropropane (C;Fg or PFP) and 21% oxygen (0,).1820
SFs and PFP are nontoxic, abundant, and relatively inexpen-
sive. Kruger et al reported cost estimates for *He, '#Xe, and
YF gases.” The per-liter cost of He and enriched '**Xe is
much higher than '’F gases, but the cost of naturally abun-
dant xenon is similar to SF4 and PFP. Since a typical imaging
session using 9F MRI might use several liters of SF¢ or PFP,
the total cost of a single study might be approaching the cost
of an enriched HP '#Xe study; however, the advantage of g
lung imaging is that the gases are imaged using thermal equi-
librium polarization and a polarizer system is not required.

Inert fluorinated gas MRI can potentially provide func-
tional information that is similar to images obtained from HP
gas MRI, such as images of the inhaled gas distribution and ven-
tilation defects.”’ The purpose of this review is to provide an
update on recent developments in '’F MRI of inert fluorinated
gases. The technical challenges of the technique are presented,
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along with a discussion of currently used imaging approaches.
"F MRI is typically performed in either a single breath-hold, or
during multiple breath-holds of the inhaled inert fluorinated gas
mixture. Finally, preliminary comparisons to other pulmonary
imaging techniques, such as FD and HP gas MRI, are discussed.
g lung MRI continues to be a developing technique, and
future clinical studies will help to determine outcome measures
that can be used to manage respiratory diseases and assist with
the development of novel therapeutics.

Technical Challenges

Gas Properties

The physical properties of PFP and SF4 have been previously
discussed, along with a comparison with HP *He and '*”Xe,
as well as OE MRL>*' These properties will be briefly sum-
marized in this section in order to discuss the technical
requirements of '”F MRI. 'F has a high gyromagnetic ratio
(~94% of the 'H resonance) and a high natural abundance
(100%). PFP and SF; are both heavy gases, with greater den-
sities than '*’Xe and low self-diffusion coefficients. Perhaps
the most notable difference from HP gases is the very short
T, of PFP and SFg in the lungs (~1-20 msec compared to
~20 sec for *He and '#?Xe). For *He and '*°Xe, T, refers to
a decay of the nonrenewable hyperpolarized signal, whereas
inert fluorinated gases are not hyperpolarized and T refers to
a recovery of the longitudinal magnetization. SFs and PFP
also have the advantage of having six magnetically equivalent
"F nuclei per molecule. PFP has two additional '’F nuclei
that resonate ~48 ppm away from the primary spectral peak;
however, they do not produce a discernable chemical shift
artifact at typically used excitation bandwidths.

Since O, is paramagnetic, it strongly affects the T; of
'?9Xe and *He through dipolar interactions. For this reason,
HP gases are delivered in anoxic mixtures, and O, in the
lungs reduces the T; from several hours (ie, ideal conditions
with no O, present and a perfect magnetic environment),*” to
a few tens of seconds inside the lungs."® On the other hand,
the T relaxation of inert fluorinated gases is dominated by
spin rotation interactions (ie, the coupling of nuclear spins to
local magnetic fields produced by the rotation of large
molecules),”® and the Ty is generally on the order of a few
msec. Since the presence of O, has a much less dramatic effect
on the T of fluorinated gases than it does for HP gases, fluori-
nated gases can be mixed with O, to improve patient safety
with little impact on image quality. Therefore, image acquisi-
tion can occur during continuous breathing of a gas mixture
containing inert fluorinated gases and O,. Overall, the combi-
nation of the above factors makes pulmonary '”F MRI possible
using thermally polarized inert fluorinated gases.

Hardware Requirements
Although inert fluorinated gas 'F MRI does not require a
polarizer system, there are a number of hardware requirements
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FIGURE 1: Flip angle calibration for '°F MRI. '°F free induction decays (FIDs) were acquired in increments of 10° in a bag filled with
pure PFP. The transmitter gain was adjusted as needed, and the sequence was repeated until the 9*" acquisition yields the highest

possible signal intensity (ie, the 90° RF pulse).

that need to be met in order to perform lung imaging. Like
HP °He and '*’Xe, a broadband multinuclear amplifier is
required, despite the '’F frequency being very close to the 'H
resonance. '°F lung MRI has been performed at magnetic field
strengths of 1.5T%* and 3T,'”?° but the optimal field strength
remains unclear. Some recent work at 3T has noted that the
F acquisition could not be fully optimized due to specific
absorption rate (SAR) limitations at the higher field strength.25
"F MRI also requires custom-built radiofrequency (RF) coils
tuned to the '’F resonance frequency (40.05 MHz/T). An
ideal RF coil should have full lung coverage and good B,
homogeneity, but the coil should also be as small as patient
comfort allows in order to minimize the RF power require-
ments and maximize receive sensitivity. Both single chan-
nel'”?® and phased array '°F RF coils” have been described
for human lung imaging. Single channel flexible vest transmit/
receive RF coils typically provide a good image quality, while
maintaining patient comfort and compliance.'”**  Other
designs use a rigid elliptical birdcage transmit and a flexible
receive array with up to 16 channels.”® The rigid transmit coil
should have a superior B; homogeneity, at the expense of
requiring more RF power for the larger transmit element com-
pared to the flexible vest. The use of a phased array receive coil
allows for accelerated image acquisitions with parallel imaging
reconstruction (ie, GRAPPA).?’

There has also been an interest in developing dual-
tuned "F/'H coils, which provides the opportunity to
acquire high-quality structural "H images without moving the
subject. Dual-tuned "F/'H coils are challenging to build,
since the "’F and "H frequencies are close to one another and
coupling between the two channels will increase power
requirements and reduce SNR. Dual-tuned ""F/'H coils have

28-30

been demonstrated for animal imaging, and human-sized

: 31 .
coils are currently under development.”” For human imaging,
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single-tuned "F coils need to be actively detuned in order to
perform 'H imaging with the body coil, which can be
achieved using PIN diodes or microelectromechanical systems
(MEMS) switches.>> The ability to perform '"H imaging
while the subject is lying inside the "F coil allows for locali-
zation and planning of 3D '’F acquisitions. It may also be
possible to perform high-resolution structural 'H imaging in
this configuration; however, the image quality would likely
benefit by changing the coil to a flexible phased array torso
coil provided by the MRI manufacturer.

Software Requirements

Like HP gas MRI, the scanner is unable to perform automatic
prescans with inert fluorinated gases and the calibration needs
to be adjusted manually. In the case of HP gases, the flip angle
can be calibrated by placing a syringe of HP gas inside the coil
and acquiring free induction decays with a constant low flip
angle. The measured flip angle can be extracted by fitting well-
known signal equations to the acquired data,’®** and adjusting
the transmitter gain as needed. In the case of inert fluorinated
gases, the calibration can be performed using a flip angle
sweep. Figure 1 shows a representative flip angle sweep consist-
ing of 19 spectra acquired in 10° increments. In this case, the
"F spectra were acquired in a 1L bag filled with pure PFP,
and the transmitter gain was adjusted until the 90° RF pulse
yielded the highest possible signal intensity. The coil calibra-
tion will likely change when loaded with a human subject, and
therefore similar flip angle sweeps can be performed in a short
breath-hold following inhalation of a 1L bag containing 79%
PFP and 21% O..

In terms of data acquisition, SNR-efficient multinuclear
pulse sequences are needed to overcome the low thermally
polarized '’F signal. Since inert fluorinated gases have a short
T}, short repetition times (TRs) can be used in combination
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FIGURE 2: "°F MR lung images obtained using a 3D gradient echo in a healthy rat. Coronal (top row) and axial (bottom row) images
were obtained in separate acquisitions during free breathing of a mixture of 80% SF4 and 20% O, (TR = 4 msec, TE = 0.85 msec,
FOV=75 x 75mm? matrix=64 x 64, 9 slices, thickness=4 mm, FA =70°, BW =200 Hz/pix, 400 averages, scan

duration = 5 min).

with a high flip angle. For example, the Ernst angle of 68°
can be used when TR = T, and many signal averages can be
acquired within a single breath-hold. The flip angle and TR
are typically adjusted based on the pulse sequence require-
ments, the maximum output of the multinuclear RF ampli-
fier, and SAR limitations. On the other hand, HP gases use a
low flip angle and short TR, so that the reservoir of nonre-
coverable magnetization can be steadily probed throughout
the length of the image acquisition. Inert fluorinated gas MRI
also requires a short echo time (TE), as PFP and SF4 both
have a short Tz in the lungs (1-2 msec at 3T).'”?* The SNR
can be further improved through the investigation of various
k-space trajectories, such as gradient echoes,”® UTE," and
steady-state free precession (SSFP) imaging.*®

Gas Delivery

Similar to HP gas MRI, the gas delivery for '’F MRI needs
to be adequately controlled to ensure reproducible volumes
and timing. Preclinical imaging typically involves anesthetized
and mechanically ventilated animals, and an MR-compatible
ventilator controls breathing rates, breath-holds, and gas mix-

38 . .
37:38 or inert fAluorinated

tures for either air, O,, HP gases,
gases.”” In humans, HP gas imaging uses a dose volume that
scales with subject size, such as 5 mL per kg of body
weight,>> or 1/6™ of the total lung capacity.”® The HP gas
dose is typically balanced with nitrogen for a total 1L volume
in a dose bag. The bag is inhaled from functional residual
capacity (FRC), and breath-holds last up to 15 seconds. For
'F MRI, larger dose volumes are used to image the lungs at
a high concentration of the inert fluorinated gas. Therefore,
several washin breaths of the inert fluorinated gas mixture
may be needed in order to reach a steady-state concentration
in the lungs.

Inert fluorinated gas delivery in human lung imaging
can be accomplished using either large dose bags'” or with a
computer-controlled gas delivery system.*! In the case of bag
delivery, a large 5L dose bag of the inert fluorinated gas mix-
ture is used to provide washin breaths (usually 79% PFP or
SFs and 21% O,). Subjects are coached to inhale calm

346

breaths until the bag is empty. The 5L bag is then replaced
with a full 1L bag of the PFP/O, mixture, and the subject is
coached to inhale the 1L bag from FRC. Similar to HP gas
MR, lung imaging is then performed during a breath-hold at
a total lung volume of FRC + 1L. R lung MRI has also
been performed in humans using a custom-builc MR-
compatible gas delivery system to deliver the PFP/O, mixture
to subjects.*' This system was able to switch the breathing
mixture between air and PFP/O,, and it provides real-time
feedback such as O, saturation and the gas flow rate. There-
fore, this system is ideal for ensuring patient safety, measuring
gas tidal volumes, and gating image acquisitions.

Static Ventilation Imaging

Inert fluorinated gas MRI has been performed extensively in
the lungs of animals since the 1980s, beginning with projec-
tion imaging in dogs and rabbits.*>*> Since then, high-
resolution 3D imaging has been demonstrated in rats, ™ and
various animal studies have reported the measurement of func-
tional biomarkers derived from inert fluorinated gas imaging,
such as the ADC,**® washin/washout kinetics,""*® fractional

ventilation,®>° 49,50

and the ventilation/perfusion ratio (V/Q).
Although PFP and SFs have been the most commonly used
gases in recent years, some preclinical '’F MRI studies have
(C,Fo* and  tetrafluoromethane

(CF,).® Figure 2 shows representative '’F lung MR images

used hexafluoroethane

that were obtained in a healthy rat using a 3D gradient echo
acquisition in the coronal (top row) and axial (bottom row)
planes. These rat lung images were acquired during continuous
ventilation with a mixture of 80% SF4 and 20% O,. No form
of gating was used in these 5-minute acquisitions, and there-
fore the images represent an average point in the respiratory
cycle between inspiration and expiration.

SF¢ was chosen for rat lung imaging in Fig. 2 due to its
very short Ty compared to PFP. SF¢ has a T} of ~1 msec,”!
and imaging can be performed under near Ernst angle condi-
tions with a short TR (4 msec) and a flip angle of 70°. This

combination of TR and flip angle is generally achievable due
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FIGURE 3: Comparison of (a) conventional 'H, (b) '°F 3D UTE, and (c) "°F 3D gradient echo images acquired in the coronal plane
from a healthy volunteer. "F UTE and gradient echo images were acquired in separate 15-second breath-holds, following several
washin breaths of a mixture of 79% PFP and 21% O,. '°F 3D UTE imaging used the following settings: TR = 20 msec, TE = 0.2 msec,
matrix = 64 x 64, FOV = 450 x 450 mm?, 12 slices, 15 mm thickness, flip angle = 70°, 75% radial sampling density, 1 average, and
BW = 140 Hz/pixel. 'F 3D gradient echo images used the following settings: TR = 27 msec, TE = 1.12 msec, matrix = 64 X
64, 12 slices, in-plane FOV = 450 x 450 mm?, 15 mm thickness, flip angle = 70°, partial echo factor = 62.5%, 2 averages, and
BW = 200 Hz/pixel. The mean whole-lung SNR was 40 = 17 and 18 % 7, for UTE and gradient echo imaging, respectively. The UTE

images were adapted, with permission, from Couch et al."®

to the low power requirements for small-animal RF coils. On
the other hand, PFP has a T; of ~12-20 msec,”?! and a lon-
ger TR would be needed to achieve similar Ernst angle condi-
tions with a high flip angle. Therefore, the shorter T of SF¢
is advantageous for animal imaging, because more averaging
is possible within a fixed scan duration (ie, a breath-hold).
The feasibility of human imaging using inert fluorinated
gas MRI was first explored in explanted human lungs that were
inflated with C,Fs.’' Although good-quality images were
obtained, it was noted that ex vivo imaging benefits from a small
RF coil design and an unlimited acquisiton time. Naturally,
in vivo imaging would involve larger RF coils that require more
RF power, and image acquisitions would need to be limited to
reasonable breath-hold durations. More recently, in vivo imaging

819 in patients with

has been performed in healthy volunteers,'
COPD and asthma, and in patients who received lung trans-
planns.zo Although SF¢ and PFP have been used for human lung
imaging, most studies have used PFP,*! due to its ideal T; relaxa-
tion time. PFP has a Ty of ~12 msec in human lungs at 3T,
and at a TR of 20 msec, the Ernst angle of 79° would yield the
highest possible SNR efficiency. Lower flip angles have been used
in the literature (ie, 40-70°), which is likely due to RF power
and SAR limitations in larger human-sized coils.'”* Therefore,
it is unlikely that SF4 can be used optimally in human imaging,
Figure 3 shows a comparison of four central coronal slices
from conventional 'H, "’F 3D UTE, and "°F 3D gradient echo
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lung images that were acquired in a healthy volunteer in the
same imaging session.”> After several washin breaths of a mixture
of 79% PFP and 21% O,, the fluorinated gas mixture was
expected to be at a steady-state concentration, and '’F lung
images were acquired during a 15-second breath-hold. Similar to
HP gas MRI, both the UTE and gradient echo images had a
"F signal that was fairly bright and homogeneous through-
out the lungs of this healthy volunteer. Since PFP has a very
fast transverse relaxation in the lungs (T; ~2.2 msec at 3T),
"F radial stack-of-stars UTE has been investigated in a
feasible and SNR-efficient pulmonary imaging pulse
sequence.'” When compared with gradient echo imaging
acquisitions that used a similar breath-hold duration, UTE
images had a greater SNR. The short TE was expected to
improve SNR in UTE imaging (TE = 0.2 msec compared
to 1.12 msec for gradient echo), in addition to other fac-
tors such as oversampling at the center of £-space. The '°F
UTE images in Fig. 3 had a mean whole-lung SNR of
40 + 17, while the 3D gradient echo images had an SNR
of 18 + 7. On the other hand, the gradient echo images
show more detail (ie, better-defined edges in peripheral
lung regions), while UTE images suffer from T;—induced
blurring (due to the relatively long acquisition window com-
pared to T;) Figure 4 shows a similar set of conventional
"H, "F 3D UTE, and "’F 3D gradient echo lung images that
were acquired in another healthy volunteer in the axial plane,
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FIGURE 4: Comparison of (a) conventional "H, (b) "°F 3D UTE, and (c) '°F 3D gradient echo images acquired in the axial plane from a
healthy volunteer. Image acquisition used the same methods as described in Fig. 3. The mean whole-lung SNR was 29 + 13 and

21 £ 9, for UTE and gradient echo imaging, respectively. The UTE images were adapted, with permission, from Couch et a

and in this case a greater SNR is also apparent in the UTE
images.

The majority of "’F MRI human lung imaging reports
to date have used gradient echo acquisitions, which sacrifices
some SNR in favor of resolving fine details such as lung
boundaries, airways, and vessels. A comparison of gradient
echo imaging performed with single channel and phased-array
RF coils has demonstrated an improved SNR in the phased-
array RF coil, which is likely due to the use of smaller receive
elements that have a high sensitivity.>’” In addition, the ability
to accelerate image acquisitions will improve safety and tolera-
bility for patients with severe lung diseases, such as COPD.*’
In recent years, several new sites have developed and imple-
mented F lung imaging technologies.”***°>>* One report
has described the feasibility of implementing '’F MRI at a
new site and performing lung imaging in healthy volun-
teers.”® Others have focused on improving '’F lung imaging
by investigating novel RF coil designs,®> and testing SNR-
efficient pulse sequences, such as SSFP imaging.*®

Similar to HP gas MRI, ventilation defects can be
observed in '’F MRI of patients with pulmonary diseases,
where signal voids indicate the presence of airway obstruc-
tions and unventilated lung regions. Substantial ventilation
heterogeneity has been reported in static breath-hold inert
fluorinated gas images acquired in the lungs of patients with
CF, COPD, and asthma.?*>® These techniques may also pro-
vide functional information that can be used to assess the via-
bility of transplanted lungs.”® Like HP gas imaging, there has
been an interest in quantifying ventilation heterogeneity with
metrics such as the VDP. VDP is defined as the fraction of
unventilated lung volume and it is calculated by coregistering
the ventilation image with a conventional 'H lung image.
VDP measurements from HP gas MRI have used k-means
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segmentation,®” as well as other linear binning approaches.*>>®

Preliminary '’F MRI VDP measurements have used a signal
intensity threshold for segmentation, and as expected, the VDP
was strongly correlated with PFT measurements in COPD

paltients.24

Multiple Breath Imaging

The HP gas MRI literature has primarily performed static
breath-hold imaging following a single breath washin of *He
or '*’Xe, which provides a snapshot of lung function at a sin-
gle timepoint.'® With some adjustments to the gas delivery
and image acquisition, time-resolved imaging can also be per-
formed with multiple consecutive breath-holds during HP gas
washin and/or washout.”” Multiple breath HP gas imaging can
be used to quantify gas replacement (ie, fractional ventilation),
delayed filling, and gas trapping, which may be useful informa-
tion in the assessment of obstructive lung diseases such as CF
and COPD.">*° Acquiring and analyzing HP gas multiple
breath imaging data requires careful corrections to account for
the nonrenewable nature of the HP gas. On the other hand,
inert fluorinated gas '’F signal recovers quickly, and free-
breathing can be performed with normoxic gas mixtures. A
number of preclinical””***” and clinical®®*? studies have used
"F MRI to study inert gas washin/washout kinetics. One clini-
cal study performed time-resolved imaging in patients with
COPD, and the washin/washout curves were highly variable,
reflecting  ventilation heterogeneity.59 Fractional ventilation
mapping using multiple breath inert fluorinated gas MRI has
recently been demonstrated in healthy rats,” in rat models of
inflammation and fibrosis,”° and in patients with COPD. 240
Inert fluorinated gas fractional ventilation mapping was
first demonstrated in rat lungs with a washout breathing
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FIGURE 5: Fractional ventilation mapping using multiple breath
inert fluorinated gas '°F MRI in the lungs of rats. '°F MRI captures
the washout of SFs, with three representative series of images
obtained in a control rat, a rat instilled with lipopolysaccharide
(to produce inflammation), and a rat instilled with bleomycin
(to produce fibrosis). Each image in the washout series was a 2D
whole-lung projection the axial plane (2D gradient echo, TR = 4
msec, TE = 0.48 msec, FOV =75 x 75 mm? matrix = 64 X
64, slice thickness = 300 mm, FA =70°, BW = 400 Hz/pixel,
65 averages, and partial echo factor = 0.505). The corresponding
fractional ventilation maps are shown on the right, where a longer
washout and reduced fractional ventilation results from the
effects of inflammation and fibrosis. Modified, with permission,
from Couch et al.?°

scheme as follows™: at baseline the animal was ventilated
with a mixture of 80% SFs; and 20% O, for at least
3 minutes, and then a baseline '’F image was acquired during
a 10-second breath-hold. The breathing mixture was then
switched to 100% O, for a total of nine breaths; a '’F image
was acquired during a 10-second breath-hold following each
of the O, breaths. Each image in the washout series was
acquired using a 2D x-centric pulse sequence, which provides
the advantages of having both a short TE and a Cartesian 4-
space sampling approach.®’ Figure 5 shows three representa-
tive series of preclinical YF washout images obtained in a
control rat, a rat instilled with lipopolysaccharide (LPS, to
produce inflammation), and a rat instilled with bleomycin
(to produce fibrosis).>® The rat instilled with LPS has wash-
out images that are similar to the control rat, while the rat
instilled with bleomycin shows more ventilation heterogeneity
and a slower SFs washout.

Fractional ventilation maps are calculated on a pixel-by-
pixel basis by fitting the following signal equation to the
acquired '’F washout signal:

S(n)=C-(1=r)",r=— 0

Ufsesh + Uresidual

where S is the signal at breath », C is a proportionality
constant, and 7 is the fractional ventilation, defined as the
fractional refreshment of gas per breath (measured at end inspi-
ration). HP gases would require additional factors in the pro-
portionality constant to correct for Ty and RF-induced signal
decay, but the measured '’F signal can essentially be treated as
a density-weighted contrast and fitted without extensive correc-
tions. Figure 5 also shows the fractional ventilation maps for
the control rat, the LPS-instilled rat, and the bleomycin-
instilled rat. The fractional ventilation was significantly reduced
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in the bleomycin-instilled rat, but the LPS-instilled washout
was not significantly different from the control rat.>°
Fractional ventilation mapping has also been reported
in patients with COPD using multiple breath inert fluori-
nated gas 9 imaging.24 A combination of washin and
washout imaging was performed using a previously
described gas delivery device.”! The washin phase consisted
of imaging during breath-holds of 79% PFP and 21% O,,
while the washout phase consisted of continuous imaging
during free-breathing with 100% O,. Each image in the
series was a 3D gradient echo, with a higher resolution
image acquired during the washin phase (17-second breath-
hold) and a lower-resolution image acquired during the
free-breathing washout phase (2-second acquisition). The
washout portion of the sequence took advantage of a
phased-array RF coil to improve temporal resolution
through undersampling. The inert fluorinated gas washin
images were used to assess delayed filling by calculating
VDP at two timepoints, representing initial and late phase
washin.?* Figure 6 shows examples of '’F washin images
obtained in two patients: one with GOLD stage I COPD
and one with GOLD stage III COPD. Figure 6 also shows
red masks overlaid on the '’F washin images, representing
ventilation defects determined by image segmentation. Sim-
ilar to previous multiple breath HP gas imaging work, the
initial phase VDP is high in COPD subjects, and after sev-
eral breaths the gas is able to access more peripheral lung
regions and the VDP decreases.'” Figure 6 also shows maps
of the washout time constant and fractional ventilation,
which were calculated from the inert fluorinated gas wash-
out images. As expected, the patient with GOLD stage 111
COPD had increased ventilation heterogeneity, and areas
with long washout time constants correspond to areas with
low fractional ventilation. Overall, '’F fractional ventilation
measurements were strongly correlated with PFTS,24 and
ventilation heterogeneity was qualitatively similar to previ-
ous HP gas studies that measured fractional ventilation in

COPD'" and CF.>¢

Comparison With Other Imaging Methods

Proton MRI

Since inert fluorinated gas '’F MRI is a developing tech-
nique, most of the work to date has been performed in stand-
alone studies using various image acquisition techniques and
different parameters to optimize the image quality. As interest
in this new pulmonary imaging technique is growing, valida-
tion studies and comparisons with existing pulmonary imag-
ing techniques will be required in order to consider the
multiple factors that contribute to image features and image
quality, including the physical properties of these heavy fluori-
nated gases. One such study in COPD patients has compared
YF MRI washout to fractional ventilation measurements
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FIGURE 6: Multiple breath inert fluorinated gas "°F MRI in COPD. The top row shows '°F imaging results from a patient with GOLD
stage | COPD, while the bottom row shows a patient with GOLD stage il COPD. From left to right, the panels show structural 'H
images, initial and late phase '°F washin images (with a red mask indicating ventilation defects), a map of '°F washout time
constants, and a fractional ventilation map. Modified, with permission, from Gutberlet et al.?*

obtained using FD MRL®® FD MRI is a 'H-based tech-
nique that is able to obtain functional lung information
without the use of a contrast agent.” This method rapidly
acquires free-breathing lung images and uses a Fourier anal-
ysis of the lung signal in the temporal domain to decompose
the periodic motion into ventilation and perfusion-weighted
maps. FD MRI has been shown to be reproducible,® and it
has also been validated with a comparison to HP *He
MRL® FD MRI has recently been extended to calculate
fractional ventilation maps, and these results were correlated
with PFTs and with ventilation defects observed in HP *He
MRL*

Figure 7 shows a comparison of FD-derived fractional
ventilation and '’F washout measurements obtained in three
representative patients with COPD.®® For all participants, the

GOLD |

|

"“F washout [#breaths]
T

GOLD Il

FD MRI and '"F MRI measurements were strongly corre-
lated. At GOLD stage I, the COPD patient had a homoge-
neous FD fractional ventilation and a fast '’F washout. At
GOLD stages II and III, the FD fractional ventilation
decreases and the '’F washout becomes longer. In addition,
ventilation heterogeneity is increased in more severe COPD
patients, suggesting the presence of gas trapping in slowly
moving lung compartments. Overall, both imaging tech-
niques appear to be sensitive to ventilation and lung function
changes due to disease progression. In general, FD MRI is a
technique that can be easily deployed on any MRI scanner,
since it is a 'H technique and no additional hardware or
inhaled gases are required; however, FD MRI suffers from a
low '"H signal in the lungs. '"F MRI has more specialized
technical requirements, but the technique has the advantage

GOLD I

s
e
.
Iz
k' 0

FIGURE 7: Comparison of Fourier decomposition (FD) MRI and inert fluorinated gas "°F MRI. FD and '°F MRI were performed in
COPD patients with GOLD severity criteria ranging from stage | to stage lll. FD measurements (top row) show fractional ventilation,
while the "°F measurements (bottom row) show the number of breaths required to washout the PFP gas (defined as the '°F washout
time constant multiplied by the breathing frequency). Image used with permission from Kaireit et al.®®
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FIGURE 8: Comparison of (a) conventional 'H, (b) HP 3He 2D gradient echo, (c) °F 3D gradient echo, and (d) 9r 3D UTE images
acquired in the coronal plane from a healthy volunteer. The HP 3He images were acquired during a 15-second breath-hold with a
330 mL dose of 3He balanced to 1L with N,. 2D multislice gradient echo *He images were acquired with the following settings:
TR = 56 msec, TE = 1.53 msec, matrix = 128 x 64 reconstructed to 256 x 256, 14 slices, in-plane FOV = 450 x 450 mm?, 15 mm
thickness, flip angle = 7°, and BW = 500 Hz/pixel. The '°F lung images were acquired using the same methods as described in Fig. 3.

of being able to directly image the inert fluorinated gases
inside the lungs.

HP Gas MRI

HP ®He and '**Xe MRI are very well-established tools for
mapping regional lung function in humans, and the applica-
tions of this technique have been discussed in a number of
review articles.”1% Although inert fluorinated gas F MRI
is still a developing technique, '’F images are expected to pro-
vide biomarkers that are similar to HP gas MRL?*' Therefore,
comparing images and biomarkers obtained from both tech-
niques in a range of patient populations will be useful for val-
idating "F MRI. There has been an interest in comparing
VDP measurements between HP gas MRI and F MRI,%°
but such a comparison has not yet been performed in subjects
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with pulmonary disease. Both techniques have significant
technical requirements, such as a broadband multinuclear
amplifier and custom-built RF coils; however, '’F MRI is
cheaper to implement, since a polarizer is not required.

Figure 8 shows a comparison of four central coronal
slices that were obtained in a healthy volunteer using conven-
tional 'H, HP *He 2D gradient echo, '’F 3D gradient echo,
and '’F 3D UTE imaging. Both *He and "’F MRI were able
to visualize a homogeneous distribution of inhaled gas inside
the lungs. As expected, the SNR was significantly greater for
HP *He MRI, while the '°F images have a lower SNR and
T;-induced blurring is particularly apparent in the UTE
images. Given the need for signal averaging in F MRI and
the limited breath-hold, a smaller matrix size was used at the
same field of view (FOV). The HP *He images also show
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more fine detail, such the major airways, which are afforded
by the higher SNR and higher resolution compared to '°F
MRI. Other recent work has shown that '’F and HP '*’Xe
MRI compare favorably in healthy volunteers, although it
was noted that the '’F images were more homogeneous due
to the lower acquired resolution.®” It is possible that the cur-
rent '’F image quality could be useful for certain clinical
applications; however, the technology will likely continue to
be refined, as new pulse sequences and RF coil designs are
being tested.

Outlook

Since there is a growing interest in lung imaging using '’F
MR, it is worth noting that inert fluorinated gases are known
to be potent greenhouse gases with long lifetimes.®® Inert
fluorinated gases have been used in numerous industrial
applications, and atmospheric concentrations of these gases
have been increasing in recent decades. Therefore, efforts will
be made to capture and recycle the exhaled fluorinated gases.
For example, an MR-compatible gas delivery system has been
designed to use a non-rebreathing valve that isolates the inspi-
ratory and expiratory gases, so that the exhaled gases can be
collected in a large reservoir for purification and recycling.*!

Technical developments in inert fluorinated gas MRI
are ongoing, and there will be a strong focus on optimizing
the image quality and improving SNR. At the same time,
there is a desire to minimize breath-holds, especially for
patients with severe lung disease. Various accelerated image
acquisition techniques have been reported for HP gas MRI,
including compressed sensing.®” Inert fluorinated gas MRI
usually requires long breath-hold acquisitions due to the need
for signal averaging; however, the implementation of com-
pressed sensing can provide good-quality images in manage-
able breath-holds as short as 6 seconds.”®”' If the '’F
acquisition is short enough, it is possible that conventional
"H images can also be acquired in the same breath-hold. Like
HP gas imaging, having the ability to acquire perfectly core-
gistered "’F and 'H images would help to distinguish lung
boundaries from unventilated signal defects.”>”? On the
other hand, high-resolution imaging may require an acquisi-
tion time that is longer than a breath-hold. In this case, a
gated darta acquisition could be performed during continuous
breathing of the inert fluorinated gas, similar to HP gas imag-
ing previously reported in animals.”*

One interesting application of '"F lung MRI is gas
exchange mapping through the measurement of V/Q. Preclinical
studies in rats have previously demonstrated V/Q mapping using
a mixture of 30% SFs and 70% O,.%*>° This method takes
advantage of the relationships between T}, the partial pressure of
the fluorinated gas, and the V/Q ratio. When the fluorinated
gas mixture reaches a steady state concentration in the lungs, the
"F signal accumulates in regions of the lung that have a low
V/Q (ie, due to O, consumption). The increased fluorinated gas
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partial pressure leads to an increased T}, which can be detected
using either a Look—Locker or variable flip angle approach. T,
and V/Q mapping have recently been performed in human
lungs, and altered V/Q distributions were demonstrated in
patients with COPD.”>”® V/Q mapping can also be combined
with inert fluorinated gas washout imaging to provide fractional
ventilation maps in the same acquisition. This approach should
provide valuable information in future studies of obstructive
lung diseases.

Preliminary studies comparing '’F MRI to HP gas
and FD MRI appear to be promising, and these efforts will
continue as novel pulse sequences are developed, and
the techniques are tested in new patient populations. As
researchers and clinicians consider the potential applica-
tions of inert fluorinated gas MRI, rigorous reproducibility
and validation studies will be required. HP gas MRI tech-
nology is maturing, and instead of focusing on developing
new acquisition approaches, investigators are now focusing
on longitudinal imaging’” and interventional trials with
novel therapeutics.”® ”F MRI technology is not currently
as well-developed as HP gases, but there is a strong poten-
tial for using it in similar applications in the future.

Conclusion

Overall, inert fluorinated gas MRI is a potentially feasible lung
imaging technique that can be moved into the clinic. Inert
fluorinated gas MRI does not require a polarizer, and it can be
performed on any MRI scanner that is equipped with a '°F
RF coil and broadband multinuclear capabilities. Moreover,
the reduced technical overhead associated with inert fluorinated
gas MRI may provide a more straightforward path to clinical
regulatory approvals, whereas HP gas MRI has met with obsta-
cles. Although the SNR from '’F lung MRI is currently lower
than HP gas MR, inert fluorinated gas MRI has the potential
to yield meaningful functional information. Future clinical
studies of inert fluorinated gas '’F MRI will help to determine
outcome measures that can be used to manage lung diseases

longitudinally.
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