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Abstract

Hyperpolarized 129Xe magnetic resonance imaging is a powerful modality capable of assessing
lung structure and function. While it has shown promise as a clinical tool for longitudinal
assessment of lung function, its utility as an investigative tool for animal models of pulmonary
diseases is limited by the necessity of invasive intubation and mechanical ventilation procedures.
In this study, we overcame this limitation by developing a gas delivery system and implementing a
set of imaging schemes to acquire high-resolution gas- and dissolved-phase images in free-
breathing mice. Gradient echo pulse sequences were used to acquire both high- and low-resolution
gas-phase images, and regional fractional ventilation was quantified by comparing signal buildup
among low-resolution gas-phase images acquired at two flip-angles. Dissolved-phase images were
acquired using both ultra-short echo time and chemical shift imaging sequences with discrete sets
of flip-angle/repetition time combinations to visualize gas uptake and distribution throughout the
body. Spectral features distinct to various anatomical regions were identified in images acquired
using the latter sequence, and were used for quantification of gas arrival times for respective
compartments.
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. Introduction

Clinical magnetic resonance imaging (MRI) takes advantage of regional differences in the
number of hydrogen atoms and their local magnetic environments to produce anatomical
images that differentiate among tissue types. Whereas most organs and tissues are composed
of hydrogen-rich water and lipid, the lung consists largely of air, resulting in low signal
intensity images of little diagnostic value. Recent advancements in pulse sequence and
acquisition procedure techniques, such as ultra-short echo time (UTE) radial k-space
acquisitions, arterial spin labelling, and oxygen-enhanced imaging have greatly improved
pulmonary imaging in the research domain, providing insight into key structural, ventilation,
and perfusion characteristics of the lung, respectively [1]. These approaches are still
developing, however, as the long scan times and current spatial coverage are not yet
clinically practical [1]. Instead, hyperpolarization (HP) techniques such as spin exchange
optical pumping have been developed to enhance the magnetic resonance signal of suitable
agents such as 3He or 129Xe gas. When inhaled, these HP species deliver MRI signal gains
of approximately 10,000x per nucleus, providing robust images of the lung airspaces in a
short time.

HP gas MRI has now been used extensively to probe both structural and functional aspects
of the lung. Measuring physiologically relevant parameters such as ventilation [2],
oxygenation [3], and lung microstructure [4] enables a more comprehensive assessment of
pathological changes than is currently possible with common clinical imaging modalities.
HP 3He MR, for example, has been shown to be more sensitive than spirometry for long-
term assessment of functional alterations in the lungs of patients with smoking-related
impairment [5], cystic fibrosis [6], and asthma [7]. While animal and clinical studies to date
have primarily used 3He [8], the field is gradually shifting to 129Xe in light of both clinical
translatability [9] and additional measurements made possible by the gas’ dissolution into
tissue and blood. Clinical trials have already demonstrated the feasibility of quantifying
diffusion and alveolar oxygen tension (PAO,) using HP 129Xe MRI [10], while assessments
based on dissolved 129Xe are sensitive to the primary lung functions of gas exchange and
uptake, which could be useful for evaluating lung diseases such as COPD [11] and
pulmonary fibrosis [12].

Despite its demonstrated value for the study of lung disease progression, quantitative HP gas
MRI studies rely heavily on well-controlled breath volumes and timing. This can be difficult
to achieve in human subjects, and is impossible in preclinical animal imaging without
mechanical ventilation to precisely control breathing dynamics and enforce breath-holds.
Unfortunately, the intubation or tracheotomy required for mechanical ventilation introduces
greater variability into these studies: if terminal, larger cohorts are required to account for
inter-subject variability; if longitudinal, injury associated with intubation and tracheotomy
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[13], or even mechanical ventilation alone, can skew results significantly. Thus, while
numerous rodent models of chronic lung diseases such as emphysema [14], [15] and cancer
[16] exist, our ability to perform comprehensive longitudinal preclinical research using these
models remains severely limited.

In this study, we attempt to overcome the obstacles to longitudinal imaging presented by
mechanical ventilation by demonstrating the feasibility of obtaining high-resolution gas-
phase (GP) images, fractional ventilation (FV) maps, and time-resolved dissolved-phase
(DP) images with HP 129Xe MRI in both healthy wild type mice and genetically modified
mice with lung tumors under free-breathing conditions. This work relies on analyses of
signal dynamics during ventilation and gas dissolution, and classification based on DP
spectral features not previously reported. High-resolution, qualitative GP images were
acquired to map ventilation defects, while low-resolution GP images were used to quantify
FV. Both UTE and chemical shift imaging (FID-CSI) sequences were used to visualize
uptake and transport of dissolved 129Xe. Distinct dissolved state spectral components were
visualized separately using an array of repetition time and flip-angle (TR/FA) combinations,
highlighting the different arrival and saturation times for each region and blood/tissue type.
The comprehensive suite of imaging techniques described here can be applied in the future
to the many murine models of lung disease, and can be extended to larger species with
modifications to account for tidal volume.

Methods

A. Animal Preparation

129% e imaging was performed on twelve C57BL/6 mice (five each for GP and FID-CSI DP
imaging, two for UTE DP imaging). Half of the twelve mice imaged were wild type
(C57BL/6WT); the remaining six were a genetically modified C57BL/6 strain (C57BL/6™°d)
prone to spontaneous tumor induction after orthotopic injection of Cre recombinase via a
CMV, SPC, or CC10 vector [17]. All procedures performed were approved by the University
of Pennsylvania IACUC (Philadelphia, PA). Animals were anesthetized using 1-2%
isoflurane and placed prone in an animal cradle. Positioning on the cradle was adjusted
using a bite bar, and an adjustable nose cone slipped over the snout provided gas anesthesia.
The animal cradle was then inserted into a double-tuned 1H/12%Xe gradient insert before
being placed inside the vertical-bore micro-imaging MRI system (Avance 400WB, Bruker
Biospin). The RF coil used is approximately 4 cm in length and has an inner diameter of 25
mm: because the RF coil is part of the gradient insert, it is stationary; the bite bar, nose cone,
and animal positions can be adjusted to the desired positions. During imaging, the mouse
lungs were placed within 1 cm of the center of the coil in order to visualize gas uptake in the
lungs and distal regions; both the bite bar and nose cone were outside the RF coil,
eliminating the possibility of accidental excitation of HP 129Xe gas during administration
and imaging. Temperature and breathing rate were monitored using an endorectal probe and
respiratory cushion, respectively.
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B. Gas Delivery

85% 129Xe-enriched xenon gas was polarized using a prototype commercial optical pumping
system (Xebox E10 Xemed, LLC, Durham, NH) and dispensed into a 0.75 L Tedlar bag
within a pressurizable chamber (Fig. 1, green arrows). Typical polarization levels and time
required to generate 0.75 L HP 129Xe bags were between 40-50% and 20-25 minutes,
respectively. During imaging, flow from this bag was controlled by applying a slight
overpressure around the bag. Xenon gas flowed through approximately 1.5m of thin-walled,
1.5875 mm (1/16”) ID PTFA tubing. Steady-state flow was determined by the balance of
pressure applied and conductivity of a downstream flow-restricting orifice consisting of
approximately 51 mm of 0.254 mm (0.01”) ID, 1.5875 mm (1/16”) OD PEEK tubing (Fig.
1, red arrow). Typical flow rates dispensed the 0.75 L of gas over 25-40 minutes (20-30
cm3/min), on the same order as the external T1 relaxation of HP 129Xe in the Tedlar bag
(approximately 45 minutes).

The tubing passed through a hole down the length of a custom, 3D-printed bite bar (Fig. 1,
pink arrows), protruding into the nose cone. The nose cone contained an additional port (Fig.
1, orange arrows) originally designed for delivery of anesthetic gases, but used in this case
as an exhaust port through which 120 ml/min of exhaled gas was withdrawn using a
peristaltic pump. Because this rate significantly exceeded that of the xenon delivery, the
additional gas flow was supplied by flow into the cone past the animal’s head from the
airspace in the bore of the magnet (Fig. 1, blue arrows). This region was continuously
purged with an air/Oy/isoflurane mixture appropriate for normoxic breathing and stable
anesthesia. The setting on the isoflurane vaporizer was adjusted in real time to keep the
breathing rate at approximately 120 min~1. Given respective flow rates of 20-30 cm3/min
for HP 129%e and 120 ml/min for gas withdrawal, the expected partial pressure of 129Xe in
the mouse lung is 17-25% during imaging: this value is likely to be slightly higher since the
bite bar delivering 129Xe gas points directly at the animal’s mouth.

C. Gas Phase Image Acquisition

Coronal and axial proton To-weighted fast spin-echo (FSE) images were acquired for
localization. GP and DP images were acquired once steady breathing was attained. GP
images were acquired using a respiratory-gated (one phase-encode per breath) slice-selective
gradient echo (GRE) pulse sequence (TE =1 ms, TR =100 ms, FOV =20 mm x 20 mm,
three 3.4-mm slices, 0 mm slice gap). The pulse shape utilized was calculated using the
scanner’s built-in Shinnar-Le Roux algorithm (0.2 ms pulse duration, sharpness = 3, 20 kHz
excitation bandwidth, 110.688 MHz center frequency). Although the TR was set to 100 ms,
the effective TR between each set of excitations is dependent upon the breathing rate of the
animal: e.g., for an average breathing rate of 120 min1, the TR is approximately 500 ms.
High-resolution (matrix size = 96 x 96) GP images were acquired over 4 averages at a fixed
flip-angle (FA = 60°); low-resolution (matrix size = 64 x 64) GP images were acquired at
two flip-angles (FA = 30°, 90°) for per-breath quantification of FV (see Regional Ventilation
Analysis section). Although one set of low-resolution GP images is sufficient to quantify FV,
the animal’s variable breathing state throughout image acquisition results in the appearance
of motion artifacts. To mitigate such artifacts, 10-15 sets of low-resolution GP images were
acquired at each flip-angle in an interleaved manner and later averaged together. At a typical
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breathing rate of 120 min~! a high-resolution GP image took approximately 4 x 96 / 120 =
3.2 minutes to acquire, whereas 10-15 sets of low-resolution GP images took no more than
15 x 64 x 2 /120 = 16 minutes to acquire. Despite the negligible amount of external T1
relaxation of the HP 129Xe during this time, a weighting correction to account for the
relaxation was applied to images prior to analysis.

Although dummy scans are necessary to achieve steady state conditions for GP images
acquired at FA = 30° (see Regional Ventilation Analysis section), they were not
implemented for any acquired GP images. Instead, the GRE sequence used first sampled
points at high values of k-space, providing enough time for alveolar magnetization to reach
steady state and producing a minimal contribution to overall image signal.

D. Dissolved Phase Image Acquisition

GP and DP images were acquired using two methods. The first method involved separate
acquisitions using either a UTE or FID-CSI sequence. Selective excitation was implemented
using a customized UTE pulse sequence to simultaneously acquire GP and DP images (TE =
0.1 ms, TR =50 ms, 100 ms, FA = 20°, 40°, 70°, FOV = 35 mm x 25 mm, matrix size = 128
x 128, 402 radial spokes, projection). The pulse shape utilized was calculated by the
scanner’s Shinnar-Le Roux algorithm as previously mentioned (0.15 ms pulse duration,
sharpness = 1, 14 kHz excitation bandwidth, 110.709 MHz center frequency).

GP and DP images were also acquired using an FID-CSI sequence with a custom-phase
encode table (TE = 0.5 ms, TR =80 ms, FA = 10°, 20°, 40°, 70°, 90°, FOV = 35 mm x 20
mm, matrix size = 64x36, projection, Gaussian pulse shape, 0.1 ms pulse duration, 27 kHz
excitation bandwidth, 110.709 MHz center frequency). The pulse sequence applied was
developed such that we excited the GP resonance at approximately 7.7% of the nominal flip-
angle excitation applied to DP resonances. This was implemented in order to avoid depletion
of HP 129Xe magnetization before it entered the DP. The narrow range of DP resonances
ensured that there was negligible variation in the excitation profile among the dissolved
peaks. Dummy scans were not included in either of these sequences; however, UTE images
were acquired over eight averages, while FID-CSI images utilized oversampling of k-space
points near 0 in a randomized order to mitigate signal artifacts. 129Xe uptake and transport
throughout the body were followed by altering TR/FA combinations to control the rate of
RF-induced 129Xe relaxation (see Dissolved Phase Signal Analysis section).

The second method involved implementing a continuous, variable flip-angle scan to acquire
GP and DP images. GP and DP image sets were acquired by implementing a FID-CSI
sequence using a custom phase-encode/flip-angle table (FA = 6°, 12°, 25°, 50°, 90°, the
remaining parameters used were the same as those implemented in the previously described
CSI). Each image utilized a total of 2688 k-space points, and potential motion artifacts were
mitigated by oversampling points near the center of k-space in a randomized order. The k =
0 point was sampled 64 times whenever the flip-angle was changed to account for the
external magnetization decay of the HP 129Xe gas and to ensure that steady-state 129Xe
magnetization conditions were achieved throughout the body (Fig. 2). These acquisitions
were not used in image reconstruction. Lower flip-angle acquisitions were repeated (three
times for FA = 6°, twice for FA = 12°) to ensure adequate signal-to-noise. Since the animal’s
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respiratory state can vary during imaging, we did not acquire complete images before
changing the flip-angle; instead, each image was divided into eight groups of k-space points
(336 points per group) and acquired in an interleaved manner, ensuring that different
breathing states were equally represented in each image.

1H B0 maps were also separately acquired to determine the homogeneity of our field and its
effect on dissolved HXe resonance peak assignments (see Dissolved Phase Signal Analysis
section). Since quantitative analysis was only applied for FID-CSI-acquired images, BO
maps were acquired for a FOV of 35 mm x 20 mm; the largest frequency shift observed in
this region was no more than 201 Hz (approximately 0.5 ppm). Additionally, a flip angle
calibration was performed on a HP 129Xe gas phantom; measured flip angles within 30 mm
of the center of the coil were within 10% of the nominal value, which could lead to errors of
up to 20% in the nominal RF-induced relaxation rate (see Dissolved Phase Signal Analysis
section).

E. Signal Buildup Analysis and Modeling

1) Regional Ventilation Analysis—Specific ventilation (SV) is defined as the ratio of
fresh, per-breath gas reaching a region of interest to the gas present at end-exhale, while FV

is the ratio of that same fresh gas to the gas present at end-inhale, with the relation between

FV
- FV°

the two being SV = 5 FV =5 f‘;v SV is the most widely accepted measurement of

regional ventilation, and thus its derivation is shown here; however, the range of values
derived from SV measurements are on a zero to infinity scale, creating difficulties in both
presentation and interpretation. Conversely, FV measurements are on a 0 to 1 scale, and are
presented in the Results section for ease of presentation and interpretation.

Because acquisitions are performed in steady-state, the gas signal observed during each
acquisition reflects a balance between magnetization gained through the inhalation of fresh
HP 129%e from the gas stream and magnetization lost through a combination of exhalation,
RF-induced relaxation, relaxation due to collisions with paramagnetic O, molecules and
alveolar walls, and magnetization that enters the DP. A previously published analytical
model of gas replacement and relaxation [18] showed that after 7 identical breaths imaged
with flip-angle a at a specific ventilation SV/from a source magnetization Ms, local alveolar
magnetization M4 will be:

B SV cos(a)f\"
M 4(n) = 1+SV—COS(0()f(1_(1+SV) )MS ®

in which frefers to the remaining magnetization after one breath in the absence of gas
replacement by breathing or RF pulse application [18]. Previous schemes to isolate SV have
imaged during breath-hold and either eliminated or accounted for the effect of RF pulses
[19], [20]. However, such approaches are difficult to implement for a free-breathing mouse.
Instead, we spread the image over multiple steady-state breaths, acquiring one line of k-
space per breath. In this case, the magnetization of each image is approximated by the limit
of (1) for large .
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SV
MA, steady state = T+SV— COS(a)fMS 2

and the corresponding signal intensity Svaries with a as:

_ (1 + SV)sin(a)
Sa) = 1+ .SV —cos(a)f %0 &)

where Sggrefers to the signal intensity that would be observed if a 90-degree pulse were
applied after each breath. For the rapidly-breathing mouse and practical excitation schemes,
RF pulse-induced magnetization loss substantially exceeds that due to other processes. We
can therefore estimate local SV by comparing images at different flip-angles.

Fig. 3A summarizes steady-state signal’s dependence on applied flip-angle for a wide range
of SV values. Note that, in practice, maximum signal is seen when per-breath gas
replacement is approximately equal to the RF-induced relaxation cos(a). Although it is
possible to map the entire flip-angle dependence by acquiring images with a variety of a,
this is not necessary to determine SV: the ratio between two image intensities is sufficient
and, among the schemes we have explored, optimal for this purpose. For simplicity, we have
fixed one of these excitations at 90° and refer to the other chosen flip-angle as a .z SV may
be calculated by inverting (3) in terms of the ratio of the image intensities R = S(a g /
S(90):

sin(aref) - R(l - fCOS(Olref))

SV= R = sin(ay )

4

The most noise-insensitive choice of a,rdepends on the expected SV range; simulations of
this dependence indicate that a low a,.fis best suited to accurate measurements of low SV,
with the optimal choice for a,.rincreasing from approximately 8° at SV = 0.01 to 25° at SV
= 0.1 (Fig 3A). Previous studies have reported FV values of 0.21 £ 0.09 and 0.34 £ 0.01 in
mice, respectively, yielding a plausible FV range of 0.12 — 0.35, or 0.14 — 0.54 in SV [21],
[22]. We have chosen a,.¢= 30° to maintain acceptable accuracy throughout this
physiologically-expected range (Fig. 3B). We assume fto be dominated by O,-induced
relaxation and can therefore estimate its value based on the expected ~13.3 kPa PAO, in the

lung and previous measurements of spin relaxation during 129Xe-0, collisions [23];

- 60 13.3 kPa 0.3934\ _ . .
fe exp(— 3P X T0135Pa2Y X ~satm ) = 0.975 at the targeted 120 breaths per minute. As it

is quite close to 1, we find that in practice including the correction factor fto be only
marginally significant, and only for SV < 1. Fig. 3B summarizes the expected error in SV
due to misestimation of Fand instrumental noise, appropriately drawn from a Rician
distribution [24] when using (4).

2) Dissolved Phase Signal Analysis—Unlike 3He, 129Xe gas dissolves into tissue
and blood when inhaled. Approximately 1-2% of inhaled 129Xe dissolves into blood [25]
and is carried from the lungs to the heart and throughout the rest of the body. GP 129Xe
resonates at a single frequency, nominally set at 0 ppm, whereas DP 129Xe presents multiple
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peaks offset from the gas frequency by 185 — 221 ppm, associated with distinct tissue types
and anatomical regions. The presence and location of these DP peaks is species dependent;
mice present peaks ranging from 185 — 205 ppm, whereas rats and humans present peaks
ranging from 192 — 221 pm [26], [27].

The uptake and transport of dissolved HP 129Xe to regions at different distances from the
lungs can be visualized by acquiring images using different TR/FA combinations [28]. By
analogy with the SV imaging above, TR/FA combinations that induce less decay allow HP
129% e magnetization to persist long enough to travel further along the circulatory system and
into more distal tissue. Conversely, TR/FA combinations that induce more decay “use up”
dissolved 129Xe magnetization at a quicker rate, emphasizing the lung parenchyma and
immediately accessible structures.

All DP images were acquired during a continuous administration of HP 129Xe during which
a steady-state concentration of the dissolved gas is likely achieved throughout the animal’s
body. Nonetheless, flow or exchange into and out of each anatomical structure proceeds at a
different rate and with different timing with respect to the moment of dissolution. In general,
dissolved 129Xe signal from a particular location will arise from atoms that have been
dissolved for various lengths of time ¢ distributed as an unknown function that we refer to as
7(9. Measuring this time distribution has the potential to highlight gas uptake, diffusion, or
blood flow characteristics that may be indicative of pathology.

We may impose sensitivity to 7{# by comparing images acquired with different RF-induced
relaxation rates 73 p5 which we approximate as 71 ge= TR /[1 — cos(a)] as per [29]. The
observed signal intensity will then depend on applied RF as

S(T R
Wi/o T(t)exp(—t/Tl)exp(—t/Tl,RF) (5)

This expression is formally a Laplace transform; given sufficient measurements of S(7; zp),
and knowledge or assumptions about 77, the signal relaxation rate in the absence of applied
RF (5) can be inverted to completely specify 7{J. In practice, limitations to the number of
images that can be feasibly acquired, coupled with the wide range of signal buildup times
that may be of interest, make this process difficult. We thus parameterize 7{4 in terms of its
first two moments to extract the value of most interest, T, or the mean time between
dissolution and arrival at the anatomical compartment of interest

T(t) = \/#exp[—(t - T)Z/az] (6)

and fit to the measured S( 77 ), allowing T and the breadth of the distribution oZto vary.
Interpreting T depends on the dissolved gas dynamics of the structure being investigated: in
vascular compartments, it is likely most closely associated with the time required for
saturated blood to reach the structure after leaving the lungs; in tissue and lipid
compartments, it is likely more representative of gas exchange time.
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The above analysis was attempted using both FID-CSI and UTE images, the latter of which
were more difficult to compare quantitatively given fluctuations in the animal’s breathing
pattern as well as disparities in signal intensity among images due to 7; decay during
imaging. DP image sets acquired using our FID-CSI method were much more comparable,
as the interleaved pattern ensured that each image sampled approximately equally from all
of the variable animal and HP agent states.

After acquisition, CSI images’ FID signal levels were normalized to account for polarization
decay. Excluding those acquired while approaching steady-state, FIDs corresponding to a
given flip-angle/phase-encoding pair were averaged, assembled into a 3D array, and Fourier
transformed to yield individual maps of 129Xe magnetization. After line broadening by 50
Hz (~0.5 ppm), individual maps were generated by integrating spectral lines corresponding
to the GP resonance (with the gas resonance center at 0 ppm by definition) and the DP
resonances (185 to 205 ppm). All complex 129Xe spectra were well described by four
individual Lorentzian resonance lineshapes and center frequencies, corresponding to
dissolved gas in different compartments. As previously described [30], [31], three of these
compartments corresponded to 129Xe dissolved in vascular blood, high-lipid-content “fat,”
and low-lipid-content solid organ “tissue,” respectively. A fourth component, at the same
center frequency as vascular blood but with a much broader linewidth, corresponded to
parenchymal lung tissue in which magnetic field heterogeneity is high due to air/tissue
interfaces. Line amplitudes, center frequencies, linewidths, and phases were individually
extracted using a least-squares fit to the real and imaginary components of each spectra,
producing individual maps for the four components as a function 73 pr

F. Image Registration

Image analysis and registration was performed using custom software developed using
MATLAB (MathWorks, Inc., Natick, MA). GP images acquired using the same flip-angle
were averaged and bias-corrected based on the background noise. An atlas of the lung was
generated by summing individual GP images and applying a smoothing Gaussian filter, to
which all lungs were registered. Registered images were normalized to their respective
maximum signals and added together; a contrast limited adaptive histogram equalization
(CLAHE) with a gray-scale threshold was then applied to mask the background noise and
segment the lung [32].

Results

To-weighted proton images, high-resolution GP images, and low-resolution GP images to
derive FV were acquired in two C57BL/6WT control mice and three C57BL/6M%d mice with
lung tumors. Fig. 4 depicts three representative mice: one control animal (Row A) and two
of those with tumors (Rows B and C). As expected, the GP image in row A shows a
homogenous distribution of gas with no ventilation defects. GP images in rows B and C,
however, exhibit heterogeneous gas distribution. Areas of completely compromised
ventilation correlate well with regions of cancer (white arrows), although the smaller tumors
present in the animal in row C lead to a less pronounced signal loss due to partial volume
effects in the HP gas slice.
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FV maps and corresponding histograms are also shown in Fig. 4. The FV map in row A
shows a narrow and symmetric distribution of values, and the mean FV (0.35 + 0.07)
correlates well with the overall shape of the histogram. The FV map in row B, however,
displays a heterogeneous distribution of values, especially near regions of cancer; this
heterogeneity is reflected in the histogram, which exhibits one prominent peak at FV = 0.4,
with a smaller secondary peak at FV = 0.3 attributable to decreased FV in tumor-adjacent
regions. The heterogeneity in FV is not immediately evident when looking at the mean FV
(0.37 £ 0.08, 0.34 + 0.13 when including regions of completely compromised ventilation).
The FV map in row C also shows a heterogeneous distribution of values, with several
apparent voids corresponding to tumor regions. While histogram C is similar in shape to
histogram A, it is centered at a slightly higher value (mean FV of 0.44 £ 0.07, 0.41 £ 0.13
when including regions of completely compromised ventilation). The heterogeneity in FV is
most apparent when looking at the “tail” of lower FV values in the histogram, qualitatively
similar to that of row B but with a reduced effect on ventilation as befitting the smaller
tumor size.

DP images were acquired in seven mice (one C57BL/6WT and one C57BL/6™M°4 mouse for
UTE imaging, three C57BL/6WT and two C57BL/6™°d mice for CSI imaging) at various
TR/FA combinations. Fig. 5 depicts representative images acquired in two C57BL/6™M°d
mice using both sequences. The representative datasets are ordered by increasing 7; p£; as
previously described [28], this one parameter summarizes the effect of changing either TR
or FA, allowing both qualitative and quantitative comparisons of images acquired using
different parameters.

Both image sets display qualitatively similar behavior: as 7; grincreases, structures become
visible in the order that gas taken up by the lung reaches them. Parenchymal tissue (left) is
saturated first, followed by the lung vasculature and left atrium (~150 ms), left ventricle
(~200 — 300 ms), aortic arch (400 — 500 ms), and descending aorta (700 — 800 ms). When
71 rris increased beyond a few seconds, the kidneys, diffuse tissue structures, and vena
cava become apparent as well.

Analysis of DP CSI images revealed three dominant spectral features, one of which was
further separated into two distinct contributions based on linewidth in the lung parenchyma.
Fig. 6 shows this linewidth distinction and its use for differentiating the heart and
vasculature from the spatially intertwined but physiologically distinct lung parenchyma in an
image acquired in a C57BL/6WT mouse with a moderate T1 rrof 1.3s. A narrow
contribution (< 100 Hz, Fig. 6A) was seen only in regions that corresponded anatomically to
the heart or vasculature, whereas a broad component (> 250 Hz, Fig. 6B) arose from the
short-Ty*, magnetically inhomogeneous parenchymal tissue of the lung. Voxels containing
both features were characterized by a superposition of the two lineshapes rather than by a
single line of intermediate width, thereby allowing for a clear, separate visualization of the
lung parenchyma and heart/vasculature.

As T; princreases and additional structures fill with 129% e magnetization, spectral analysis
becomes more complicated. Fig. 7 shows the real components of NMR spectra acquired in a
C57BL/6M°d mouse from ten anatomical regions of interest: lung parenchyma (top left), left
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ventricle, aortic arch, abdominal aorta (top, columns 2-4), a region of fat tissue (top right),
liver (bottom left), kidneys (bottom, columns 2-3), heart wall (bottom, column 4) and vena
cava (bottom right). The five spectra from each region, acquired bottom to top with
increasing 7 g5 show an increase in both 12%Xe magnetization present and spectral
complexity as magnetization accumulates throughout the body.

Unsurprisingly, magnetization is present in the lung parenchyma immediately after
dissolution (top left, 73 p-= 80 ms), appearing in a broad line at the central frequency of
194.5 ppm. Signal appears next at the same frequency in the pulmonary veins, left atrium
and left ventricle, followed closely by other vascular components. Additional resonances are
evident much later at the kidneys, heart wall, and liver (~5 ppm higher) as well as in lipid
(~3.4 ppm lower), suggesting the possibility of separately determining the dynamic
characteristics of each of the four spectral components for each voxel or region of interest,
even if the contributions are spatially co-localized. For instance, spectra acquired in organ
tissue depict the arrival of 12Xe in the blood after a few hundred milliseconds (e.g., purple
and yellow spectra in the bottom row of Fig. 7), followed by exchange of that signal into the
tissue spectral compartment over several seconds, as seen in the growth of the leftmost peak.
Of particular interest is the clearly discernable change in chemical shift between arterial and
venous blood (Fig. 7, top row vs. bottom right). Blood in the vena cava and right heart
appears at a frequency 1.0 ppm higher on average than that in the descending/abdominal
aorta and the left heart.

Fig. 8 shows the production of individual spectrally-resolved maps for a dataset acquired in
the same animal as in Fig. 7. Images acquired with 77 p-values ranging from 80 ms (top
row) to 14.6 s (bottom row) depict reconstructions of the GP spectral region (left column),
the total integrated DP spectral region (column 2), and DP spectral components generally
characterized as lung parenchyma, heart/vasculature, lipid, and organ/muscle tissue
(columns 3-6). The large range of distinct chemical shifts among various anatomical regions
allows separate visualization of each spectral component contribution, as illustrated by
respectively colored DP images. Note that each spectral component has both a distinct
spatial distribution and unique dependence on 77 g7 indicating distinct dissolved gas arrival
times and tissue saturation characteristics. Signal is at near-maximum intensity in lung
parenchymal tissue as soon as 80 ms after inhalation of 129Xe gas, whereas it is not seen in
the parenchymal vasculature and heart for approximately 200 ms. Regions further from the
lung, such as lipid and distal organs/tissue, require longer signal buildup times before
visualization is possible. The heart wall, which shares the spectral characteristics of other
perfused tissue (rightmost row), is not clearly visible until several seconds have elapsed
despite the fact that signal can be seen to arrive in the heart chamber after only a fraction of
a second. As with the kidneys, liver, and other tissues, this muscular structure is not
conspicuous in any of the total DP images; separation based on spectral characteristics is
therefore necessary to observe this distinctive behavior.

Frequency also distinguishes additional sub-compartments within the broad spectral
characterization outlined above. The heart and vasculature resonance is clearly delineated
between oxygenated blood (194.5 ppm, Fig. 8, red) primarily localized in the left heart,
aortic arch, descending/abdominal aorta and carotid artery, and deoxygenated blood (195.5
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ppm, blue) in the right heart, vena cava, and jugular vein. The organ and tissue compartment
is also subject to a slight frequency variation distinguishing heart wall and kidneys (199.6
ppm, ochre) from liver and chest wall musculature (200.8 ppm, purple).

Once distinguished visually, it is possible to quantify the temporal behavior of each
anatomical compartment in the manner shown in Fig. 9. Here, one peak is selected for each
of the ten structures displayed in Fig. 7: the narrow blood peak of the oxygenated heart/
vascular compartments (left ventricle, aortic arch, and descending/abdominal aorta) is
displayed in red, the tissue peak in the heart wall and kidneys is shown in ochre, and the
lipid peak in fat regions in cyan. Integrals of the respective peaks for a single dataset are fit
to the model of (5) and (6) from which mean dissolved gas arrival time is extracted.

V. Discussion

In this study, we demonstrated the feasibility of quantifying FV and gas arrival times in free-
breathing mice using high-resolution GP and DP images acquired via HP 129Xe MRI using a
custom-built continuous gas delivery system combined with variable flip-angle pulse
sequences. Despite the successful study of animal models of lung disease using HP gas MRI
for over twenty years, the necessary use of anesthesia, terminal tracheotomy or intubation,
and mechanical ventilation to control gas administration has severely limited its use for the
kind of longitudinal imaging studies needed to better interrogate disease models
characterized by high inter-subject variability-such as lung cancer or COPD-in which
understanding disease progression is essential for planning treatment and monitoring
functional response. Airway and lung damage caused by intubation and mechanical
ventilation in small animals is often significant enough to preclude longitudinal studies [13],
whereas altered breathing mechanics combined with the risk of ventilator-induced lung
injury make them difficult to perform and interpret even in larger animal species. Given the
wide variety of available pathological disease models which use genetically engineered
mice, a non-terminal, minimally invasive imaging protocol that enables longitudinal studies
will be of particular value to researchers.

Several HP 129Xe MRI and MRS studies using free-breathing murine models precede this
work. A group at Osaka University developed a continuous-flow hyperpolarization system
[33], [34] that has been applied to measurements of HP 129Xe signal dynamics [35], [36],
GP and DP imaging [33], measurements of regional pulmonary ventilation [21], [37], [38],
and assessments of lung function in mouse models of emphysema [21], [38], [39] and lung
cancer [16]. Various methods for measuring FV using 3He MRI have also been published.
Deninger et al. were the first to report measurement of regional pulmonary ventilation in
guinea pigs using a mathematical model to describe magnetization buildup after a discrete
number of 3He breaths [20]. Emami et al. then presented a more gas-efficient imaging
scheme, applicable in large animals and humans, to acquire images after a single series of
3He gas breaths [19]. While both methods produce robust FV maps, their gas delivery and
imaging protocols rely heavily on mechanical ventilation to control gas administration as
well as to synchronize breath and MRI acquisition.
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To our knowledge, Imai and Hori et al. were the first to demonstrate measurements sensitive
to ventilation in free-breathing mice using 129Xe MRI. The first method described [37] is
most similar to that presented here, using analysis of three images acquired with different
flip-angles to yield a regional signal recovery time due to ventilation. Subsequent studies
used end-inspiration and end-expiration GP images to calculate regional ventilation [38], as
well as a fit of GP images acquired after various numbers of xenon breaths to signal buildup
curves [21], [37] in the manner described by Deninger and Emami. Although these
techniques enabled measurements of regional pulmonary ventilation, our method is
distinguished by its relative simplicity, requiring only a ratio of two images, a quantitative
connection to FV or SV, and spatial resolution consistent with imaging of small defects.
Improved resolution (0.3 mm? vs. 0.8mm? [21] and 1.0mm? [38] in Imai, et al., 0.7mm? in
Deninger [20] and 0.9mm? in Emami [19]) is achieved in part via consistent use of
isotopically enriched gas, overall higher polarization levels than were previously obtainable,
and in some cases longer signal-averaging periods. Given the potential for anesthetic and
other physiological variability, these longer acquisition periods also allowed selection of
image sets that were well matched with respect to breathing rate.

Quantitative comparison of FV in mechanically ventilated animals is difficult due to
significantly larger airway sizes and lung volumes [40]. Such studies also tend to image at
an end-inhale breath-hold, leading to different values in airways that are completely filled
with fresh gas, rather than exhaled residual gas present at the quiescent end-expiratory
period. Given FV measurements’ sensitivity to ventilation parameters such as tidal volume
[19], discrepancies in FV for free-breathing vs. mechanically ventilated animals are
expected; indeed, FV variability is seen even between studies employing similar mechanical
ventilation protocols. For example, Santyr [41] and Couch [42] reported FV values using
3He in rats that were in agreement with a nominal value of 0.4 + 0.1 [43], whereas Stephen
reported a mean FV of 0.58 + 0.03 [44].

This uncertainty in mean FV does not negate the utility of these measurements, however, as
heterogeneity of FVV maps and mean values among subjects within the same study still
provides researchers with valuable information. For example, several studies showed the
utility of FV measurements in detecting and assessing impaired lung function between
healthy and sick mice in models of asthma [22] and emphysema [15]. Similarly, while our
mean FV values were not significantly different between healthy and sick mice, the
heterogeneity within FVV maps-specifically the lack of ventilation in regions of lung cancer
(Fig. 4B and 4C)-is indicative of impaired lung function. This is primarily reflected in
reduced ventilation in regions near the tumor (e.g., Fig. 4A vs. 4B) and associated skewing
of the FV distribution toward lower values.

In addition to the GP imaging used to generate FV maps, DP imaging was also performed on
mice using both UTE and CSI sequences with a constant TR and varying flip-angles. As Fig.
5 shows, lower flip-angle images display features farther away from the lungs (i.e. heart
structures, lipid, abdominal regions), whereas high flip-angle images highlight features
closer to the lung parenchyma. Although both sequences are capable of acquiring GP and
DP images simultaneously, we found that the CSI sequence was superior for visualizing
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xenon gas uptake and distribution due to the additional spectral information it provides,
which is crucial for separating the lungs, heart, and distal regions from one another.

The unique spectral lineshape that dissolved HP 129Xe presents for particular anatomical
regions enables separate visualization of different tissue types and quantification of gas
arrival/exchange dynamics. Matching distinct lineshapes to their respective functional
compartment is relatively simple for regions near the lungs; however, as xenon dissolves into
additional anatomical compartments and the number of spectral contributions at similar
chemical shifts increases, distinguishing these contributions from one another using total DP
signal becomes nearly impossible, especially for overlapping anatomical compartments (Fig.
7). To overcome this difficulty, we identified distinct, regional spectral contributions based
on line amplitude, lineshape, center frequency, and phase. Observed spectral contributions
for high flip-angle images (where dissolved 129Xe only reaches the lungs) are clearly from
the lungs; moving to lower flip-angles where additional spectral contributions become
present, we can build on knowledge of identified lineshapes to decouple additional, spatially
overlapping spectral contributions. Distinguishing between these spectral features is likely
necessary to meaningfully quantify signal dynamics, as each component may display
different temporal behavior. Although not yet studied in detail, one possible use of the
timing information shown here is to further understand the rate and heterogeneity of
pulmonary gas uptake and delivery to perfused tissues, and its dependence on physiological
or disease state.

Both previous 129Xe spectral measurements in rodents and non-imaging investigations of
blood desaturation during an extended breath-hold have demonstrated the broad
discrimination into blood, lipid, and tissue compartments shown here [31], [45]. To our
knowledge, however, quantitative imaging of 129Xe resonance frequency changes with blood
oxygenation and tissue type has not been reported before. Some animals, including humans,
display separate resonances associated with red blood cells (hemoglobin binding) and blood
plasma/lung parenchymal tissue [11], [25], [45]. This distinction is not present in mice, and
we observed no systematic difference between the resonance frequency of vascular blood
anywhere in the body and the broad resonance corresponding to lung parenchymal tissue. In
vitro measurements of frequency shifts associated with human blood oxygenation have also
been reported [27] and it is worth noting that the shift clearly observed in this study is in the
opposite direction from that seen in human blood, highlighting this interaction’s sensitivity
to subtle changes in hemoglobin structure and its conformational changes in response to
oxygen binding. Other aspects of the interaction in distinct species, including binding
affinity, bound-free exchange rate, and signal loss rates in oxygenated/deoxygenated blood
will require separate study in future in vitro experiments.

Although imaging during free-breathing provides the most accurate representation of the
lung in its natural state, this technique also suffers from several limitations. While the use of
isoflurane keeps animal breathing patterns relatively steady, sporadic variations in breathing
rate and depth during imaging are inevitable and can lead to motion artifacts and blurring,
despite k-space order randomization and oversampling. Image registration prior to analysis
mitigates major motion artifacts, but imperfect registration can also introduce errors. The
mouse’s breathing rate must also be kept within a reasonable range: when too fast, FV image
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acquisition occurs over multiple breaths as opposed to per-breath, as modeled; when too
slow, FV acquisition time is dramatically extended and DP images suffer from poor signal-
to-noise.

It is also important to note limitations associated with interpreting the signal buildup times
of Fig. 9. Although measurements were quite consistent among experimental animals, a
large number of 73 p-values would be needed to accurately constrain the large range of
buildup times of interest. In our study, the largest value utilized was of the same order as the
observed signal buildup in fat tissue. Thus, signal saturation was never fully achieved,
adding uncertainty to the fit and subsequent extraction of the signal buildup time constant.
Further, the apparent signal saturation time is expected to be smaller than the true xenon
concentration buildup time due to relaxation of the HP state in the target tissue of interest.
The relaxation rate ( 77) likely depends on tissue type, but is not generally known for all of
the structures investigated here. Although published measurements vary greatly (e.g., [46],
[47]), all 77 values likely exceed the apparent buildup time constraints in tissues of interest
([46], [48]), but not sufficiently to avoid bias. Where signal arrival is significantly faster than
either (e.g., heart or vascular structures), signal saturation is complete for the larger 7; g
values and neither source of uncertainty is significant.
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(Left) Mice were held in an animal cradle consisting of a bite bar to adjust the animal’s
position, and a nose cone through which gas is supplied. The port was used as an exhaust for
exhaled gas. (Right) O,, air, and isoflurane were supplied from beneath the bore, while
129% e was supplied from above through the bite bar: the gases mix within the nose cone,
supplying the animal with a normoxic gas mixture. Exhaled gas and isoflurane were passed

through a peristaltic pump and isoflurane scrubber.
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Fig. 2. A)

Sample of raw CSI data. The FA cycles through a set of discrete values over the course of
the scan, as reflected by the varying peak signal intensities. B) Color map image indicating
the relative sampling of k-space points during imaging. Points at or near k = 0 were
oversampled the most (six times in yellow, three times in green regions), whereas points
further from the center were sampled less (twice and once in the light blue and blue regions,
respectively). K-space points corresponding to dark blue regions were not sampled. C)
Zoomed-in sample of raw CSI data. After switching to a given FA, dummy scans at k = 0
were applied until steady breathing was achieved. Breathing rate and external 7; decay
throughout the entirety of the scan can be extrapolated from data acquired during these

dummy scans.
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Fig.3. A

Plgt of iznage signal dependence on flip-angle (3) for discrete SV values (colored lines).
Note that SV may be determined by the ratio of the signal observed at a. = 90° to that of any
other flip-angle, although the best choice for that flip-angle depends on the expected range
of SV. B) Contour plots depicting the expected rms % error for individual voxels calculated
using (4), and an assumed image S/N of 100 and aes = 30°. This choice distinguishes well
among the SV typical of our observations (~0.3 — 0.5) and is acceptable (< 10% error) across
the wide range of 0.1-3. This error can increase for inaccurate assumptions about additional
relaxation mechanisms represented by 7 but remains acceptable at typical SV values across
the entire physiologically plausible range of 0.95 - 1.
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0 0.2 04 06 08

To-weighted proton images, high-resolution GP images, and FV maps with corresponding
histograms for three representative mice are shown above. Regions corresponding to tumors
are indicated by white arrows. FV values of 0 (seen in histograms B and C) are derived from

cancerous regions where there is no ventilation.
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Fig. 5.

Dg images acquired using CSI (top) and UTE (bottom) sequences with effective 7; p¢
values noted above each image. Various TR/FA combinations (lower right corners) were
used to visualize different regions along the cardiopulmonary system: e.g., the CSI image at
a TR/FA of 80/10 imparts the least relaxation on 129Xe spins, revealing distal features such
as the kidneys that are otherwise invisible in the UTE images.
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Line-shape fitting allows clear discrimination between lung parenchyma and vasculature
based on local T,*. Simple integration of the DP peak (C, center image) masks parenchymal
regions in which gas transport is not occurring (white arrows), but narrow (top right) and
broad (bottom right) components can be used to highlight the two tissue types separately to
remove this ambiguity. Exemplary fits (A, top right image; B, bottom right image) show this
procedure in a C57BL/6WT mouse with lung injury (white arrows).
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Fig. 7.

DP spectra for various 7; p-values (0.08 s, 0.22's,0.855s, 3.7 s and 14.6 s, bottom to top)
for respectively colored regions of interest. DP 129Xe spectra in the lung parenchyma for
short 77 prvalues predominantly show wide spectral contributions centered at 194.5 ppm
(dashed line); however, as we move to longer 7; pVvalues, spectral contributions from
adjacent anatomical structures become visible. Spectra from regions further away from the
lungs, such as kidneys and fat, exhibit both longer appearance times as well as separate,

tissue-specific spectral contributions.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lozaetal.

Page 26

total blood, blood,

& 9% dissolved broad narrow lipid ~ tissue ppm

— S

192

LA

0 N
8

q LA

(QV

(2}

g ‘lII

o] =

e &

- v

e i :‘ a

™

2 N

: :
2

Fig. 8.

Distinct “compartmental” features along the circulatory system can be visualized by
integrating under respective DP linewidth peaks. 77 prtimes (left) correspond to how long
129% e magnetization persists in the body and, consequently, how far within the body it
travels. The large range in chemical shifts associated with DP 129Xe entering distinct
anatomical compartments is visualized in individual, color-coded maps.
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Fig. 9.
Quantification of magnetization buildup in the left ventricle (red circles, T = 360 ms), aortic

arch (red squares, T = 490 ms), descending aorta (red diamonds, T = 790 ms), vena cava
(blue circles, T = 1.7 s), left and right kidneys (ochre squares and circles, T = 2.2 sand 2.0 s,
respectively), heart wall (ochre diamonds, T = 3.2 s) and lipid-rich regions (cyan circles, T =
4.8 s). The lines indicate fits to the two-parameter model of gas dissolution duration of (5)
and (6). All spectral peak integrals are scaled to the saturation value indicated by the fit.
Note that the dissolved gas can be seen in the heart even with a very short 7; s indicating a
rapid arrival in accordance with accepted physiological understanding. Arrival in more distal
vascular structures indicates the rate at which blood is transported after leaving the heart,
and arrival/saturation of organ tissues mirrors the relatively slow saturation by oxygen or
other dissolved gases.
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