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Abstract

Purpose: To reduce scan duration in hyperpolarized 129Xe 1-point Dixon gas exchange imaging
by utilizing flip angle (FA)/TR equivalence.

Methods: Images were acquired in 12 subjects (N = 3 radiation therapy, N = 1 unexplained
dyspnea, N = 8 Healthy) using both standard (TR = 15 ms, FA = 20°, Duration = 15 s, 998
projections) and “fast” (TR = 5.4 ms, FA = 12°, Duration = 11.3 s, 2100 projections) acquisition
parameters. For the “fast” acquisition, three image sets were reconstructed using subsets of 1900,
1500, and 1000 projections. From the resulting ventilation, tissue (“barrier”), and red blood

cell (RBC) images, image metrics and biomarkers were compared to assess agreement between
methods.

Results: Images acquired using both FA/TR settings had similar qualitative appearance. There
were no significant differences in SNR, image mean, or image standard deviation between images.
Moreover, the percentage of the lungs in “defect”, “normal”, and “high” bins for each image
(ventilation, RBC, Barrier) was not significantly different among the acquisition types. After
registration, comparison of 3D image metrics (Dice, volume similarity, average distance) agreed
well between bins. Images using 1000 projections for reconstruction had no significant differences
from images using all projections.

Conclusion: Using flip angle/TR equivalence, hyperpolarized 129Xe gas exchange images can
be acquired via the 1-point Dixon technique in as little as 6 s, compared to ~15 s for previously
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reported parameter settings. The resulting images from this accelerated scan have no significant
differences from the standard method in qualitative appearance or quantitative metrics.
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Introduction

Hyperpolarized (HP) 129Xe MRI uniquely enables the regional quantification of pulmonary
gas exchange by imaging xenon gas dissolved in red blood cells (RBCs) and other
pulmonary tissues (“barrier”) (1). Within these compartments, 129Xe has distinct chemical
shift values (gas: 0 ppm, barrier: 197 ppm, RBC: 218 ppm) which enables spectroscopy
(2-7) and imaging of pulmonary gas exchange (1,8-11) using both single-point (8,12,13)
and multi-point methods (9-11,14,15). To date, the most widely studied is the 1-Point
Dixon method, which uses an interleaved, 3D radial acquisition on the gas and dissolved
frequencies to simultaneously image both gaseous and dissolved xenon within the same ~15
s breath-hold (8). The RBC and barrier components are separated by beginning the radial
readout at an echo time (TE90) at which these signal components are 90° out of phase.

All published implementations of gas exchange HP 129Xe MRI utilize comparatively high
radio frequency (RF) pulse flip angle (FA) (=20°) for dissolved-phase excitation and
repetition time (TR) sufficiently long to allow time for exchange to occur between gaseous
and dissolved compartments (often 15 ms between dissolved excitations, which determines
dissolved image contrast) (8-14,16-20). This allows for reasonable signal-to-noise ratio
(SNR) in dissolved phase images (SNR = 10-25 for Barrier, 5-10 for RBC) but limits

the number of views that can be acquired. With the requirement of sampling within a
breath-hold (16 s), TR = 15 ms limits the maximum total number of views to 1067 (often
1000 for a 15 s breath-hold), thereby requiring coarse resolution or heavy undersampling.
Moreover, such long breath-hold durations may be challenging for subjects with severe lung
disease.

Notably the 1-point Dixon sequence reported in the literature uses only ~5-6 ms of

its 15ms TR for signal acquisition (8), (Figure 1). However, reducing TR reduces the
available exchange time between gaseous and dissolved compartments, impacting both SNR
and quantitative imaging biomarkers. To this end, Ruppert et al. proposed a theoretical
framework by which TR may be shortened without sacrificing SNR or information content
of images (21). Specifically, FA and TR for a given dissolved HP 129Xe measurement can be
converted to a standardized metric termed TRgge equiv- Using this “FA/TR equivalence”, TR
of a dissolved phase acquisition can be changed in concert with the FA to maintain the same
TRgge equiv- Here we use this FA/TR equivalence to reduce TR and shorten scan time for gas
exchange imaging using hyperpolarized 12°Xe 1-Point Dixon imaging.
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All human studies were approved by the Duke University IRB and the FDA. A total of 12
subjects were imaged, including N = 3 “young” healthy subjects (2 female, age 25.7 + 2.3),
N =5 “old” healthy subjects (4 female, age 69.4 £+ 10.2), N = 3 radiation therapy patients (3
male, age 75.7 + 13.7), and N = 1 patient with unexplained dyspnea (Female, age 39).

Xenon Polarization and Delivery

Enriched xenon gas (>80% 129Xe, Linde Specialty Gases, Stewartsville, NJ) was polarized
to ~50% using a Polarean 9820 hyperpolarizer (Polarean Imaging, Plc, Durham, NC). The
total dose volume used was equal to 20% of subject forced vital capacity (FVC), with
between 60 and 100% of the total dose composed of hyperpolarized 129Xe. The balance of
the dose was a mixture of 90% helium and 9% nitrogen. While this strategy of changing
the percentage of xenon in the dose can affect the mean molecular weight of the gas,

it minimizes the adverse event protocol, optimizes signal to noise, and should have little
impact on gas exchange metrics.

Hyperpolarized 129Xe Imaging

As described by Ruppert (21), for a given combination of TR and FA, a,

TR
TR90°, equiv = T=cos(a)

Thus, for the commonly reported 1-Point Dixon imaging parameters (TR = 15 ms, FA

= 20°), TRgpe equiv=249 ms. This same TRgg° equiv Can be obtained for a hardware- and
sequence-limited TR of 5.4 ms, using FA = 12°. The expected RBC and Barrier signal
intensity can be modeled for both FA/TR combinations by using the model of xenon
exchange (MOXE) (6). Briefly, signal recovery was modeled for both FA/TR combinations
using literature values for septal wall thickness (22), barrier thickness (23), capillary transit
time,(24) tissue diffusion coefficient (25), and xenon solubility (26). As illustrated in Figure
1, RBC and Barrier signal are expected to be equivalent for these two sets of imaging
parameters, implying that both can be analyzed using the same reference distributions.

Subjects were positioned supine in a 3T MRI scanner (Siemens TRIO, Siemens, Erlangen,
Germany) with a flexible 129Xe vest coil (Clinical MR Solutions, Brookfield, W1) over their
chest. A calibration spectroscopy sequence (13), was performed to fine-tune the resonant
frequency of gaseous and dissolved xenon and transmitter settings, while determining the
global RBC/Barrier ratio and TE9O (TE at which RBC and Barrier signals are 90° out

of phase). Parameters for this calibration sequence include RF excitation using a 0.69ms,
1-lobe windowed sinc, TR/TE = 15/0.45 ms, FA = 20°, Bandwidth = 25.6 kHz, Number

of Samples = 256, Number of FIDs =500 and 20 at the dissolved and gaseous xenon
frequencies, respectively,. This single acquisition was used to calibrate imaging parameters
for both standard and fast acquisitions, as justified in Supporting Information Section S1,
Figures S1 and S2.
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Following calibration, subjects were imaged using “standard” and “fast” 1-point Dixon
acquisitions. Parameters identical for both acquisitions included: matrix size = 64 x 64

x 64, field of view = 400 x 400 x 400 mm3, dwell time = 10 ps, bandwidth = 781 Hz/
pixel, readout duration = 0.64 ms, gas FA = 0.5°, RF excitation using a 0.69ms 1-lobe,
windowed sinc,,projection ordering = Halton-randomized spiral (13). Parameters specific
to the “standard” acquisition included: TR = 15ms, dissolved FA = 20°, number of radial
projections = 998 (on each gas and dissolved), scan duration = 15 s. Parameters specific
to the “fast” acquisition included: TR = 5.4 ms, Dissolved FA = 12°, number of radial
projections = 2100, scan duration = 11.3 s. The mean * standard deviation xenon dose
equivalent (27) for standard acquisitions was 152 + 37 mL, and for fast acquisitions was 159
+ 36 mL.

Following gas exchange imaging, a thoracic cavity image was acquired without moving the
subject, using the body coil with a geometry-matched *H 3D radial acquisition during a
volume-matched breath-hold of room air. Parameters include: 0.5ms hard pulse excitation,
TR/TE = 2.3/0.4 ms, bandwidth = 781 Hz/Pixel, number of radial projections = 4600, scan
duration = 12 s This image was used to generate a thoracic cavity mask for image analysis.

Image Reconstruction and Analysis

Images were reconstructed and analyzed using MATLAB 2020a (Mathworks, Natick,

MA). Reconstruction included iterative density compensation and regridding (28,29)
implemented in an open source Matlab package (30). To avoid contamination from
downstream magnetization arising from the larger vasculature, the first 60(200) projections
were discarded for the standard(fast) image acquisitions. Using TR = 5.4 ms enabled
acquiring more projections than the traditional implementation, and thus images could be
reconstructed from smaller subsets to investigate different levels of undersampling. This
included: Standard using all (938) projections (“Standard”), Fast using all (1900) projections
(“Fast”), Fast using 1500 projections (“Fast1500”), and Fast using 1000 projections
(“Fast1000). All were reconstructed using identical parameters (i.e. density compensation,
kernel size, overgridding).

Anatomic images were reconstructed and the lungs automatically segmented using a
convolutional neural network (CNN) deep learning algorithm implemented in Python 3.7
(31,32).

1-Point Dixon Images were analyzed as described by Wang et al (20). Briefly, dissolved
phase images were separated into their constituent RBC and Barrier images by performing
a phase shift such that the mean RBC/Barrier ratio within the lung mask matched the global
spectroscopic RBC/Barrier. The resulting ventilation, barrier/gas, and RBC/gas images were
binned (Ventilation and RBC: 6 bins, barrier: 8 bins) using means and standard deviations
from a healthy reference population of young (age 20-35), healthy individuals.

All statistical analysis was performed in IBM SPSS Statistics Version 26.0 (IBM, Armonk,
NY). Whole lung values for SNR, image means, and image standard deviations were
compared among the four reconstructed datasets using Bland Altman analysis and repeated
measures analysis of variance (ANOVA). For Bland Altman analysis, Fast, Fast1500, and
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Fast1000 reconstructions were compared to the Standard reconstruction. In addition to
whole-lung measurements, the percentage of the lungs in each analysis bin was compared
using Bland Altman Analysis and repeated measures ANOVA with post-hoc pairwise T-
tests.

To assess regional agreement between different image sets acquired in separate breath-holds,
barrier and RBC images from Fast, Fast1500, and Fast1000 reconstructions were registered
to those from Standard reconstruction using ANTSpy (33). Briefly, after registering the
“Fast” ventilation images to the “Standard” ones, the same transformation was applied to
RBC and Barrier images. Then, images were binned, as described above, confined within the
mask of the standard image. To simplify analysis, the two lowest bins were combined to a
single “bin 17, the two highest combined to a single “bin 3”, and all other bins combined
into a single “bin 2. These registered, binned maps were compared using Dice coefficients
and average difference metrics (34). Additionally, bin volumes from pre-registered images
were compared using the volume similarity metric (34). For Dice coefficients and volume
similarity, a value of 1 indicates perfect agreement; for the average distance metric, a value
of 0 indicates perfect agreement.

For all subjects and acquisitions, all four cases were successfully reconstructed.
Qualitatively, images had similar appearance and quality (Figure 2A, 2B), and line profiles
over the images show that all images have similar resolution (Figure 2C-2H).

The gas images of healthy subjects had mean SNR ranging from 15 for Standard to 21 for
Fast1000 (Table 1). Total dissolved image SNR was lowest for Fast with a mean of 15, and
highest for Fast1000 and Standard with a mean of 23. Once dissolved images were separated
into their constituent RBC and barrier images, Fast1000 and Standard had the highest SNR
in both barrier (mean 15) and RBC (mean 8), while the Fast reconstruction had the lowest
SNR for both barrier (mean 9) and RBC (mean 5).

The mean signal within the masked volume was not significantly different among the

four image sets for ventilation (p = 0.62), barrier/gas (p = 0.33), or RBC/gas (p = 0.29)
(Table 1). Furthermore, it exhibited no systematic deviation between the fast acquisition (for
any of the three reconstructions) and the standard acquisition as shown by Bland Altman
analysis (Figure 3). Moreover, the “spread” of data was similar for all four image sets,

with no significant differences among the standard deviation within the masked volume for
ventilation (p = 0.29), barrier (p = 0.19), or RBC (p = 0.39). Bland Altman analysis on the
standard deviation of the masked volume similarly showed minimal systematic difference
between fast acquisitions and standard acquisitions (Supporting Information Figure S3).

Binned maps showed good visual agreement between standard and fast acquisitions (Figure
4). The percentage of lung voxels in each bin was not significantly different among the 4
different image sets for any of the 6 ventilation, 8 Barrier, or 6 RBC bins (p > 0.08 for all
cases). Bland Altman analysis showed minimal systematic difference in the volume in each
bin between the fast and standard acquisitions (Supporting Information Figures S4-S6).
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Regional comparison of images showed the best agreement for bin 2 of both barrier and
RBC, with Dice coefficients and volume similarity near 1 and average distance near 0
(Figure 4). Bin 1 showed moderate agreement for all three metrics in both RBC and
Barrier, while Bin 3 showed relatively poor agreement for all metrics. Overall agreement as
measured by the weighted average of Dice coefficients was strong (Figure 4C). Agreement
between fast and standard acquisitions was not significantly different between the three
reconstructions for any of the bin or metric comparisons.

Discussion

Compared with using standard, 15-ms TR for 1-point Dixon-based gas exchange imaging,
the fast approach has several advantages. Gas images have considerably higher SNR without
sacrificing spatial resolution. This is expected due to faster sampling, which mitigates

T, relaxation, and a two-fold increase in sampling percentage (35). Moreover, the use

of a smaller FA for dissolved phase excitation reduces gas depolarization via exchange
with depleted dissolved magnetization, which could partially explain the high SNR in sub-
sampled images (36). For dissolved-phase images, those reconstructed with all projections
have slightly reduced SNR and equivalent resolution. This reduction in SNR when using
1900 projections for reconstruction is likely due to lower gas signal in the final projections
of the scan due to magnetization depletion from the previous RF pulses. However, in all
cases, SNR is adequate for analysis, minimizing this concern.

More importantly, quantitative metrics from the four reconstructed image sets were similar.
Specifically, ventilation, barrier/gas, and RBC/gas had similar range of values, means,

and standard deviations (Table 1). This was true for both healthy subjects and radiation
therapy subjects (37), indicating similarity between acquisitions, even for imaging impaired
lung function. Moreover, using binning analysis (20) on images acquired with short TR
yielded maps that were visually similar to those acquired with the standard acquisition.

For combined bins 1 and 2 (i.e. low and normal), volume similarity and regional overlap
between fast and standard acquisitions was good to moderate. For bin 3 (high) the agreement
was poorer, particularly for Barrier images. This is due to the population imaged in this
study (mostly healthy), who have relatively small and few regions of high barrier and

high RBC, thereby confounding the use of 3D image comparison metrics. Some of the
differences in binned maps could also be due to reduced gas-phase depolarization via
exchange in the case of the fast acquisition. While gas depolarization is controlled for by
scaling barrier and RBC images by the gas image, significant intra-voxel heterogeneity
could affect these ratios. Thus, the reduced depolarization in the fast acquisition may lead to
more physically accurate dissolved xenon metrics. Finally, the same healthy cohort binning
thresholds were used for both standard and fast images, which could impact the agreement
between binned maps, though FA/TR equivalence suggests that this impact should be
minimal.

This study has several limitations. Due to logistical constraints, one calibration scan using
standard parameters (FA = 20°, TR = 15 ms) was used to calibrate TE90 and RBC/Barrier
for both scans. This is justified by the FA/TR equivalence principle, but there may be

subtle differences that could impact quantitative markers. Additionally, the initial projections
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of image acquisitions contained downstream magnetization, which required discarding 60
(200) projections for standard (fast) acquisitions. This can be easily mitigated by applying
dummy RF pulses to the dissolved magnetization to reach steady state more quickly.
Moreover, we only imaged 3 subjects with known lung disease. While imaging subjects with
known pathophysiology would provide further evidence of the similarity of the standard
and fast methods, the subjects imaged in the present work make a compelling case that
FA/TR equivalence can be effectively used to shorten HP 129Xe gas exchange imaging. We
also note that the current study only explored one FA/TR combination that intentionally
maintained the same TRgg equiv s the parameters most commonly reported in the literature.
It may be that utilizing a longer TRgg equiv could provide higher RBC signal, provided that
TRgo,equiv remains short enough to avoid downstream magnetization.

Finally, we note that multiple-echo methods of gas exchange imaging similarly have periods
of dead time within the pulse sequence (9-11). The present findings should be generalizable
to these methods, enabling increased sampling percentage, shortened breath-holds, higher
resolution, or some combination of these.

Conclusion

Hyperpolarized 129Xe gas exchange imaging using the 1-point Dixon method has
demonstrated impressive sensitivity to disease state, but its implementation in those with
severe lung disease is challenging due to the requirement of a long (~15s) breath-hold.
Using flip-angle/TR equivalence for dissolved phase hyperpolarized 129Xe MRI, we have
demonstrated that TR (and thus scan duration) can be significantly reduced with no loss of
qualitative image quality or quantitative imaging biomarkers. By shortening TR, we were
able to improve the sampling percentage of images 2-fold over standard imaging parameters
while reducing breath-hold duration to ~11s. Images acquired using this accelerated method
exhibited no significant differences from the standard images in dissolved-phase signal
intensity, image mean, image standard deviation, or bin volumes. Moreover, reconstructions
using subsets of radial projections demonstrated that 1-point Dixon images using 1000
projections with shortened TR and small flip angle provide comparable images to the
standard acquisition, potentially enabling gas exchange imaging in only a 6s breath-hold.
Ultimately, these results demonstrate that, by employing flip-angle/TR equivalence, HP
129%e gas exchange MRI can be reduced in duration, making this method more clinically
feasible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A Conceptual sequence diagram showing the “standard” method of gas exchange 1-point
Dixon imaging, and the proposed “fast” method. The standard method has a large amount

of “dead time” within the sequence, which is reduced in the fast method. Note that only
excitation (windowed sinc pulses) and signal readout (RO) are shown in the sequence
diagram. B Simulations using the model of xenon exchange, show the expected RBC/Gas
and Barrier/Gas as a function of repetition time for FA = 20° (solid lines) and FA = 12°
(dotted lines). Horizontal dot-dash lines show the magnitude of the simulated RBC/Gas and
Barrier/Gas for the standard (FA = 20°, TR = 15 ms) imaging parameters. Solid vertical lines
and arrows highlight that RBC/Gas and Barrier/Gas have the same magnitude for the fast
(FA =12°, TR = 5.4 ms) and standard acquisitions.
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Figure 2.
(A, B) Representative Ventilation, barrier, and RBC image slices from healthy (A) and

radiation therapy (B) subjects for standard 1-point Dixon imaging parameters and 3
reconstructions of a fast acquisition using different numbers of projections. C,D,E: Line
profiles are shown for gas, barrier, and RBC images for subject A. F,G,H: Line profiles are
shown for gas, barrier, and RBC images for subject B. Images are qualitatively similar, and
line profiles show minimal difference between the resolutions of the different images.
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;(:> Bland Altman analysis comparing the measurements of mean ventilation (column 1),
= Barrier/Gas (column 2), and RBC/Gas (column 3). Measurements from Fast (top row),
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g values.
z
>
=
=0
Q
<
)
>
c
)
Q
=t




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Niedbalski et al.
Standard Fast Standard
e
]
>
| .
0
=
®
[a1]
@)
m
'
Dice Avg. Distance
1.0F I N 1 & 1677 £ I
0.8 @ES Eﬁﬁ IS i A I R
T 1T T 1 1 Lo oo ‘
0.6BEE 120, 1 0.2 1 H
4
0.4 T L /"?08 {
02 . . 1 R 0.1 :
-— > ‘ .
= afps s T |,
20 <04 1 L oLt T
£  F 1510 F 1510 F 1510 F 1510 |® . .
E BarBin1 BarBin2 BarBin3 Weighted| & [ 1210 P 1210 F 1510
5] Average %
o [ T ’ = T —10r T
o +r T T
=08 1 | E 1.4
4080 ik SIS L
061 1 Tl 4 4] S +
J_ i l } } | O>J1.0 0
il _ .
04t + £ 8 <C r o4 4| 4l T
0.2 + 0.6 ] P
. b 0.5 ZB Q B
0 7+l o.ziiiogggolli
F 1510 F 1510 F 1510 F 1510
g ! ! . F1510 -~ F 1510 " F 1510
RBC Bin 1 RBC Bin 2 RBC B'“”Xf,:;"rg;e: RBCBin1 RBCBin2 RBC Bin 3

Figure 4.

Comparison of binned, registered images. A, B: Two representative subjects showing

Fast

Volume Similarity
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binned Ventilation, Barrier, and RBC images for each of the four image sets. While there

are some differences, binning maps are qualitatively similar between standard and fast

acquisitions. C: Dice coefficients, D: Average Distance Metric, and E: Volume Similarity
Metric comparing the binned fast acquisition to the binned standard acquisition. The three
different reconstructions of the fast acquisition are compared to the standard acquisition for
barrier (top row) and RBC (bottom row) images. Note that for the average distance metric,
distances are measured in voxels rather than mm. F — Fast Acquisition, 15 — Fast Acquisition
reconstructed using 1500 radial projections, 10 — Fast Acquisition reconstructed using 1000

radial projections.
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