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Abstract
Purpose: To demonstrate the feasibility of zigzag sampling for 3D rapid hyper-
polarized 129Xe ventilation MRI in human.
Methods: Zigzag sampling in one direction was combined with
gradient-recalled echo sequence (GRE-zigzag-Y) to acquire hyperpolarized
129Xe ventilation images. Image quality was compared with a balanced SSFP
(bSSFP) sequence with the same spatial resolution for 12 healthy volunteers
(HVs). For another 8 HVs and 9 discharged coronavirus disease 2019 subjects,
isotropic resolution 129Xe ventilation images were acquired using zigzag sam-
pling in two directions through GRE-zigzag-YZ. 129Xe ventilation defect percent
(VDP) was quantified for GRE-zigzag-YZ and bSSFP acquisitions. Relation-
ships and agreement between these VDP measurements were evaluated using
Pearson correlation coefficient (r) and Bland–Altman analysis.
Results: For 12 HVs, GRE-zigzag-Y and bSSFP required 2.2 s and 10.5 s, respec-
tively, to acquire 129Xe images with a spatial resolution of 3.96× 3.96× 10.5 mm3.
Structural similarity index, mean absolute error, and Dice similarity coefficient
between the two sets of images and ventilated lung regions were 0.85± 0.03,
0.0015± 0.0001, and 0.91± 0.02, respectively. For another 8 HVs and 9 coron-
avirus disease 2019 subjects, 129Xe images with a nominal spatial resolution of
2.5× 2.5× 2.5 mm3 were acquired within 5.5 s per subject using GRE-zigzag-YZ.
VDP provided by GRE-zigzag-YZ was strongly correlated (R2 = 0.93, p< 0.0001)
with that generated by bSSFP with minimal biases (bias=−0.005%, 95%
limit-of-agreement= [−0.414%, 0.424%]).
Conclusion: Zigzag sampling combined with GRE sequence provides a way for
rapid 129Xe ventilation imaging.
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1 INTRODUCTION

Hyperpolarized (HP) 129Xe MRI provides a way for lung
ventilation imaging by directly visualizing lung regions
accessed by inhaled xenon gases during a breath-hold.1–3

Combined with thoracic 1H MRI, regional lung ventilation
function could be quantified as ventilation defect percent-
age (VDP), a physiologically relevant imaging biomarker
for lung disease evaluation. During the last two decades,
HP 129Xe MRI has been used increasingly for assess-
ing the pulmonary structural and functional changes in
patients with asthma, chronic pulmonary obstructive dis-
eases, idiopathic pulmonary fibrosis, cystic fibrosis, and
coronavirus disease 2019 (COVID-19).3–10 In addition,
this novel technique has also been used for evaluating
treatment response and/or optimizing treatment plan for
various lung diseases characterized by ventilation abnor-
malities.10–12 However, current 129Xe ventilation imaging
is still limited by long scanning times and low spatial
resolution,13–15 hindering its widespread applications.

Spatial resolution and image acquisition time are
crucial for HP 129Xe MR lung ventilation imaging. Cur-
rently, 129Xe ventilation images were predominantly
acquired with gradient-recalled echo (GRE) or bal-
anced steady-state free precession (bSSFP) sequences
under breath-hold conditions. In-plane spatial resolu-
tion of approximately 4× 4 mm2 and a slice thickness of
10–15 mm are commonly achieved during a typical data
acquisition window of 8–12 s.2,16–19 Many efforts have
been devoted to enhancing the spatial resolution and
reducing the image acquisition time to improve the util-
ity and clinical uptake of HP 129Xe MRI.20–23 Recently,
HP 129Xe ventilation imaging with 3× 3× 3 mm3 nominal
spatial resolution could be achieved using an ultrashort
TE sequence with radial encoding24 or spiral encoding.15

However, these methods require long acquisition times
of up to 12 s, exceeding the breath-hold capacity for most
lung disease patients.

Accelerated HP 129Xe MR ventilation imaging could be
achieved by optimizing the k-space sampling trajectories.
For example, ultra-high-speed EPI enables rapid imaging
with minimal motion artifacts,25 and spiral MRI optimizes
gradient design for faster data acquisition.14,15,26 Zigzag
sampling represents another strategy for efficient k-space
filling and rapid MR data acquisition.27 The concept is
similar to the readout-segmented EPI technique used in
brain imaging,28–30 although yielding different k-space
trajectories. Zigzag trajectories are typically generated
by swiftly oscillating the gradients during readout. This
strategy has demonstrated efficacy for accelerated k-space
acquisition, particularly in the case of parallel imaging.31

For example, zigzag sampling was used for abdominal
imaging with an acceleration factor of 227 and for brain

imaging with an acceleration factor of 6.32 Although effi-
cient and effective, zigzag sampling has not been used for
HP 129Xe ventilation imaging.

Here, a sequence combining the GRE and zigzag sam-
pling, coined GRE-zigzag, was developed and evaluated
for accelerated 129Xe ventilation imaging in human. By
applying zigzag sampling along two encoding directions,
the image acquisition time was substantially reduced,
and isotropic nominal spatial resolution 129Xe ventila-
tion images were achieved. The efficacy of the proposed
approach was evaluated by quantifying and comparing
the image quality and the derived ventilation biomarkers
with a commonly used sequence in healthy volunteers and
discharged COVID-19 patients.

2 METHODS

2.1 Study subjects, 129Xe polarization,
and MRI scan

All subjects provided written informed consent to pro-
tocols approved by the institutional review board. MRI
was performed on a 3T human MRI scanner (uMR 780
[Xe]; verImagin Healthcare, Wuhan, China). Isotopically
enriched xenon gases (86%) were polarized using a com-
mercial 129Xe polarizer (VIP510; verImagin Healthcare).
Hyperpolarized xenon gases were accumulated cryogeni-
cally and thawed into a Tedlar bag with polarization of
approximately 30% for imaging. Subjects were instructed
to inhale a gas mixture from a 1.0-L Tedlar bag from func-
tional residual capacity, and MR images were acquired
under breath-hold conditions. 129Xe MRI was enabled
using a flexible vest-shaped, two-saddle, quadratic trans-
mit/receive coil wrapped around the chest. 1H MRI was
acquired in the same breath-hold of 129Xe imaging using a
volume coil.

Twelve healthy subjects (age= 24.3± 2.1 years) were
used to evaluate the effectiveness of the proposed zigzag
sampling strategy. An 800-mL gas mixture (100 mL HP
129Xe and 700 mL medical grade N2) was administered to
each participant for flip-angle calibration. Subsequently,
each subject was instructed to inhale two doses of 800-mL
gas mixtures (300 mL HP 129Xe and 500 mL medical grade
N2) for ventilation imaging within 30 min using a conven-
tional 3D bSSFP sequence19 and a 3D GRE sequence with
zigzag trajectories. Table 1 summarizes the image acquisi-
tion parameters for the two methods. For a fair compari-
son, the proposed zigzag sampling was applied in only one
of the phase-encoding directions (GRE-zigzag-Y) to gener-
ate 129Xe images with the same geometry parameters (i.e.,
FOV, matrix size, and voxel size) as 3D bSSFP.

Another 17 participants, including 8 healthy individu-
als (age= 30.6± 2.5 years) and 9 discharged patients with
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FANG et al. 3

T A B L E 1 Acquisition parameters for 129Xe ventilation imaging using balanced SSFP (bSSFP), gradient-recalled echo (GRE)–zigzag-Y,
and GRE-zigzag-YZ sequences.

Parameters bSSFP GRE-zigzag-Y GRE-zigzag-YZ

TE (ms) 2.65 2.17 1.53

TR (ms) 5.3 4.5 3.2

Flip angle (◦) ∼6 ∼3 ∼3

Readout duration (ms) 1.25 0.96 0.96

Dwell time (μs) 13 10 5

Matrix size 96× 96× 20 96× 96× 20 192× 192× 144

RealPE (Y) 96 24 48

RecPE (Y) 96 96 192

RealPE (Z) 20 20 36

RecPE (Z) 20 20 144

Effective excitations (Nex) 1920 480 1728

FOV (mm3) 380× 380× 210 380× 380× 210 480× 480× 360

Resolution (mm3) 3.96× 3.96× 10.5 3.96× 3.96× 10.5 2.5× 2.5× 2.5

Scan duration (s) 10.2 2.2 5.5

a clinical diagnosis of COVID-19 (age= 63.2± 7.1 years),
were scanned for 129Xe ventilation imaging with
isotropic spatial resolution using a 3D-GRE sequence
with zigzag sampling in both phase-encoding direc-
tions (GRE-zigzag-YZ; Table 1). Gas mixtures of
300 mL HP 129Xe and 500 mL medical grade N2,
and 500 mL HP 129Xe and 300 mL medical grade
N2, were used for 3D bSSFP and 3D GRE-zigzag-YZ
sequences, respectively, to enable sufficient SNR for
129Xe images acquired at different resolution. Tho-
racic 1H MRI was acquired using 2D-GRE (TR= 4.3 ms,
TE= 2.02 ms, FOV= 380× 380 mm2, matrix= 96× 96,
slice thickness= 10.5 mm, flip angle= 20◦, readout dura-
tion= 0.67 ms, 50% phase undersampling, and scan
time of 4.4 s) and 3D-GRE (TR= 2.4 ms, TE= 0.76 ms,
FOV= 480× 480 mm2, matrix= 192× 192, slice thick-
ness= 2.5 mm, flip angle= 1◦, phase oversampling= 80%,
readout duration= 0.67 ms, and scan time= 6.5 s)
sequences, respectively. 129Xe MRI with 3D bSSFP and
thoracic 1H-MRI with 2D-GRE sequences were sequen-
tially acquired within the same breath-hold. Meanwhile,
129Xe MRI with 3D-GRE-zigzag-YZ and thoracic 1H MRI
with 3D-GRE sequences were sequentially acquired in
another breath-hold.

2.2 Three-dimensional GRE sequence
with zigzag sampling trajectories

Figure 1A shows the diagram of the 3D-GRE sequence
with the proposed zigzag sampling trajectory. Oscillating

k-space readout trajectories were achieved by applying
an additional oscillating phase-encoding gradient,32,33 as
shown in Figure 1B. The gradients for generating the
zigzag trajectories can be calculated by

Gx =
BW

𝛾 FOVx
, (1)

Gy(t) =
BW

𝛾 FOVy
sin

(2𝜋t
T

)
, (2)

where T is the periodic time of the sinusoidal gradients;
BW is the acquisition bandwidth; 𝛾 is the gyromagnetic
ratio; and FOVx and FOVy denote the FOV in x and y direc-
tions, respectively. In addition, a correction factor R27,34

was used for gradient design as follows:

R = RecPE∕realPE, (3)

where RecPE represents the number of k-space lines for
reconstruction; realPE denotes the number of acquired
k-space lines; and R is equivalent to the acceleration factor.
By considering the correction factor R, the gradient Gy(t)
in Eq. (2) can be rewritten as

Gy(t) =
BW

𝛾FOVy∕R
sin

(2𝜋t
T

)
. (4)

By applying the correction factor R, the k-space tra-
jectory is transformed to fully fill the space, which would
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4 FANG et al.

F I G U R E 1 Pulse sequence diagram and k-space trajectories for conventional 3D gradient-recalled echo (GRE; A), 3D GRE-zigzag-Y
(R= 4) (B), and 3D GRE- zigzag-YZ (R= 4× 4) (C).

reduce the aliasing artifacts in phase encoding.32,34 In
our approach, 3D zigzag k-space trajectories were imple-
mented by applying the oscillating gradients in the two
encoding directions,33 as shown in Figure 1C. For the
GRE-zigzag-Y sequence, the sinusoidal gradients for gen-
erating zigzag sampling trajectory were designed using the
following parameters: the gradient amplitude (Y) was 6.38
mT/m with a slew rate of 106 mT/m/ms and the periodic
time (T) is 0.24 ms. For the GRE-zigzag-YZ sequence, the
amplitudes of the sinusoidal gradient for Y and Z direc-
tions were 5.05 mT/m with a slew rate of 72 mT/m/ms,
and 6.74 mT/m with a slew rate of 96 mT/m/ms,
respectively, and the periodic time (T) was 0.28 ms for
both gradients.

2.3 Image processing and statistical
analyses

129Xe and 1H MR images were reconstructed offline
using MATLAB. The data acquired with the bSSFP
sequence were reconstructed using inverse fast Fourier

transform. The images acquired with GRE-zigzag-Y and
GRE-zigzag-YZ were regridded using nonuniform fast
Fourier transform (NUFFT)35,36 and then reconstructed
using inverse fast Fourier transform. All the 129Xe venti-
lation images were corrected for signal-intensity nonuni-
formity using the N4ITK bias field correction method37

provided by the Advanced Normalization Tools (ANTS,
http://stnava.github.io/ANTs/). Thoracic 1H-MR images
were segmented for lung cavity using a region growing
method. Signal intensities in the ventilation images within
the lung masks were automatically clustered into five
groups corresponding to signal void (ventilation defects),
hypo, middle, middle-to-high, and hyper intense signals
using a k-means clustering algorithm. VDP was calculated
by normalizing the volume of ventilation defects to the
whole lung mask.38,39

For the 12 healthy volunteers, normalized SNR (SNRn)
was calculated to compare the quality of the images
acquired with the bSSFP and GRE-zigzag-Y sequences as
follows:

SNRn =
SNR

Vvox × VXe × f × P
, (5)

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30120 by Innovation A

cadem
y For Precision M

easurem
ent Science A

nd T
echnology, C

as, W
iley O

nline L
ibrary on [23/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/


FANG et al. 5

where SNR was calculated using the mean of the sig-
nal intensities inside the lung divided by the SD of the
noise outside the lung; Vvox indicates the voxel size;
VXe denotes the dose of inhaled hyperpolarized xenon
gas; f represents the isotopic fraction of 129Xe; and P is
the spin polarization.15,24 In addition, the mean absolute
error (MAE)40 and structural similarity index measure
(SSIM)41 were used to evaluate the signal intensity and
structure similarity between the images acquired with
bSSFP and the GRE-zigzag-Y sequences. Rigid registra-
tion provided by ANTS was performed to align the ven-
tilation images acquired through these methods. More-
over, 129Xe ventilation images acquired through the two
sequences were segmented using the 60th percentile point
of signal intensities within the lung masks as previ-
ously described42; Dice similarity coefficient (DSC) and
F1 boundary score were calculated to evaluate the spa-
tial overlap of the two sets of 129Xe image segmentation
results.43,44 SPSS (SPSS Statistics V.26.0; IBM) was used
for all the statistical analyses. Paired t-tests and Wilcoxon
rank-sum test were used to compare the results pro-
vided by the different methods. Linear regression and
Bland–Altman analysis were used to assess the VDP mea-
surements, and p< 0.05 was considered significant for
all the tests.

3 RESULTS

Figure 2 shows representative ventilation images acquired
using the bSSFP and GRE-zigzag-Y sequences with the
same reconstructed spatial resolution for a young healthy
volunteer. For 12 healthy subjects, the SSIM, DSC,
F1 boundary score, and MAE between the ventilation
images acquired using the two sequences were 0.85± 0.03,
0.91± 0.01, 0.94± 0.02, and 0.0015± 0.0001, respectively.
SNRn was 3.34 mL−2 (interquartile range: 3.09–4.86 mL−2)
using the bSSFP sequence and 3.26 mL−2 (interquartile
range: 2.06–5.65 mL−2) using the GRE-zigzag-Y sequence,
with no significant differences between these measure-
ments (p= 0.875). Similarly, VDP was 1.54± 0.75% when
using the GRE-zigzag-Y sequence and was not signifi-
cantly different (p= 0.851) from VDP of 1.51± 0.83% pro-
vided by the bSSFP method. Subtle differences between
the images are probably due to partial volume effects,
reconstruction algorithms, and the inevitable variations
between different breath-holds.

Figure S1. shows representative 129Xe ventilation
images with isotropic nominal spatial resolution of
2.5× 2.5× 2.5 mm3 for a healthy volunteer and a recov-
ered COVID-19 patient. Figure 3 shows the ventilation
images acquired using the bSSFP and GRE-zigzag-YZ

F I G U R E 2 Representative ventilation images obtained with balanced SSFP (bSSFP) and the gradient-recalled echo (GRE)–zigzag-Y
sequence with the same spatial resolution for a healthy subject. Differences of signal intensities and ventilation defect areas (red) provided by
the two sequences are shown for each slice at the bottom. VDP, ventilation defect percentage.
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6 FANG et al.

F I G U R E 3 Comparison of the ventilation images and cluster maps from healthy volunteers and discharged coronavirus disease 2019
(COVID-19) patients using balanced SSFP (bSSFP) and gradient-recalled echo (GRE)–zigzag-YZ sequences. Ventilation defect, hypointense,
middle intense, middle high intense, and hyperintense signal areas are marked with red, yellow, cyan, blue, and dark blue color, respectively.

sequences and the corresponding clustering maps for a
healthy volunteer and a discharged COVID-19 patient.
For 8 healthy volunteers and 9 discharged COVID-19
patients, SNRn was 3.13± 2.14 mL−2 and 3.05± 0.96 mL−2

for GRE-zigzag-YZ and bSSFP acquisitions, respectively.
The measured VDP from the two groups with both meth-
ods are summarized in Table S1. Of note, these VDP mea-
surements were not significantly different for the 8 healthy
volunteers (GRE-zigzag-YZ: VDP= 1.24± 0.54%, bSSFP:
VDP= 1.27± 0.58%; p= 0.736) and the 9 discharged
COVID-19 patients (GRE-zigzag-YZ: VDP= 7.06± 2.85%,
bSSFP: VDP= 6.93± 2.72%; p= 0.444).

VDP provided by the GRE-zigzag-YZ sequence was
strongly correlated with that generated via the bSSFP
acquisition (y= 1.03x – 0.06, R2 = 0.988; p< 0.0001) as
shown in Figure 4A. Bland–Altman analysis demonstrated
a marginal bias of −0.005% (95% limits of agreement:
−0.414%–0.424%) between the two sets of VDP measure-
ments (Figure 4B).

4 DISCUSSION

In this study, we developed a k-space sampling strategy
for rapid and efficient data acquisition for isotropic nom-
inal resolution hyperpolarized 129Xe MRI in human. Our

approach required 5.5 s to acquire a 3D 129Xe ventila-
tion image with an isotropic nominal spatial resolution
of 2.5× 2.5× 2.5 mm3, and the image quality was similar
to that provided by a commonly used bSSFP sequence.
For a cohort of 8 healthy individuals and 9 discharged
patients with COVID-19, the VDP measurements pro-
vided by our approach were strongly correlated with that
obtained using bSSFP. These findings indicate that our
approach may be suitable for rapid and isotropic nomi-
nal spatial resolution 129Xe ventilation imaging while pro-
viding sufficient image quality, suggesting its potential
clinical utility for lung disease patient care.

The proposed method demonstrated notable advan-
tages in improving the nominal spatial resolution and
reducing the acquisition time for 129Xe MRI. Isotropic
nominal spatial resolution 129Xe ventilation imaging might
enable us to visualize the distribution of 129Xe gases in
the lung with more detail, facilitating more precise quan-
titation of lung function.45 As shown in Figure 5, venti-
lation defects could be observed in the images obtained
with the GRE-zigzag-YZ sequence. However, due to par-
tial volume effects,15,46 ventilation defect sizes smaller
than the slice thickness are hardly ever observed. In the
same longitudinal observation point, areas with signals in
upper layers may obscure regions without signals in lower
layers, leading to the inaccurate estimate of no-signal
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FANG et al. 7

F I G U R E 4 Comparison of the
ventilation defect percentage (VDP)
measured with balanced SSFP (bSSFP) and
gradient-recalled echo (GRE)–zigzag-YZ
sequences. Linear regression (A) and
Bland–Altman analysis (B) of VDP provided
by GRE-zigzag-YZ and bSSFP. COVID-19,
coronavirus disease 2019.

(A) (B)

F I G U R E 5 129Xe ventilation images obtained with balanced SSFP (bSSFP) and gradient-recalled echo (GRE)–zigzag-YZ for a
representative coronavirus disease 2019 patient. Blue, yellow, and red arrows indicate that more details of ventilation information are
observed in the images acquired with GRE-zigzag-YZ compared with bSSFP in the corresponding slices, respectively.

areas in the images obtained with the bSSFP sequence.
To the best of our knowledge, this is the first demon-
stration of 3D 129Xe ventilation imaging in human with
an isotropic spatial resolution of 2.5× 2.5× 2.5 mm3 and

image acquisition time of 5.5 s. We note that by slightly
reducing the nominal spatial resolution to 3× 3× 3 mm3,
the acquisition time could be further shortened to 3.5 s
(see Figure S2 for the imaging parameters and the
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8 FANG et al.

129Xe images). This would provide additional options for
using 129Xe MRI to assess pulmonary ventilation func-
tion and microstructure with isotropic spatial resolu-
tion in patients who have difficulties in breath-holding,
such as discharged COVID-19 patients who suffer from
progressive lung injuries47–49 and reduced breath-hold
capacity.50,51

The low MAE and high SSIM, DSC, and F1 bound-
ary scores suggest that the quality of the 129Xe images
acquired with the GRE-zigzag-Y sequence was compara-
ble to that obtained with the conventional bSSFP method
when using the same imaging parameters (FOV, matrix
sizes, and voxel sizes). However, the acquisition time using
the GRE-zigzag-Y sequence was substantially shorter than
that of bSSFP, suggesting greater effectiveness of zigzag
versus Cartesian sampling. Compared with bSSFP, the
GRE-zigzag-YZ acquisition generated 129Xe images with
similar SNRn despite a smaller RF excitation angle being
used (6 for bSSFP and 3 for GRE-zigzag-YZ); this may
be because of the differences in the trajectories and the
image reconstruction methods.33 The difference in HP
129Xe doses used for bSSFP and GRE-zigzag-YZ acqui-
sitions might introduce bias when comparing the two
sets of SNRn measurements. However, it is important to
note that this setting is designed primarily to ensure ade-
quate SNR for 129Xe images at various resolution, and
the nominal voxel size for GRE-zigzag-YZ is merely about
10% of that with bSSFP. Moreover, time savings could
not be obtained in bSSFP only by increasing HP 129Xe
dose. Importantly, VDP measurements provided by the
GRE-zigzag-YZ sequence were strongly correlated with
that generated by bSSFP, a widely used method for 129Xe
ventilation imaging in the community, with no significant
differences between the sequences in 8 healthy individuals
and 9 COVID-19 patients. These observations further high-
light the clinical utility of the proposed zigzag sampling
strategy for rapid and isotropic spatial resolution 129Xe
ventilation imaging in clinic.

The k-space data acquired in zigzag trajectories were
reconstructed using NUFFT, and a large FOV was used
to effectively mitigate the aliasing artifacts caused by
undersampling with the zigzag trajectory. Previous stud-
ies showed that image quality could be improved by using
a high degree of overgridding and an iterative density
compensation function during NUFFT reconstruction.35

In addition, use of large FOV is an effective approach for
separating the regions of interest from aliasing artifacts.52

Figure 6 show that the original reconstructed images
with aliasing artifacts occurred in the peripheral areas
of the FOV, but the lung was well separated from these
artifacts.

This proof-of-concept study could be further expanded
in several ways. The aliasing artifacts caused by

F I G U R E 6 Original reconstructed 129Xe ventilation images
acquired using gradient-recalled echo–zigzag-YZ for a healthy
volunteer. The lung is well separated from the surrounding aliasing
artifacts as shown in 3D (A), coronal (B), transverse (C), and sagittal
(D) views.

undersampling were minimized using a large FOV, which
degrades the spatial resolution of the ventilation images.
Undersampled reconstruction methods, including deep
learning and compressed sensing, may be used for under-
sampled reconstruction while reducing these artifacts,
enabling 129Xe ventilation imaging with smaller FOV and
higher spatial resolution. In addition, the imaging speed of
129Xe lung MRI might be further improved by implement-
ing parallel-imaging techniques,27 and previous studies
demonstrated that zigzag sampling can be used in parallel
imaging to improve the image quality of brain 1H MRI.32

Moreover, high-performance gradients with high slew
rates could be used to further improve the spatial resolu-
tion and reduce the acquisition time for 129Xe ventilation
imaging.

5 CONCLUSION

In this study, a zigzag trajectory was used for rapid
and isotropic spatial resolution 129Xe ventilation imaging
in humans. The image quality and the clinically rele-
vant imaging biomarkers provided by this approach were
highly consistent with that generated by a reference bSSFP
sequence, whereas the data acquisition time was about 2
times shorter. These results suggest the clinical utility of
the proposed approach for assessing lung ventilation infor-
mation in patients with lung diseases, particularly in those
with limited breath-holding capacity.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Typical high-spatial-resolution ventilation
images acquired from a healthy volunteer and a discharged
patient with coronavirus disease 2019 (COVID-19). The
isotropic images were acquired from a healthy volunteer
(29 year-old male) and a discharged COVID-19 patient
(68 year-old female) within 5.5 s, and the spatial resolu-
tion was 2.5× 2.5× 2.5 mm3. The measured SNRs were
2.28 and 1.57 mL−2, and the measured ventilation defect
percentages (VDP) were 0.73% and 7.12%, for the healthy
volunteer and the discharged COVID-19 patient, respec-
tively.
Figure S2. Typical ventilation images acquired from
a healthy volunteer with an isotropic spatial res-
olution of 3× 3× 3 mm3 and acquisition time of
3.5 s. Sequence acquisition: TR= 2.9 ms, TE= 1.4 ms,
matrix= 160× 160× 120, effective excitations= 1200, res-
olution= 3× 3× 3 mm3, flip angle=∼3◦, dwell time= 5 μs,
and scan time= 3.5 s.
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Figure S3. The transverse (A) and longitudinal (B)
cross-sectional line profiles of ventilation images using
balanced SSFP (bSSFP) and gradient-recalled echo
(GRE)–zigzag-Y sequences.
Table S1. Demographics, pulmonary function tests
(PFTs), and ventilation analysis results for healthy vol-
unteers and discharged patients with coronavirus disease
2019 (COVID-19).

How to cite this article: Fang Y, Li H, Shen L,
et al. Rapid pulmonary 129Xe ventilation MRI of
discharged COVID-19 patients with
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