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Abstract
Background: Hyperpolarized (HP) 129Xe multiple b-values diffusion-weighted
imaging (DWI) facilitates the assessment of pulmonary morphology. However,
conventional DWI method,such as 2D GRE DWI, is limited in its application due
to the long acquisition time and relatively thick slice.
Purpose: To develop a method combining 3D golden-angle radial sampling with
keyhole reconstruction (GRSK) for accelerating 129Xe multiple b-values DWI
and obtaining thinner slice.
Methods: For 3D GRSK DWI, 3D kooshball golden-angle radial sampling was
used for image acquisition, with each spoke assigned to 1 of 4 b-values, and
keyhole method was applied for reconstructing DW images under different b-
values. 2D fully sampled GRE DWI and 3D GRSK DWI were obtained in five
healthy young volunteers (HYV; 25 [24–26] years). Lung morphological param-
eter maps, including mean linear intercept (Lm) and surface-to-volume ratio
(SVR), were generated using a cylinder model (CM) from the four b-values DW
images, and apparent diffusion coefficient (ADC) maps were derived through
mono-exponential fitting.Spearman correlation and Bland-Altman analysis were
performed to compare Lm, SVR and ADC from 2D GRE and 3D GRSK DWI. In
addition, 3D GRSK DWI was applied in five emphysema patients (66 [60–69]
years) and five age-matched healthy controls (AMC; 59 [54–68] years), and Lm,
SVR and ADC maps were also derived. Wilcoxon rank-sum test was utilized to
contrast Lm, SVR and ADC from patients with those from AMC.
Results: DW images with an isotropic resolution (5 mm) were obtained with 3D
GRSK DWI within 11.4 s. In comparison, 2D GRE DWI acquired four slices with
30 mm thickness in 15.9 s. For Lm, SVR and ADC from 2D GRE and 3D GRSK
DWI, the Spearman correlation coefficients were 0.975, 0.900, and 1.000, with
corresponding p-values of 0.005, 0.037, and < 0.001, and the Bland–Altman
analysis had biases of −3.19%, 1.44%, and −3.71%, respectively. Furthermore,
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Lm and ADC in patients were significantly higher (p = 0.008 and p = 0.008) than
those in AMC, while SVR was notably reduced (p = 0.008).
Conclusion: The proposed method could obtain isotropic resolution DW
images with four b-values within an 11.4 s breath-hold duration, mitigating the
problems of long scan time and large slice thickness in conventional DWI.
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1 INTRODUCTION

Hyperpolarized (HP) 129Xe gas MRI has emerged as
a powerful and promising tool for assessing regional
lung function, which is challenging to evaluate using
conventional methods such as computed tomography
(CT) and pulmonary function tests (PFTs).1–4 Of note,
HP 129Xe diffusion-weighted imaging (DWI) enables
regional assessment of lung morphology by probing
alveolar microstructure,5,6 including mean linear inter-
cept (Lm) and surface-to-volume ratio (SVR). 129Xe
lung morphometry measurements have been widely
used for assessment of various lung diseases,7 includ-
ing chronic obstructive pulmonary disease (COPD),8–10

idiopathic pulmonary fibrosis (IPF),6,11 and alpha-1 antit-
rypsin deficiency (AATD).12,13 This technique requires
129Xe diffusion-weighted (DW) image acquisitions at
multiple b-values (e.g., ≥ 4) that are required for gener-
ating lung morphometry maps through pixel-wise data
fitting.

While multi-b 129Xe DWI may be acquired in several
breath-holds each using an independent dose of HP
129Xe, this leads to dramatically increased cost of 129Xe
gases and time for 129Xe collection and MR scanning as
well as potential mismatch of 129Xe images acquired in
different breath-holds. Previous studies realized multi-
b 129Xe DWI in a single breath-hold and showed that
up to 16 s14 is required for 129Xe DWI at four b-values,
which is too long for pediatric patients and those with
poor breath-holding capabilities. In addition, the typical
spatial resolution for previous DWI methods is 6 × 6
mm2 with a slice thickness of 15 to 30 mm,14 causing
small lesions to be undetected.15,16 These issues pose
limits to widespread applications of multi-b 129Xe DWI
in clinical patient care.

Rapid image acquisition can be achieved through
the optimization of k-space trajectories. Trajectories
characterized by higher sampling efficiency necessi-
tate fewer radio-frequency (RF) excitations and conse-
quently result in a shorter scan time.Notably,sequences
that utilize Fermat looped, orthogonally encoded tra-
jectories (FLORET),17 Zigzag18 and stack-of -spirals
(SOS)19 have been successfully applied to 129Xe venti-
lation imaging, thereby demonstrating their potential for
accelerating imaging scans. Furthermore, in the field of
DWI, Bdaiwi et al. recently utilized a 3D FLORET spiral

sequence to acquire isotropic DW images with a voxel
size of 5 × 5 × 5 mm3,20 effectively balancing scan
time and image resolution. However, the use of three
b-values limits its applicability for extracting pulmonary
morphological parameters such as Lm and SVR.

Radial sequence is one of the non-Cartesian sam-
pling methods, with each spoke covering the center of
k-space. The inherent variable-density pattern guaran-
tees imaging incoherence, thereby reducing the impact
of undersampling artifacts on image quality.21,22 Addi-
tionally, radial sampling is insensitive to movement and
relatively unaffected by view-to-view variations.23 These
characteristics endow radial sampling with unique
advantages in accelerating imaging.

Accelerated 129Xe DWI may be also achieved
through undersampled data acquisition and reconstruc-
tion. Compressed sensing (CS) provides a way to
reconstruct images from undersampled acquisitions by
leveraging the intrinsic sparsity of MR data, and this
approach has been widely used for accelerated 129Xe
DWI acquisitions.6,12,13,24–27 However, CS algorithms
are sensitive to hyperparameter selection and are lim-
ited to relatively low acceleration factors, otherwise it
may cause smoothing of images and some loss of infor-
mation. Deep learning can be used to reconstruct DW
images from undersampled MR data with high acceler-
ation rates,28 but this approach requires large amounts
of 129Xe fully sampled DWI data, and its applications
remain limited.

Keyhole reconstruction allows accelerated acquisition
of MR image series, and has been utilized in contrast
agent uptake imaging,29 cardiac cine imaging,30 and
various other domains. This method capitalizes on the
principle that the central data (low-frequency) encapsu-
lates the signal intensity of the image, while peripheral
data (high-frequency) contains intricate image details.
By selectively updating only the central subset of k-
space while retaining peripheral information, the keyhole
method could accelerate MR data acquisition.31 Notably,
this technique has been used for HP gas MRI to min-
imize the scan time in generating multiple image sets,
including dynamic ventilation imaging,32 regional cor-
rection mapping33–35 and the red blood cell oscillation
mapping.36

In this study, a method that integrates 3D Golden-
angle Radial Sampling with Keyhole reconstruction
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SHEN ET AL. 3

(GRSK) was proposed to accelerate the acquisition
of 129Xe multiple b-values DWI. 129Xe DW images
with isotropic spatial resolution were achieved within
an acceptable acquisition time. Additionally, compara-
tive analysis was performed between the morphological
parameters derived from the proposed GRSK method
and those obtained via conventional techniques to valid
the feasibility. Furthermore, the proposed method has
also been utilized for evaluating the microstructural
alterations in emphysema patients.

2 MATERIALS AND METHODS

2.1 Study subjects

The study was approved by the Institutional Review
Board (APMH22005A). Written informed consent was
obtained from each participant prior to the exami-
nations. Five healthy young volunteers (HYV) were
recruited to evaluate the feasibility of the proposed
3D GRSK method with a commonly used 2D fully
sampled GRE method as a reference. Another five
patients with clinical diagnoses of emphysema and
five age-matched healthy controls (AMC) were enrolled
to validate the utility of the 3D GRSK method in
assessing lung microstructure changes caused by lung
disease. All scans were performed within a breath
-hold.

2.2 129Xe polarization, MRI and PFTs

Isotopically enriched xenon (86% 129Xe) was polarized
through Rb-129Xe spin-exchange optical pumping using
a commercial polarizer (VIP 510, verImagin Health-
care, Wuhan, China) in continuous flow mode. Polarized
xenon gases were accumulated and frozen in a mag-
netic field-protected cold finger using liquid nitrogen and
then thawed into a 1.0 L Tedlar bag, with available
spin polarization of approximately 40%. MRI was per-
formed at 3.0 T (uMR 780(Xe), verImagin Healthcare,
Wuhan, China) using a homebuilt transmit-receive vest
RF coil at 35.49 MHz. For each subject, a gas mix-
ture of 100 mL HP xenon and 700 mL nitrogen was
administered for flip angle calculation. Subsequently,
subjects were instructed to inhale 800 mL gas mix-
tures from the functional residual capacity (FRC) for 2D
GRE DWI (400 mL HP xenon + 400 mL nitrogen gas)
and/or 3D GRSK DWI (600 mL HP xenon + 200 mL
nitrogen gas). Additionally, PFTs was also performed
to obtain the ratio of forced expiratory volume in 1 s
and forced vital capacity (FEV1/FVC), using a commer-
cial spirometer (Master Screen PFT System; JAEGER,
Germany).

2.3 Accelerated DWI via 3D GRSK

The proposed approach involves two parts: radial acqui-
sition and keyhole reconstruction. For acquisition, 3D
kooshball golden-angle radial sampling37 was applied.
A total of N spokes were sampled for M b-values
(Figure 1a). In the arrangement of spokes, a golden-
angle scheme38 was employed to determine the trajec-
tories of the N spokes such that the spoke endpoints
for each b-value were continuously and uniformly dis-
tributed across the k-space sphere.The first N/M spokes
calculated by the golden-angle scheme equation were
assigned to b = 0 s/cm2 and the subsequent spokes
were systematically positioned for the remaining M-1 b-
values, with N/M an integer. This resulted in M sets of
N/M spokes that correspond to the M b-values,as shown
in Figure 1b. For this study, the number of b-values, M,
was set to 4.We assigned spokes 1 to N/4 to b = 0 s/cm2,
spokes N/4 + 1 to (N/4) × 2 to b1,spokes (N/4) × 2 + 1 to
(N/4) × 3 to b2, and spokes (N/4) × 3 + 1 to N to b3. Dur-
ing the data acquisition, spokes corresponding to b = 0,
b1, b2, and b3 were acquired in an interleaved manner.
Specifically, the acquisition sequence proceeded as fol-
lows: spoke 1 (b = 0), N/4 + 1 (b1), spoke (N/4) × 2 + 1
(b2), spoke (N/4) × 3 + 1 (b3), then spoke 2 (b = 0),
N/4 + 2 (b1), and so forth. This sequence ensured
consistent interleaving of b-values across the dataset.

A keyhole method was utilized for multi-b 129Xe
DWI reconstruction.29 Each of the M sets of k-space
data was divided into central and peripheral parts that
correspond to low and high frequency components,
respectively. To satisfy the Nyquist sampling theorem
in the central region of 3D radial trajectory, the cutoff
between the k-space centric and peripheral information

was set to a radius of rkey =
√

S

4𝜋M
,32 (the centric range

corresponded to the light blue sphere in Figure 1c),
where M also represents the number of keys, and S
represents the number of spokes (radial with half -echo
readout) or twice the number of spokes (radial with
full-echo readout). Considering that the reconstruction
matrix was L, kmax include the range of points from
0 to L/2. The rkey refers to the range of points from
0 to rkey. For each of the M b-value sections, the k-
space data of the peripheral parts of the other M-1
sections was scaled on a view-by-view basis and com-
bined with that of the current section, where the scaling
factor was determined using the average of the sig-
nal intensity at k0 points for each key.33,34 This process
was undertaken to mitigate the sudden change in signal
intensities which would cause reconstruction artifacts.39

Following this scheme, the centric data for each b-value
and the peripheral data for all the b-values with differ-
ent diffusion weights were combined (Figure 1c) and
used to reconstruct multi-b 129Xe DW images using
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4 SHEN ET AL.

F IGURE 1 The schematic for accelerated DWI with 3D GRSK. (a) The whole acquisition k-space. The spokes for all b-values were sampled
as golden angle scheme, and interleaved acquisition was used to reduce the influence of RF depolarization. (b) The whole k-space data is
divided into four subsets for each b-value. (c) k-space data for each b-value was separated into peripheral and central parts, corresponding to
low and high frequency, and the k-space data used for reconstruction of each b-value consists of the corresponding central information and all
peripheral information. DWI, diffusion-weighted imaging; GRSK, golden-angle radial sampling and keyhole reconstruction; RF, radio-frequency.

non-cartesian reconstruction40 with MATLAB R2021a
(MathWorks, Natick, MA).

2.4 Image acquisition and
reconstruction

2D GRE DWI was performed using the following
parameters: field of view (FOV) = 320 × 320 mm2,
flip angle = 6◦, repetition time (TR)/ echo time
(TE) = 15.5/12.5 ms, matrix size = 64 × 64, spatial
resolution = 5 × 5 mm2, slice thickness = 30 mm, num-
ber of slices = 4, bandwidth = 800 Hz/pixel, and total
acquisition time = 15.9 s. Diffusion sensitization gradi-
ents were placed along the slice selection direction.Four
b-values (0, 12, 20, and 28 s/cm2) were used with a dif-
fusion time (Δ) of 5 ms (ramp time = 0.3 ms, plateau
time = 3.7 ms, and gap time between lobes = 0.7 ms).
Interleaved acquisition in b-values was used to reduce
the effects of RF depolarization. 129Xe DW images at
the four b-values were reconstructed using fast Fourier
transforms (FFT) with MATLAB.

3D GRSK DWI was enabled with
FOV = 320 × 320 × 320 mm3, flip angle = 2◦,
TR/TE = 12.2/10.85 ms, number of total spokes = 932,
reconstructed matrix size = 64 × 64 × 64, isotropic
spatial resolution = 5 × 5 × 5 mm3, band-
width = 800 Hz/pixel, and total acquisition time = 11.4 s.
The number of b-values (M) was four (0, 12, 20, and 28
s/cm2). The diffusion sensitization gradients were the
same as that of 2D GRE DWI. For the non-Cartesian

reconstruction, 3-fold overgridding, a Gaussian kernel
with kernel sharpness = 0.33 and kernel extent = 6-fold
kernel sharpness, and iterative density compensation
function were used.

2.5 129Xe lung morphometry
measurements

Lung masks were obtained by segmenting 129Xe image
at b = 0 s/cm212,26 using a threshold segmentation
method, and the airway was removed by manual seg-
mentation. The reconstructed DW images at the four
b-values were fitted voxel-by-voxel within the generated
lung masks using a Cylinder model (CM)5 to generate
lung morphological parameters such as Lm and SVR.
In addition, apparent diffusion coefficient (ADC) maps
were derived through mono-exponential fitting using the
DW images at b = 0 and 12 s/cm2.6 The signal-to-noise
ratio (SNR) of HP 129Xe DW images was calculated
using the mean of the signal intensities within the lung
region and the standard deviation of that in a 6 × 6 voxel
square region outside the lung for the comparison of 2D
GRE and 3D GRSK DWI.

2.6 Statistics analysis

All the statistical analyses were performed using SAS
(SAS Institute, Cary, NC, USA). Spearman correlation
coefficients were utilized to evaluate the relationships
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SHEN ET AL. 5

F IGURE 2 Typical 129Xe DW lung images reconstructed without
(a) and with keyhole (b) method from the same rawdata obtained
through the 3D golden-angle radial sampling from a HYV. DW,
diffusion-weighted; HYV, healthy young volunteer.

between ADC, Lm, and SVR measurements provided
by 2D GRE and 3D GRSK scans. Bland-Altman anal-
ysis was also used to assess the difference between
the measurements obtained by the two methods. For
the application of 3D GRSK DWI, lung morphological
parameters were compared between the emphysema
and AMC groups using Wilcoxon rank-sum test. A
significance level of p < 0.05 (two-tailed) was used.

3 RESULTS

3.1 3D GRSK DWI validation

The representative 129Xe DW images for all 4 b-values
reconstructed without and with keyhole method from
the same MR data acquired from a HYV are shown in
Figure 2. It was obvious that images without keyhole
reconstruction appear more blurred and lack corre-
sponding details. In contrast, reconstruction using the
keyhole method effectively reduced the bleed of 129Xe
signal into large blood vessels and improved sharp-
ness at the edges of the lung. Moreover, for images
reconstructed with keyhole method, the signal intensity
decreases with increasing b-values, exhibiting a similar
trend to images without keyhole reconstruction.

129Xe DW images generated using the 2D GRE and
3D GRSK methods at b = 0 s/cm2 for a healthy young
volunteer are shown in Figure 3.Visual inspection shows
that the quality of the 3D GRSK DW images were similar
to that provided by the 2D GRE method without notice-
able artifacts or distortions.The SNR was 33,25,21,and
18 for the 3D GRSK DWI images at b = 0, 12, 20, 28
s/cm2, respectively, and these were 45, 32, 27, and 22
for the 2D GRE method. Notably, SNR decreased as the
b-value increased for both methods.

Representative Lm, SVR, and ADC maps obtained
using the 2D GRE and 3D GRSK methods for a healthy
young volunteer are shown in Figure 4.These measure-
ments were highly consistent between the two methods,
and the mean discrepancies in Lm, SVR, and ADC
derived from the 2D GRE and 3D GRSK methods
for this volunteer were −3.24%, 2.04% and −4.75%,
respectively. The SNR and the lung morphological
parameters provided by the 2D GRE and 3D GRSK
methods for the five HYV were summarized in Table 1.

The Lm (ρ = 0.975, p = 0.005), SVR (ρ = 0.900,
p = 0.037), and ADC (ρ = 1.000, p < 0.001)
measurements provide by the 3D GRSK method
were strongly correlated with that of the 2D GRE
(Figure 5a-c). Bland-Altman analyses indicated promis-
ing agreement between Lm (bias = −3.19%, limit-of -
agreement = [−6.85%, 0.47%]), SVR (bias = 1.44%,
limit-of -agreement = [−2.82%, 5.69%]), and ADC
(bias =−3.71%,limit-of -agreement = [−7.26%,-0.16%])
generated by the two methods (Figure 5d-f ).

3.2 3D GRSK DWI application

Representative 3D GRSK DW images at four b-values
and the resulting morphological parameter maps for an
AMC subject and an emphysema patient are shown in
Figure 6. The DW images for both the healthy volunteer
and emphysema patient were visually free of artifacts.
As expected, the ventilation defects in the lower left lobe
of the emphysema patient were visible at all the four b-
values. Lm and ADC measurements were substantially
greater and SVR was lower for the emphysema patient
compared to the healthy volunteer.

The demographics and 3D GRSK lung morphologi-
cal parameters for all emphysema patients and AMC
subjects are summarized in Table 2. The median age
was 59 [IQR, 14] years for the AMC group and 66 [IQR,
9] years for the emphysema patients with no signifi-
cant difference between the two groups (p = 0.548).
FEV1/FVC showed no significant difference (p = 0.056)
for the emphysema group (median,73% [IQR,7%]) than
the AMC group (median, 80% [IQR, 7%]). Compared
with the AMC subjects, the emphysema patients had
significantly greater Lm (median, 363 µm [IQR, 145 µm]
versus median, 195 µm [IQR, 31 µm], p = 0.008) and
ADC (median, 0.0481 cm2/s [IQR, 0.0113 cm2/s] versus
median, 0.0313 cm2/s [IQR, 0.0047 cm2/s], p = 0.008)
and significantly reduced SVR (median, 122 cm−1 [IQR,
55 cm−1] versus median, 221 cm−1 [IQR, 31 cm−1],
p = 0.008).

4 DISCUSSION

In this study, we demonstrated the feasibility of uti-
lizing 3D GRSK for accelerating single breath-hold
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6 SHEN ET AL.

F IGURE 3 b = 0 s/cm2 images from a 129Xe DW data set obtained from a HYV by using 2D GRE (a) and 3D GRSK (b) DWI scans. The
acquisition time was 15.9 s for 2D GRE and 11.4 s for 3D GRSK. The nominal spatial resolution was 5 × 5 × 30 mm3 for 2D GRE and
5 × 5 × 5 mm3 for 3D GRSK. DW, diffusion-weighted; DWI, diffusion-weighted imaging; GRSK, golden-angle radial sampling with keyhole
reconstruction; HYV, healthy young volunteer.

F IGURE 4 Representative slices of pulmonary morphological
parameter maps obtained from a HYV by using both 2D GRE and 3D
GRSK DWI. The mean pulmonary parameter values obtained
through these two methods were found to be comparable. DWI,
diffusion-weighted imaging; GRSK, golden-angle radial sampling with
keyhole reconstruction; HYV, healthy young volunteer.

multi-b 3D 129Xe DWI. This approach required 11.4
s to acquire data at four b-values and yielded
3D 129Xe DW images with nominal spatial res-
olution of 5 × 5 × 5 mm3. The derived lung
microstructure measurements and ADC maps were
strongly correlated with that provided by a conven-
tional 2D GRE method, and were significantly different

between emphysema patients and age-matched control
subjects.

We employed 3D kooshball radial sampling pattern in
recognition of its potential for allowing image acquisi-
tion at higher acceleration rates than Cartesian methods
because of the inherent use of variable-density sam-
pling pattern.37,41 The accelerated data acquisition pro-
vides benefits such as smaller voxel sizes and a shorter
acquisition time. The thinner thickness achieved with
3D GRSK DWI could mitigate the partial volume effect
associated with the thick slice of 2D GRE, and a 11.4 s
breath-hold duration would not pose significant difficulty
for the volunteers. We further employed a golden-angle
scheme to mitigate undersampling artifacts by acquiring
uniformly distributed k-space spokes.37,38,42 This was
achieved by ensuring the total number of spokes for the
four b-values and the number of spokes for each b-value
conformed the golden-angle scheme. In addition, we
opted for interleaved acquisition in the order of b-values
rather the order of spokes to minimize the impact of RF
depolarization on DWI signal attenuation. In DW imag-
ing, application of diffusion gradients mainly causes
signal attenuation without significantly altering struc-
tural intricacies of the images,27 making keyhole method
particularly advantageous. Previous studies32,33,36 in
HP gas MRI have highlighted that the central region
of k-space contains essential information that governs
contrast and signal intensity, whereas the variation in
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SHEN ET AL. 7

TABLE 1 Morphological parameter results of five healthy volunteers derived from 2D GRE and 3D GRSK DWI.

Parameters HYV1 HYV2 HYV3 HYV4 HYV5

Demographics

Age (years) 26 23 24 24 24

Sex (M/F) M F M F F

DWI

SNRa 2D GRE 32 ± 10 26 ± 11 20 ± 7 23 ± 8 29 ± 11

3D GRSK 24 ± 7 19 ± 7 16 ± 5 21 ± 7 20 ± 7

Lm (µm) 2D GRE 163 ± 38 216 ± 60 188 ± 57 188 ± 51 199 ± 43

3D GRSK 153 ± 21 209 ± 54 185 ± 37 183 ± 46 195 ± 35

SVR (cm−1) 2D GRE 255 ± 46 196 ± 43 226 ± 51 224 ± 46 209 ± 39

3D GRSK 266 ± 34 200 ± 40 222 ± 37 228 ± 41 211 ± 32

ADC (cm2/s) 2D GRE 0.0262 ± 0.0084 0.0358 ± 0.0094 0.0306 ± 0.0108 0.0308 ± 0.0095 0.0335 ± 0.0081

3D GRSK 0.0246 ± 0.0039 0.0341 ± 0.0056 0.0297 ± 0.0032 0.0301 ± 0.0053 0.0328 ± 0.0038

Note: Data is presented as mean ± standard deviation.
aSNR referred to an average of the SNR of all of the b-value images of all slices within each subject.
Abbreviations: ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; F, female; GRSK, golden-angle radial sampling with keyhole reconstruction; HYV,
healthy young volunteer; Lm, mean linear intercept; M, male; SNR, Signal-to-noise ratio; SVR, surface-to-volume ratio.

F IGURE 5 Comparison of the measured mean lung Lm (a), SVR (b) and ADC (c) values derived from 2D GRE and 3D GRSK DWI across
all HYVs. The solid lines represent the line of linear regression. The bottom row features Bland–Altman plots illustrating the Lm (d), SVR (e) and
ADC (f) values obtained from 2D GRE and 3D GRSK DWI. The solid lines represent the mean percentage differences, and the dash lines
represent the 95% limits of agreement. ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; GRSK, golden-angle radial
sampling with keyhole reconstruction; HYV, healthy young volunteers; SVR, surface-to-volume ratio.

the peripheral high-frequency data tends to be minimal.
We applied different diffusion weights to all spokes, and
the keyhole reconstruction method is utilized to parse
out the b-value data with view-sharing within a single
breath-hold. In the radial k-space of each b-value, cen-

tral information is inherently oversampled, allowing for
the utilization of all available peripheral k-space infor-
mation. This enables the reduction of spokes for each
b-value, effectively shortening the scan time. Because
there is no rigid boundary separating the central and
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8 SHEN ET AL.

F IGURE 6 Representative 129Xe DW lung images (a) and
corresponding pulmonary morphological parameter maps (b)
obtained from an AMC and an emphysema patient by using 3D
GRSK DWI. The AMC is 67 years old, and the patient is 70 years old.
ADC, apparent diffusion coefficient; DW, diffusion-weighted; DWI,
diffusion-weighted imaging; GRSK, golden-angle radial sampling with
keyhole reconstruction.

peripheral regions of k-space, slight variability in sig-
nal attenuation may occur in DW images. Nevertheless,
this effect is generally minimal and does not significantly
influence the overall image quality.

Compared to other non-Cartesian sampling methods,
radial sequence is particularly well-suited for keyhole
reconstruction due to the inherent oversampling in the
center of k-space. For other non-Cartesian methods,
such as spiral sequences, the limited oversampling in
the center of k-space makes keyhole reconstruction
more challenging, and readily introduces undersam-
pling artifacts.35 Since each b-value has a different
set of N/M radial spokes, this acquisition scheme may
affect diffusion signal attenuation.However, theoretically,
this influence is small due to the inherently over-
sampled central information. We also compared our
method with conventional method and demonstrated its
effectiveness.

In the method validation, different slice thicknesses
were employed in 2D fully sampled GRE DWI and 3D
GRSK DWI. This was because 2D GRE DWI has long
scan time. Increasing the number of slices would further
extend the acquisition time,exacerbating the difficulty for
volunteers to hold breath. Simultaneously, we also need
to achieve as much lung coverage as possible. There-
fore, we used a slice thickness of 30 mm with four slices
for 2D GRE DWI.Additionally, the total scan time for fully

sampled 2D GRE DWI was 15.9 s, which was still rela-
tively long for emphysema patients and AMC subjects,
making their breath-hold difficult. Therefore, fully sam-
pled 2D GRE DWI scans were not performed on these
subjects.

The proposed 3D GRSK method yielded 129Xe DW
images with satisfactory quality, and lung morphologi-
cal parameters highly consistent with a widely used 2D
GRE method. For five healthy volunteers, the SNR of
3D GRSK for 129Xe DW images at four b-values ranged
from 29 ± 4 (b = 0 s/cm2) to 14 ± 3 (b = 28 s/cm2),with a
mean of 20. For the calculation of ADC, the threshold of
15 was chosen,meeting the requirements of the SNR.43

For the images under higher b-values used for the fit of
microstructural parameters, they all met the Rose crite-
ria of SNR = 512,.44 We note that the SNR provided by
the 3D GRSK was consistently lower compared with that
of the 2D GRE sequences. This might be because of
the thinner slice thickness and smaller flip angle used
in 3D GRSK (slice thickness = 5 mm, FA = 2◦) ver-
sus 2D GRE (slice thickness = 30 mm, FA = 6◦). But
the larger volume of inhaled 129Xe gases and shorter
TE for 3D GRSK (600 mL of 129Xe, TE = 10.85 ms)
versus 2D GRE (400 mL of 129Xe, TE = 12.5 ms)
improved the SNR of 3D GRSK. Moreover, the 3D radial
sampling pattern and image reconstruction methods
may contribute to SNR enhancement, alleviating dif-
ferences in SNR between the two approaches. The
strong correlation and minimal biases for ADC and lung
microstructural parameters between the 3D GRSK and
2D GRE confirmed the robustness and reliability of
our proposed method. Application of the proposed 3D
GRSK method to five patients with emphysema showed
that lung morphological alterations measured by Lm,
SVR, and ADC were significantly different from that in
five age-matched controls, which might be attributed to
collapse or deformation of alveoli in emphysematous
lung.45 These observations were consistent with previ-
ous investigation of lung morphological changes due to
emphysema using HP gas MRI.46

The mean ADC values we measured in healthy young
subjects ranged from 0.0262 cm2/s to 0.0358 cm2/s
for 2D GRE and from 0.0246 cm2/s to 0.0341 cm2/s
for 3D GRSK, in agreement with previous studies.1,6,47

This range showing variability of 0.0096 cm2/s for 2D
GRE and 0.0095 cm2/s for 3D GRSK, likely reflects nat-
ural physiological differences across individuals in this
population. For both ADC and Lm, the values obtained
from 3D GRSK were smaller than those from 2D GRE,
suggesting a reduction in diffusion-related signal attenu-
ation.This small difference may be attributed to the inter-
scan reproducibility as reported previously.10,48 Mean-
while, we believe this may be attributed to the use of the
keyhole method. In this approach, information from the
peripheral k-space across all b-values is incorporated
during the image reconstruction process for each b-
value. While the peripheral k-space typically contributes
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SHEN ET AL. 9

TABLE 2 Demographics and 3D GRSK DWI results for AMC and emphysema patients.

Parameters AMC (n = 5) Patient (n = 5) p-value

Demographics

Age (years) 59 (54–68) 66 (60–69) 0.548

Sex (M/F) 2/3 4/1 –

PFTs

FEV1/FVC (%) 80 (76–83) 73 (68–75) 0.056

DWI

Lm (µm) 195 (183–214) 363 (276–421) 0.008

SVR (cm−1) 221 (201–232) 122 (113–168) 0.008

ADC (cm2/s) 0.0313 (0.0293–0.0340) 0.0481 (0.0415–0.0528) 0.008

Note: Data is presented as median (IQR).
Abbreviations: ADC, apparent diffusion coefficient; AMC, age-matched healthy controls; DWI, diffusion-weighted imaging; F, female; FEV1/FVC, the ratio of forced
expiratory volume in 1 s and forced vital capacity; GRSK, golden-angle radial sampling with keyhole reconstruction; Lm, mean linear intercept; M, male; SVR, surface-
to-volume ratio.

to the fine details of the image, the selection of the k-
space radius (rkey) influences the signal intensity across
different b-values. This interaction reduces the differ-
ences in signal intensity between b-value images, ulti-
mately leading to a diminished diffusion effect. In future
studies, this factor could be explicitly addressed within
the image reconstruction process to mitigate its impact.

Due to breath-hold tolerance limitations, multi-b DWI
typically used GRE sequences combined with CS.
With advancements in radial undersampling techniques,
such as golden-angle acquisition and random sam-
pling, and their applications in pulmonary ventilation
and dissolved 129Xe imaging, the feasibility of under-
sampled radial sequences has been demonstrated in
pulmonary imaging. Furthermore, the clinical applica-
tion of non-Cartesian sampling methods has been
limited by challenges in pulse programming and image
reconstruction.14 However, non-Cartesian sequences
may offer significant advantages over Cartesian sam-
pling by reducing acquisition time and improving imag-
ing resolution. This study demonstrates the feasibility
of high-resolution DWI using radial acquisition and key-
hole reconstruction. In particular, keyhole reconstruction
is likely to be easier to implement and test compared
to CS or deep learning-based undersampling tech-
niques, making it more conducive to widespread clinical
adoption.

Our study may be improved in several ways. Although
we employed interleaved acquisition in the order of
b-values and small flip angles (to minimize RF depo-
larization), the RF-induced signal decay may still affect
DW image quality. More intricate and optimized excita-
tion techniques, such as variable flip angle excitation,49

may be adopted to alleviate these influences by ensur-
ing consistent magnetization for each RF excitation. In
comparing the SNR between 2D GRE and 3D GRSK,
we evaluated the overall SNR of the final images due
to inherent differences in acquisition parameters and
the different 129Xe dose used in the two sequences.

This approach, however, may reduce the comparability
of SNR across the two methods. For the reconstruction
of keyhole,some filtering methods50,51 could be involved
to obtained more accurate parameter estimation. The
artifacts in DW images due to k-space undersampling
might be mitigated using CS and deep learning recon-
struction techniques. In this proof-of -concept study, we
investigated a small dataset that mainly consisted of
healthy volunteers and participants with emphysema,
future studies with larger sample sizes and diverse pul-
monary diseases are needed to ascertain the general
feasibility of this approach.

5 CONCLUSION

We developed an approach for accelerated 129Xe DWI
with nominal spatial resolution of 5 × 5 × 5 mm3

at four b-values within a single breath-hold of 11.4
s. The derived lung microstructural measurements
were consistent with a widely used method, and the
measurements showed significant differences between
emphysema and healthy participants.
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