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Purpose: To demonstrate the feasibility of compressed sensing (CS) to accelerate the acquisition of
hyperpolarized (HP) '*Xe multi-b diffusion MRI for quantitative assessments of lung microstruc-
tural morphometry.

Methods: Six healthy subjects and six chronic obstructive pulmonary disease (COPD) subjects
underwent HP '>°Xe multi-b diffusion MRI (b =0, 10, 20, 30, and 40 s/cmz). First, a fully sampled
(FS) acquisition of HP '*Xe multi-b diffusion MRI was conducted in one healthy subject. The
acquired FS dataset was retrospectively undersampled in the phase encoding direction, and an optimal
twofold undersampled pattern was then obtained by minimizing mean absolute error (MAE) between
retrospective CS (rCS) and FS MR images. Next, the FS and CS acquisitions during separate breath
holds were performed on five healthy subjects (including the above one). Additionally, the FS and CS
synchronous acquisitions during a single breath hold were performed on the sixth healthy subject and
one COPD subject. However, only CS acquisitions were conducted in the rest of the five COPD sub-
jects. Finally, all the acquired FS, rCS and CS MR images were used to obtain morphometric parame-
ters, including acinar duct radius (R), acinar lumen radius (1), alveolar sleeve depth (h), mean linear
intercept (L,,), and surface-to-volume ratio (SVR). The Wilcoxon signed-rank test and the Bland—Alt-
man plot were employed to assess the fidelity of the CS reconstruction. Moreover, the #-test was used
to demonstrate the effectiveness of the multi-b diffusion MRI with CS in clinical applications.
Results: The retrospective results demonstrated that there was no statistically significant difference
between rCS and FS measurements using the Wilcoxon signed-rank test (P > 0.05). Good agreement
between measurements obtained with the CS and FS acquisitions during separate breath holds was
demonstrated in Bland—Altman plots of slice differences. Specifically, the mean biases of the R, r, h,
L., and SVR between the CS and FS acquisitions were 1.0%, 2.6%, —0.03%, 1.5%, and —5.5%,
respectively. Good agreement between measurements with the CS and FS acquisitions was also
observed during the single breath-hold experiments. Furthermore, there were significant differences
between the morphometric parameters for the healthy and COPD subjects (P < 0.05).

Conclusions: Our study has shown that HP '**Xe multi-b diffusion MRI with CS could be benefi-
cial in lung microstructural assessments by acquiring less data while maintaining the consistent
results with the FS acquisitions. © 2018 American Association of Physicists in Medicine [https://
doi.org/10.1002/mp.12944]
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1. INTRODUCTION

Hyperpolarized (HP) *He or '*Xe MRI has shown unique
advantages in characterizing microstructural and functional
changes in some lung diseases, such as asthma,'* chronic
obstructive pulmonary disease (COPD)’® and radiation-
induced lung injury (RILI).”"" HP gas MRI can provide
quantitative and regional information about pulmonary venti-
lation (e.g., the ventilation defect percentage, VDP)'*'? and
diffusion capacity (e.g., the apparent diffusion coefficient,
ADC).*"*1® Specifically, when combined with pulmonary
models, such as the Weibel geometrical model'” and the theo-
retical methods of Yablonskiy et al.,'" > HP gas multi-b dif-
fusion MRI can quantitatively probe microstructural lung
parameters at the alveolar level. These parameters include
acinar duct radius (R), acinar lumen radius (r), alveolar sleeve
depth (h), surface-to-volume ratio (SVR), and mean linear
intercept (L,,).

In previous works, multi-b diffusion MRI using HP *He
was used to study lung microstructure in humans. For exam-
ple, it was shown to be capable of detecting emphysematous
alveolar destruction”’ ** and discerning changes in lung
microstructure caused by different sizes of lung inflation,*
different diffusion-sensitizing gradient directions®® and dif-
ferent ages.”” However, due to the long scan time required for
multi-b diffusion MRI, only part of the lung can be imaged
in these studies. In addition, as *He is scarce and expensive,
use of HP *He multi-b diffusion MRI will be limited in future
clinical applications. '*Xe has shorter polarization time,
lower cost, and higher natural abundance than 3He, and it is
therefore a potential alternative to *He. With much smaller
self-diffusion coefficients, '*’Xe needs longer diffusion time
to obtain sufficient diffusion weighting, meaning that HP
129Xe multi-b diffusion MRI requires longer scan time than
*He MRI. In this way, it is therefore more challenging to use
traditional HP '**Xe multi-b diffusion MRI to obtain images
of the whole lung in patients with limited ability to hold their
breath. In previous studies that used multi-b diffusion MRI
with HP '*’Xe in humans,?®?° in one study a portion of the
lung was covered.”® In another study, MRI images with dif-
ferent b values were acquired over multiple breaths, which
required longer scan time and larger HP gas volumes.”’
Therefore, there is an urgent need for new MRI methods to
acquire multi-b diffusion MRI data using HP '*’Xe in a sin-
gle breath hold for clinical applications.

Compressed sensing (CS) is a method for reconstructing
the signal from sparse, undersampled data using special
reconstruction techniques.’*?' Lustig et al.*>> developed a
framework for proton MRI using CS because 'H MRI
images can be represented sparsely in a transformation
domain. Thus, CS is well suited for accelerating MRI
acquisitions. Ajraoui et al. demonstrated the feasibility of
CS in HP *He two-dimensional (2D) lung MRI with a two-
fold acceleration factor’ and with a threefold acceleration
factor based on prior knowledge from 'H lung images.**
The experimental results showed that the image quality of
HP gas MRI with CS technique was comparable to that

Medical Physics, 45 (7), July 2018

3098

with fully sampled (FS) technique. Three-dimensional (3D)
acquisition using CS of both *He images and 'H images
was also achieved in one breath hold.>> Moreover, some
methods using CS were also studied to obtain quantitative
parameters,%*39 such as ADC, T,*, and B, maps,36 as well
as velocity maps of gas airflow in the upper airway and
the first bronch.”” Recently, Chan et al.*® tested accelerated
CS acquisitions for HP *He 3D multiple b value diffusion-
weighted MRI in a single breath hold and demonstrated
that CS can shorten scan time. However, because there was
only one COPD subject in the study, Chan et al.*® did not
conduct statistical analysis based on the comparison of the
measurements between the healthy subjects and the COPD
subject. In addition, they only reported the mean diffusion
length scale (Lmp) values acquired from the stretched
exponential model and the ADC values. For HP gas pul-
monary MRI, '**Xe has a more promising future in clinical
applications than *He does. It would be interesting to
demonstrate the feasibility of HP '*’Xe multi-b diffusion
pulmonary MRI with CS via comprehensive comparisons
of different experiments and different parameters with dif-
ferent models. Moreover, it is important to demonstrate the
effectiveness of the method in a greater number of patients
with lung diseases.

In this study, we developed a method combining HP
129%e multi-b diffusion MRI with CS, aiming to reduce
scan time and to acquire lung morphometric parameters
using a cylindrical geometrical model proposed by Sukstan-
skii and Yablonskiy (Yablonskiy model)'” during a short
breath hold. Accordingly, this method can be applied to
patients who are unable to hold their breath for a long
time, as in cases of lung disease. To demonstrate the feasi-
bility of our method, we employed FS and corresponding
twofold accelerated undersampled CS acquisitions for the
whole lung over different breath holds in five healthy sub-
jects. We also performed the FS and synchronous CS
acquisitions for one slice during a single breath hold in
one healthy subject and one COPD subject. Moreover, to
confirm the effectiveness of our method in clinical applica-
tions, we applied the CS acquisitions to five COPD sub-
jects who were identified on the basis of Global Initiative
for Chronic Obstructive Lung Disease criteria. Finally, we
performed statistical analyses on the corresponding results
obtained from the COPD and healthy subjects.

2. MATERIALS AND METHODS
2.A. Subjects

The HP '®Xe MRI study was conducted under the
approval of the institutional review board (IRB). Prior to the
HP '?Xe MRI experiments, all subjects signed informed
consents and underwent pulmonary functions tests using a
hand-held spirometer (sp-1, Schiller AG). Their blood pres-
sure, heart rate and oxygen saturation level were monitored
using a multiparameter monitor (iM8, Edan Instruments)
before and after the HP '*Xe MRI experiments.
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2.B. MR scanners

All imaging experiments were performed on a 1.5 T
whole-body scanner (Avanto, Siemens Medical Solutions,
maximum gradient strength 45 mT/m, maximum slew rate
200 mT/m/ms). A home-built transmit/receive chest coil
tuned to 17.61 MHz was used for the '**Xe MRI experiments.

2.C. '?°Xe polarization

The HP '*Xe was polarized using a home-built polarizer
based on the Rb-'’Xe spin exchange optical pumping
(Rb-'?Xe SEOP) method.*® The nuclear polarization was
more than 55,000 times greater than the corresponding ther-
mal equilibrium polarization of this gas at 1.5 T. HP xenon
(86% '*°Xe) was cryogenically accumulated to 500-mL doses
and then thawed and collected in a Tedlar bag. Five hundred
milliliters of HP xenon gas and 500 mL medical-grade N,
gas were mixed into a 1 L gas mixture. After that, the gas
mixture was delivered immediately to the subjects. All sub-
jects inhaled the gas mixture at the functional residual capac-
ity (FRC).

2.D. Imaging
2.D.1. FS acquisition

A 2D gradient echo diffusion sequence was used, and the
parameters were as follows: FOV = 384 x 384 mm?, TR/
TE = 13.9/10.9 ms, matrix = 64 x 64, number of
slices = 4, slice thickness = 30 mm, slice gap = 6 mm,
coronal slices, receiver bandwidth = 250 Hz/pixel, flip
angle = 5°, and centric k-space acquisition in the phase
encoding direction. The bipolar diffusion-weighted gradient
pulse parameters were as follows: ramp up/down time
7 =0.3ms, duration time 6 = 3.7 ms, diffusion time
A=5ms,b=0,10, 20, 30, and 40 s/cmz, the diffusion gra-
dient was applied in the slice selection direction. The total
scan time was approximately 17.8 s. The parameter,
A = 5 ms, was chosen to maximize the 129 e diffusion sensi-
tivity based on theoretical expectations,' and the five b val-
ues were chosen to decrease the fitting error.*!

2.D.2. Retrospective CS (rCS) reconstruction

Twofold undersampling in the phase direction with a
pseudo-random pattern®> was used to reduce the scan time,
and a random sampling scheme was used to guarantee that
the undersampling artifact was incoherent in the sparse trans-
formation domain. Reconstruction of the image involved
solving the optimization problem,

min, ||[F,x — |3 + 21 [|Px]], + 2TV (x), (1)

where F, is the transformation matrix corresponding to one
of the k-space undersampled schemes, x is the reconstructed
image, y is the undersampled experimental data, ¥ is the
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sparse transformation matrix (here, we used Daubechie’s 4
wavelet), TV is the total variation regularization, and 1, 4,
are weighting parameters used to balance data fidelity and
artifact reduction. We used? 2, = 0.005 and 2, = 0.002.

For an optimal variable-density sampled scheme, the
Monte Carlo method was used to design twofold undersam-
pled patterns. Five hundred undersampled patterns were ran-
domly generated in the phase encoding direction. The pattern
with the lowest peak interference in the transform point
spread function (TPSF) was chosen to yield a high degree of
incoherence. The above procedure was repeated five times to
generate five different undersampled patterns, which were
then simulated on the data of b = 0 s/cm” obtained from the
FS acquisition on a healthy subject (H1) to obtain the rCS
ventilation images. An optimal twofold undersampled pattern
[Fig. 1(a)] was determined by minimizing the mean absolute
error (MAE) between the FS and rCS ventilation images, nor-
malizing by their respective maximum signal intensities. The
MAE was the mean value of the absolute difference between
the rCS and FS images over the whole lung region, pixel-by-
pixel. Finally, we reconstructed images from the undersam-
pled k-space data for all subjects.

2.D.3. Prospective CS acquisition

The optimal undersampled pattern in the phase encoding
direction was used, resulting in a 64 x 32 matrix. Therefore,
the scan time was reduced from 17.8 to 8.9 s. To maintain the
same consumption of magnetization in the CS acquisition as
that in the FS acquisition, we raised the flip angle from 5.0°
to 7.0°. In this way, up to 70% of the total '**Xe magnetiza-
tion for imaging could be used for both acquisitions. In addi-
tion, the other parameters were the same as the corresponding
parameters in the FS acquisition. The global flip angle was
calibrated according to the relationship S(n) = Sy x cos”_l(e),
where S(n) is the signal after the nth pulse, S is the first sig-
nal of the '**Xe, and 9 is the flip angle.

2.D.4. FS and CS synchronous acquisition

To enable a direct comparison of the CS results with the
FS results, the FS acquisition and the following CS acquisi-
tion, namely FS and CS synchronous acquisitions, were per-
formed during a single breath hold. Due to the long scan time
of the FS and CS synchronous acquisitions for the whole
lung, only one slice was scanned. In addition, the flip angle
3.0° for the FS acquisition and 4.7° for the following CS
acquisition were employed to maintain the same initial trans-
verse magnetization and a similar consumption of magnetiza-
tion for both acquisitions.

2.E. Image-processing and lung morphometry

The raw data were exported to the local database. Post
analyses and reconstructions were performed in MATLAB
(The MathWorks, Natick, MA, USA). The FS and
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Fic. 1. (a) Optimal twofold undersampled pattern; (b) FS, (c) rCS, and (d) CS representative MR ventilation images with b values of 0, 10, 20, 30, and 40 slem?,

and corresponding SNR values of the images in a healthy subject.

undersampled CS data were reconstructed to magnitude MRI
images using the traditional 2D Fourier transform and the CS
algorithm [Eq. (1)], respectively.

Because the signal-to-noise ratio (SNR) of the b =0 s/
cm?® image was the highest, semi-automatic segmentation
(Otsu’s method) was used for the b = 0 s/cm” image to seg-
ment the lung mask, excluding background noise and unven-
tilated lung regions. Large conducting airways were also
removed. Then, the resulting mask was applied to all other
corresponding images.

All maps of morphometric parameters were produced
based on the mathematical model [equation (2~5) and
(10~13) in the Ref. 19] of '**Xe diffusion in human lungs as
proposed by Sukstanskii and Yablonskiy. To reduce the effect
of the flip angle, the S(b)/(Socos"0) was fitted as a function
of b value using a nonlinear least squares algorithm on a
pixel-by-pixel basis, where S(b) and S are the magnitudes of
the corresponding images with b # 0 and b = 0 s/cm?, and
n=1,2, 3, 4 for b =10, 20, 30, 40 s/cm>, respectively.
Accordingly, the best-fit r and R were directly obtained.
Then, the other parameters, such as h, L,,, and SVR, were
obtained via the relevant equations.'” The maps and the mean
values of the morphometric parameters and ADC (generated
from b = 0, 10 s/cm” mono-exponential fitting) were calcu-
lated, and then these results were compared among the CS,
rCS and FS measurements for each subject.

2.F. Data analysis

The Wilcoxon signed-rank test was employed to measure
the significance of the differences between the rCS and FS
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results, pixel-by-pixel. Because the FS and CS images of the
whole lung from the healthy subjects were acquired in differ-
ent breath-hold scans, we only compared the mean values of
the morphometric parameters of the corresponding slices and
the globe lung. To confirm agreement between measurements
obtained from the FS and CS acquisitions, for the FS and CS
acquisitions during separate breath holds, the Bland—Altman
plots by a comparison of the relative differences in the mean
values at the slice-by-slice level were constructed, and the rel-
ative differences in global mean values were also calculated.
For the FS and CS synchronous acquisitions during a single
breath hold, the structural similarity (SSIM) index of the FS
and CS images and the differences in the mean morphometric
parameter values between the FS and CS acquisitions were
calculated. For statistical analyses of the morphometric
parameters between the healthy and COPD subjects, the two-
tailed t-test (two-sample comparison of mean) was per-
formed, according to the equivalence of the variances demon-
strated by the F-test. In all statistical analyses, a P < 0.05
was considered statistically significant.

3. RESULTS
3.A. Subjects

All the subjects, six healthy subjects (mean age,
26 years *+ 3; range, 23-30 years) and six COPD subjects
(mean age, 58 years * 5; range, 53—65 years), could tolerate
129Xe inhalations and breath holds. No adverse events were
detected during the lung MRI, and no significant changes
were found in terms of blood pressure, heart rate or oxygen
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FiG. 2. (a) FS and rCS ventilation images with b value of 0 and their corresponding difference map and SSIM map; (b) ADC maps obtained from FS and rCS
acquisitions and their corresponding difference ADC map. [Color figure can be viewed at wileyonlinelibrary.com]

saturation levels in any of the subjects after HP '**Xe experi-
ments.

3.B. FS and CS acquisitions during separate breath
holds

The representative multi-b diffusion MR images obtained
with the FS, rCS, and CS acquisitions for a healthy subject
(H1) are shown in Figs. 1(b)-1(d). A decrease in signal inten-
sity with an increasing b value was observed, corresponding
to the increased signal dephasing induced by larger diffusion
gradients. There were no evident visual differences among
the FS, rCS, and CS images, except that the rCS and CS
images were smoother than the FS images, as was expected
due to the nature of the CS reconstruction.”* The correspond-
ing SNR values of the FS, rCS, and CS images were succes-
sively increased. The corresponding MAE computed over the
lung region between the FS and rCS images were 0.008,
0.012, 0.013, 0.015, and 0.016 for the diffusion-weighted
images with b values of 0, 10, 20, 30, and 40 s/cmz, respec-
tively. The MAE increased as the SNR decreased.

Figure 2(a) shows the FS and rCS images of b = 0 s/cm?,
the corresponding difference map and the SSIM map for a
representative slice (as shown in Fig. 1). No obvious differ-
ence was found between the FS and rCS images. The mean
SSIM values in the lung field of the representative slice and
the whole lung were 0.974 and 0.971, respectively. The SSIM
map and the mean SSIM values indicated that the detail and
the edge of the images were well-preserved in the CS recon-
struction. Figure 2(b) shows the ADC maps obtained from
the FS and rCS acquisitions and the corresponding difference
ADC map. Large differences in the edge of the lung were
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Fic. 3. Fitting curves with the mono-exponential model and Yablonskiy
model, using the mean values of the pulmonary parenchyma measured from
a region of interest in a healthy subject lung. The solid line is a fit to the
Yablonskiy model, and the dashed line is a fit to a mono-exponential model.

found in the difference ADC map. These differences may be
attributable to the low SNR.

Figure 3 shows the fitting curves with the mono-exponen-
tial model using the first two data points (b =0 and
b = 10 s/cm?) and Yablonskiy model. The points obviously
deviated from the mono-exponential curve due to the non-
Gaussian nature of the xenon diffusion in the lungs.


www.wileyonlinelibrary.com

3102

Zhang et al.: '2°Xe multi-b diffusion MRI with CS

R(um)

100

r(pm)

200

h(pm)

B
J

00

3102

SVR(cm™)

1
500 600

FiG. 4. Representative maps of the morphometric parameters from (a) FS, (b) rCS, and (c) CS acquisitions for a healthy subject. [Color figure can be viewed at
wileyonlinelibrary.com]
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Fic. 5. Bland—Altman plots of mean slice (a) R, (b) r, (c) h, (d) L,,,, and (e) SVR values from FS and CS acquisitions. The solid lines represent the mean percent-
age differences, and the dash lines represent the 95% limits of agreement.

Yablonskiy model could accurately describe the non-Gaus-
sian diffusion of xenon gas in the pulmonary parenchyma.
Figure 4 shows the maps of the morphometric parameters

derived from calculating the FS, rCS, and CS MRI dataset
from the representative slice (as shown in Fig. 1). These
maps were homogeneous, as observed in other studies.”*® In
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Figs. 4(a) and 4(b), the p-values of the Wilcoxon signed-rank
test for the morphometric parameters were all greater than
0.05, indicating that there were no significant differences
between the FS and rCS measurements. In Figs. 4(a) and
4(c), there were some slight differences in the lung sizes and
positions. The main reason for these differences may be that
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TasLE I. Lung morphometric parameters and differences between measurements from different acquisitions.
Healthy
Parameters Method H1 H2 H3 H4 H5 Mean + SD
SNR FS 33 £8 26 £5 43 + 4 35+9 27 £3 33+6
rCS 46 + 18 31+6 56 £ 5 48 £ 17 34 +£4 43+9
CS 97 £9 88 + 6 80 £ 5 79 £ 17 59 +4 81 + 14
Diff. (%) 184 238 86 125 118 150 + 61
ADC (cm?/s) FS 0.0398 + 0.0121 0.0356 + 0.0128 0.0349 + 0.0118 0.0415 + 0.0146 0.0323 + 0.0133 0.0370 £ 0.0033
rCS 0.0397 + 0.0115 0.0353 + 0.0114 0.0350 + 0.0118 0.0414 £ 0.0135 0.0322 £ 0.0126 0.0368 £ 0.0030
CS 0.0385 + 0.0084 0.0367 £ 0.0084 0.0376 + 0.0072 0.0394 £+ 0.0113 0.0307 £ 0.0081 0.0364 + 0.0030
P value 0.098 0.154 0.245 0.193 0.438
Diff. (%) -33 3.0 7.7 —5.0 —4.7 —0.5 + 5.0
R (um) FS 354 + 62 329 £+ 59 327 £ 52 363 £ 70 324 + 63 339 £ 15
rCS 356 + 60 330 + 57 327 £ 54 364 + 67 325 £ 62 340 £ 15
CS 352 £ 70 349 + 63 345 + 66 351 £ 70 314 £+ 67 342 £ 13
P value 0.074 0.064 0.345 0.076 0.418
Diff. (%) —0.6 6.1 5.5 -3.3 -3.1 0.9 + 4.1
r (m) FS 170 + 45 143 + 41 135 + 32 175 + 40 133 + 46 151 £ 16
rCS 171 + 44 144 + 35 135 + 33 176 £ 35 134 + 44 152 £ 16
CS 173 + 42 158 £+ 36 152 £+ 39 170 + 44 134 £+ 40 157 £ 13
P value 0.064 0.056 0.051 0.145 0.116
Diff. (%) 1.8 10.5 12.6 -2.9 0.8 4.6 £ 5.9
h (um) FS 198 + 43 189 + 48 195 + 41 187 + 58 194 + 47 193 + 4
rCS 196 + 45 189 + 46 195 + 40 188 + 56 196 + 50 193 £ 4
CS 194 + 42 193 + 45 190 + 42 187 + 49 186 + 38 190 £ 3
P value 0.348 0.087 0.182 0.184 0.054
Diff. (%) -2.0 21 -2.6 0.0 —4.1 —-13 £ 21
L, (pum) FS 213 £ 38 189 + 37 201 + 45 219 + 37 184 + 39 201 + 12
rCS 214 + 37 190 + 35 201 + 44 220 + 35 184 + 38 202 £ 12
CS 209 + 37 205 + 37 214 + 40 214 + 45 173 £ 35 203 + 14
P value 0.067 0.120 0.608 0.227 0.501
Diff. (%) -1.9 8.5 6.5 -2.3 —6.0 1.0 £ 5.5
SVR (cm ™) FS 189 £ 40 216 + 43 225 + 38 184 + 37 225 + 46 208 + 16
rCS 188 + 39 215 £ 38 224 + 38 183 + 35 224 + 45 207 £ 16
CS 193 + 39 200 + 39 195 + 31 192 + 44 228 + 46 202 £ 12
P value 0.058 0.074 0.080 0.207 0.102
Diff. (%) 2.1 —74 —-13.3 4.3 1.3 —2.6 + 6.6

SNR and morphometric parameter values represent mean + standard deviations (SD) of the whole lung; Diff. represents percentage of relative difference between CS and
FS measurements; P value represents difference between rCS and FS measurements on a pixel-by-pixel basis using a Wilcoxon signed-rank test. The bold values represent

the results of statistical analyses between FS and rCS/CS.

the FS and CS acquisitions were obtained during different
breath holds.

The Bland—Altman analyses of the mean morphometric
parameters on the slice-by-slice basis between the FS and CS
acquisitions are shown in Fig. 5. The mean biases of the R, r,
h, L, and SVR values between the CS and FS acquisitions
were 1.0%, 2.6%, —0.03%, 1.5%, and —5.5%, respectively.
Good agreements between the measurements obtained with
the CS and FS acquisitions were observed in the Bland—Alt-
man plots.

Table I provides the global mean values of the morphome-
tric parameters, SNR and ADC from the FS, rCS, and CS
acquisitions for five healthy subjects. Table I also provides
the P values of the Wilcoxon signed-rank test between FS
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and rCS measurements and the relative differences in the glo-
bal mean values between CS and FS measurements. The P
values were all greater than 0.05, indicating that there were
no significant differences between the FS and rCS acquisi-
tions (at the significance level of 0.05). The relative differ-
ences in the global mean values of morphometric parameters
and ADC between the FS and CS acquisitions were within
their respective standard deviation ranges.

3.C. FS and CS synchronous acquisitions during a
single breath hold

Figure 6 shows the FS and CS images of b = 0 s/cm?, the
corresponding difference and SSIM maps during a single
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Fic. 6. FS and CS images of b = 0 s/cm?, corresponding difference maps, and SSIM maps during a single breath hold from (a) a healthy subject and (b) a

COPD patient. [Color figure can be viewed at wileyonlinelibrary.com]

breath hold for a healthy subject (H6) and a COPD subject
(C6). For both sets of data, the images with good quality were
obtained. The CS images were smoother than the correspond-
ing FS images. The MAE and the mean SSIM values in the
lung region were 0.0107 and 0.913 for the healthy subject,
respectively, and 0.0163 and 0.877 for the COPD subject,
respectively. The difference between the FS and CS images
was larger in the COPD subject than in the healthy subject.

The maps and the mean values of the morphometric
parameters of the slices (as shown in Fig. 6) are presented in
Fig. 7 and Table II, respectively. There are some differences
between the mean values of the morphometric parameters of
the FS and CS acquisitions, although they were determined
from images acquired during a single breath hold. This
demonstrates that the differences derive not from the lung
size but rather from the CS acquisition and reconstruction.
The maps of the morphometric parameters from the COPD
subject were heterogeneous, and the mean R, r, and L, values
were larger while the mean h and SVR values were lower
than those from the healthy subject. These results indicate
that airspace enlargement and heterogeneous increase exist in
the lung of the COPD subject.

3.D. Comparisons of measurements between the
healthy and COPD subjects

Table III presents the pulmonary function measurements
and the global mean values of the morphometric parameters
for five healthy subjects and five COPD subjects. The mean
values of the morphometric parameters from the healthy sub-
jects were adjusted for aging effects based on the results from
previous studies.”” On average, the COPD subjects were
32 years older than the healthy subjects. Therefore, according
to the previously established relationships,?’ the age-adjusted
mean values for the healthy subjects were as follows,
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Ra = (0.45 +0.2) x Aage + RO 2)
ra = (1.3 £0.3) x Aage + 10 3)
ha = (—0.87 + 0.2) x Aage + hO @)
Lya= (1.4+04) x Aage + L,,0 5)
SVRa = (—1.1 £0.3) x Aage + SVRO (6)

where Ra, ra, ha, L,a, and SVRa are the age-adjusted mean
values, RO, r0, h0, L,,,0, and SVRO are the original mean val-
ues (as the CS results shown in Table I), and Aage (i.e.,
32 years old) is the difference in the ages between the age-
adjusted and original data. The P values of the #-test between
the morphometric parameters from the healthy and COPD
subjects were all less than 0.05, indicating that all the mor-
phometric parameters from the COPD group exhibited signif-
icant differences in comparison with those from the healthy

group.

4. DISCUSSION

In this study, we developed an accelerated HP '*Xe mul-
ti-b diffusion MRI with CS method and demonstrated its util-
ity in identifying the alterations of the lung microstructures
in patients with COPD as compared to the healthy subjects.
The results indicate that this method is able to greatly reduce
the scan time from 17.8 to 8.9 s, and the lung morphometric
parameters obtained with the CS acquisition are in agreement
with those obtained with the FS acquisition. The morphomet-
ric parameters from the COPD subjects were significantly
different from those from the healthy subjects. These findings
were consistent with the results from previous related
studies.”>*’
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FiG. 7. Morphometric parameter maps obtained from FS and CS synchronous acquisitions during a single breath hold for (a) a healthy subject and (b) a COPD

subject. [Color figure can be viewed at wileyonlinelibrary.com]

TaBLE II. Morphometric parameters from a healthy subject (H6) and a COPD subject (C6).

Subjects Age(years) Method ADC (cm?*/s) R (um) r (Lum) h (um) L, (um) SVR (cm™ )
FS 0.0355 + 0.0130 346 + 82 150 £ 68 195 + 48 198 + 65 218 + 83
H6 28 CS 0.0348 + 0.0106 353 £ 73 143 + 60 211 + 46 199 + 58 214 + 54
Diff. (%) -2.0 2.0 —4.7 8.2 0.5 -1.8
FS 0.0572 £ 0.0223 395 4+ 122 261 + 99 135 £ 73 357 £ 155 139 £ 79
C6 60 CS 0.0561 + 0.0184 420 + 123 277 £ 102 144 + 97 355 + 122 137 £ 60
Diff. (%) -1.9 6.3 6.1 6.7 —0.6 —14

Morphometric parameter values represent mean + standard deviations for one slice; Diff. represents percentage of relative difference between CS and FS measurements.

The bold values represent the differences between FS and CS measurement, and they were mentioned in the discussion part. Therefore, they need to be highlighted.

Due to the low SNR of MR images and the long acquisi-
tion time of HP '*Xe multi-b diffusion MRI, a low spatial
resolution (6 mm x 6 mm) was used in this study. However,
because we mainly focused on the lung morphometric param-
eters, the low spatial resolution still meets the theoretical "
and experimental requirements.”**>*® In addition, the cen-
tric k-space acquisition in the phase encoding direction was
used to optimize the SNR. The ventilation images were,
therefore, somewhat blurred. Also, the SNR of the FS, rCS
and CS ventilation images increased gradually, possibly due
to two main reasons. One reason could be the denoising prop-
erties inherent to CS.*?> In the CS reconstruction, the pre-
knowledge of sparsity, such as the piecewise smooth
assumption, could result in a higher apparent SNR because
the background noise is heavily suppressed. The other reason
could be the larger flip angle in the prospective CS acquisi-
tion. The larger flip angle could also have resulted in a higher
SNR because of increased signal strength.
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In this study, the mean R and r values from the healthy
subjects (342 pm and 157 pm) were slightly higher than
those from previous studies (approximately 310 pm and
140 pm) using HP *He multi-b diffusion MRI.**” These dif-
ferences may be attributable to several factors. First, the SNR
of the HP '**Xe MR image is generally lower than that of the
HP *He MR image, and the lower SNR could lead to higher
deviations from the true values in the morphometric measure-
ments. Moreover, the gradient strength could also have an
impact on the results, possibly producing approximately 15%
and 3% relative error for R and r for the maximum 35.3 mT/
m used in our study."” The different fitting models for '**Xe
and *He may have played a role in the results as well.'®'* For
the other morphometric values, the mean L, (203 pum) and
SVR (202 cm™") values were in agreement with those from
previous studies (approximately 200 pm and 200 cm ' for
L, and SVR, respectively).”®?’ However, the h value
(190 um) was larger than that (approximately 140 pm) from
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TasLe III. PFT measurements and morphometric parameters for five healthy subjects (H1-HS5) and five COPD subjects (C1-C5).

Subjects Age (years) FEV,/FVC (%) %FEV, (%) ADC (cm?/s) R (um) r (um) h (um) Ly, (um) SVR (cm™})
H1 26 79 106 0.0385 4+ 0.0084 366 + 6 212 £ 10 170 £ 6 254 + 13 154 £+ 10
H2 30 79 93 0.0367 £ 0.0084 363 £ 6 185 £ 10 161 £ 6 250 + 13 181 £+ 10
H3 26 82 110 0.0376 + 0.0072 359 £ 6 177 + 10 167 £ 6 260 + 13 190 £ 10
H4 24 85 105 0.0394 £ 0.0113 365 £ 6 217 £ 10 159 £ 6 260 + 13 149 £ 10
H5 23 83 100 0.0307 £+ 0.0081 328 + 6 175 £+ 10 166 + 6 217 + 13 190 + 10
Mean = SD 26 + 3 82 +3 103 £ 7 0.0364 + 0.0030 356 + 14 193 + 18 165 + 4 248 + 16 173 + 18
Cl 62 64 70 0.0546 £+ 0.0158 414 £+ 90 288 + 41 126 + 47 394 + 119 109 £+ 29
Cc2 53 56 68 0.0506 £ 0.0175 391 + 94 261 + 45 129 £+ 52 373 £ 122 122 + 35
C3 65 68 112 0.0603 £+ 0.0123 374 + 82 242 £+ 50 138 £50 304 £ 85 135 £ 39
C4 56 64 105 0.0434 £+ 0.0089 361 + 83 213 + 47 148 + 54 286 + 99 155 £+ 43
C5 53 67 89 0.0430 £+ 0.0097 381 + 78 207 + 46 174 + 45 275 £ 79 156 + 34
Mean £ SD 58 £ 5 64 +5 89 + 18 0.0504 + 0.0067 386 + 18 242 + 30 143 + 17 326 + 47 135 £ 18
P-value <0.001 <0.001 0.174 0.005 0.032 0.022 0.040 0.014 0.019

Morphometric parameter values represent mean =+ standard deviations for the whole lung; Morphometric parameter values for healthy subjects are from CS acquisitions
and age-adjusted; P value represents difference between COPD and healthy subjects using a two-sample #-test. The bold values represent the results of statistical analyses of

two sets of data for healthy and COPD groups.

previous studies.”®*” Compared to the studies of HP gas mul-

ti-b diffusion MRI using *He in humans, the studies using
129Xe are scarce. The small differences between our results
and the others might be attributed to the different fitting
methods®® or to the different B, field strengths.28 Overall, our
results were consistent with those from the previous stud-
ies,* % but were not exactly the same.

The CS and FS measurements showed limited variations
during separate breath holds. The mean values of the differ-
ences in the global R, r, h, L, and SVR values were 0.9%,
4.6%, —1.3%, 1.0%, and —2.6%, respectively. There are sev-
eral possible reasons. First, the FS and CS acquisitions were
completed during different breath holds. Although the sub-
jects were instructed to inhale the same '*°Xe and N, gas
dosage during each acquisition, the lung inflation volume
could not be absolutely identical across different breath holds
due to moderate movement or variation in ventilation.®’
Therefore, the morphometric parameters may have been
affected slightly.”> Second, the SNR of the FS and CS images
were different. The SNR of the CS image was generally
higher than that of the corresponding FS image. The SNR
could affect the anisotropic diffusion coefficient estimations
and, consequently, the morphometric parameters.”"*' More-
over, the CS reconstruction algorithms could contribute to the
differences as well.>® The direct comparisons of the CS and
FS measurements during a single breath hold indicate that
the differences may mainly be attributable to the CS recon-
struction. Additionally, the differences between the CS and
FS measurements during a single breath hold were larger for
the COPD subject than for the healthy subject. One possible
explanation for this could be that there was delayed ventila-
tion in the poorly ventilated region of the COPD subject.*?
Another possible explanation could be that the signal distri-
bution of the image was heterogeneous for the COPD subject
and homogenous for the healthy subject. The smoothing
effect of the CS reconstruction has greater influence on
heterogeneous  signal  distributions.  Moreover, the
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undersampled pattern was obtained from a healthy subject
and may not fit well for the COPD subject due to the different
signal distribution.

Although small differences were observed between the
morphometric parameters derived from the CS acquisitions
and those derived from the FS acquisitions, these differences
were within their respective standard deviation ranges and are
negligible compared to the heterogeneity across the whole
lung.'” Compared to the mean values of the morphometric
parameters from the healthy subjects, the mean values of R, r,
h, L, and SVR from the COPD subjects increased by
12.7%, 54.1%, —24.7% 60.6%, and —33.2%, respectively.
Even for the age-adjusted morphometric parameter values,
these mean values increased by 8.4%, 25.4%, —13.3%,
31.5%, and —22.0%, respectively. Therefore, differences in
the morphometric parameters between the FS and CS acquisi-
tions may be of lesser importance than differences between
the healthy and COPD subjects.

The mean values of R, r, and L,,, were higher in the COPD
subjects, while h and SVR were lower than in the healthy
subjects. This indicates that the lung airspaces enlarge in the
COPD subjects. These results were consistent with those
from previous studies.”**’ Results of the statistical analysis
show that the morphometric parameters from the COPD sub-
jects differ significantly from those from the healthy subjects.
This difference exists even for the age-adjusted parameters
from the healthy subjects, which further proves that the two
groups can be easily differentiated. These results show that
'*Xe multi-b diffusion MRI with CS is sensitive to the
changes in lung microstructure. Therefore, it could effectively
detect lung diseases associated with emphysema.

Parallel imaging (PI) with multiple receive channels is
another acceleration method that can be used to reduce scan
time in MRI. The lung morphometry was measured with
accelerated hyperpolarized *He diffusion MRI with an 8-
channel receive coil and the parallel imaging method.** How-
ever, this method requires an additional array of RF channels
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and coils. In addition, partial-Fourier sampling method can
also reduce the scan time. As demonstrated in previous stud-
ies,”> the image quality produced by this method is poorer
than that of the CS reconstruction image, while time reduc-
tion remains the same.

In our method, the scan time of a single coronal slice was
approximately 2.2 s. Therefore, the method could afford the
possibility of covering the entire lung volume in 8.8 to 15.4 s
(~4-T7 slices, 138-246 mm) for most subjects. Furthermore,
with a combination of CS and PI techniques in the future, the
scan time could be reduced further, and the image resolution
could also be improved. In addition, the method could also
be combined with other models such as the g-space,***
stretched exponential,’® and diffusion kurtosis imaging
(DKID)**** models to probe lung microstructure. Hence, HP
129Xe multi-b diffusion MRI with CS has great potential for
clinical applications, and it could be applied perfectly well in
subjects with lung diseases who may be unable to hold their
breath for a long time.

Some limitations exist in this study. First, a limited num-
ber of subjects were recruited. Only six healthy subjects and
six COPD patients were recruited for the study. This number
of subjects is, however, sufficient to demonstrate the feasibil-
ity and effectiveness of this method in the present study and
under the existing circumstances. Second, the ages of the
COPD and the healthy groups were not well matched. In our
study, all the subjects in the healthy group were younger than
those in the COPD group. Only young people were recruited
as healthy subjects because it is much easier for them to toler-
ate the long breath holds (approximately 18 s for FS acquisi-
tion), which might pose challenges for elderly people.
However, we adjusted our results for age-related changes in
lung microstructure®’ to minimize the age effect. In the
future, we might conduct more studies with age-matched
groups (the healthy subjects and the patients of different lung
diseases) to confirm the effectiveness of the method. Third,
due to the limited sparsity and phase encoding steps in the
2D CS HP gas imaging, the large acceleration factor could
not be used to maintain the high image quality. Therefore, we
only used an acceleration factor of 2 for this study. The 3D
CS HP gas imaging method can use a larger acceleration fac-
tor and still maintain a moderately high image quality.*>*>-*%
Hence, a 3D acquisition with CS will be developed in the
future. Fourth, the undersampled pattern was obtained from
only one healthy subject. It may not fit the COPD subjects
very well due to the heterogeneity of the signal distribution.
In the future, we will further optimize the undersampled pat-
tern using a larger database that features a greater number of
diseased subjects.

5. CONCLUSIONS

By using compressed sensing, we are able to make a 2D
acquisition of HP '*’Xe multi-b diffusion MRI in a single
breath hold. This new method allows us to identify changes
in the lung morphology of COPD subjects as compared to
healthy subjects.
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