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1 | INTRODUCTION

Hyperpolarized ??Xe gas MR has been a powerful tool for evaluating pulmonary struc-
ture and function due to the extremely high enhancement in spin polarization, the good
solubility in the pulmonary parenchyma, and the excellent chemical sensitivity to its
surrounding environment. Generally, the quantitative structural and functional infor-
mation of the lung are evaluated using hyperpolarized *??Xe by employing the tech-
niques of chemical shift saturation recovery (CSSR) and xenon polarization transfer
contrast (XTC). Hyperpolarized *??Xe chemical exchange saturation transfer (Hyper-
CEST) is another method for quantifying the exchange information of hyperpolarized
129%e by using the exchange of xenon signals according to its different chemical shifts,
and it has been widely used in biosensor studies in vitro. However, the feasibility of
using hyperpolarized *??Xe CEST to quantify the pulmonary gas exchange function
in vivo is still unclear. In this study, the technique of CEST was used to quantitatively
evaluate the gas exchange in the lung globally and regionally via hyperpolarized
129%e MRS and MRI, respectively. A new parameter, the pulmonary apparent gas
exchange time constant (T,p,), was defined, and it increased from 0.63 s to 0.95 s in
chronic obstructive pulmonary disease (COPD) rats (induced by cigarette smoke and
lipopolysaccharide exposure) versus the controls with a significant difference
(P =0.001). Additionally, the spatial distribution maps of T, in COPD rats' pulmonary
parenchyma showed a regionally obvious increase compared with healthy rats. These
results indicated that hyperpolarized 2?Xe CEST MR was an effective method for glob-
ally and regionally quantifying the pulmonary gas exchange function, which would be

helpful in diagnosing lung diseases that are related to gas exchange, such as COPD.
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Hyperpolarized noble gas MR is a powerful tool for evaluating pulmonary structure and functional information due to the extremely high enhance-
ment in spin polarization using the technique of spin-exchange optical pumping.2> Among the candidates for hyperpolarized noble gas MR,

i.e. °He, 12?Xe, and #3Kr, 12?Xe has unique advantages for the exploration of the pulmonary gas exchange function because of its good solubility

Abbreviations used: CEST, chemical exchange saturation transfer; COPD, chronic obstructive pulmonary disease; CSSR, chemical shift saturation recovery; CW,
continuous wave; FWHM, full width at half maximum; LPS, lipopolysaccharide; MOXE, model of xenon exchange; SNR, signal-to-noise ratio; T,pp, the pulmonary
apparent gas exchange time constant; XTC, xenon polarization transfer contrast
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in the pulmonary parenchyma and excellent chemical sensitivity to its surrounding environment.*¢"® Recently, many studies have demonstrated
the feasibility of hyperpolarized 12?Xe MR for exploring the pulmonary gas-blood exchange function.”*®

Pulmonary gas exchange functional parameters are generally extracted from the dynamics of dissolved xenon signals versus the gas exchange
time. The dynamics of dissolved xenon in the lung can be obtained either directly by measuring dissolved xenon signals, which is called chemical
shift saturation recovery (CSSR), or indirectly by measuring the gaseous xenon signal of the alveoli, which was first proposed by Ruppert and col-
leagues and is called xenon polarization transfer contrast (XTC).12415 By using a corresponding theoretical pulmonary gas exchange model, such

1,12 ),16 among others, '8 the guantitative pulmonary structure and func-

as the Patz model,? Mansson model,2 or model of xenon exchange (MOXE
tional parameters, such as the gas exchange time, thickness of the alveolar barrier, surface to volume ratio, and so on, can be obtained.***? In
recent years, the CSSR technique has been widely utilized to explore the gas exchange function in fibrosis, chronic obstructive pulmonary disease
(COPD), radiation-induced lung injury, and so on.?>?2%?* Additionally, some groups have succeeded in directly acquiring dissolved xenon MRI of
the lung tissue and blood and evaluated the distributions of the gas exchange function changes in the lungs.®>*32222 Unlike the CSSR technique,
XTC employs a gaseous xenon signal in the alveoli to amplify the weak dissolved xenon signals in the parenchyma, which are only approximately
2% of the gaseous 12?Xe signal.2* Therefore, the spin polarization of xenon in XTC does not need to be as high as that in the direct-detection
method (CSSR). XTC has been widely used to quantitatively and regionally evaluate pulmonary structure and function.*?17:18:25

Hyperpolarized xenon chemical exchange saturation transfer (Hyper-CEST), as proposed by Schroder and colleagues, is another
indirect-detection method that is generally utilized in hyperpolarized xenon MR and has been widely used in hyperpolarized xenon biosensor
studies.242® Hyper-CEST uses the exchange of xenon signals according to different chemical shifts to quantify exchange information, which is
similar to XTC, but instead of the exchange time, the saturation time is variable in Hyper-CEST. On the basis of these characteristics, it was
hypothesized that the pulmonary gas exchange function could be quantified by hyperpolarized xenon CEST MR.

In this study, we demonstrated the feasibility of chemical exchange saturation transfer (CEST) using hyperpolarized xenon MR to quantify the
pulmonary gas exchange function. A new parameter, the pulmonary apparent gas exchange time constant (T,p,), which is closely related to gas
exchange, was proposed to characterize the pulmonary gas exchange function using hyperpolarized xenon MR spectroscopy and imaging. Tpp
in healthy rats and COPD rats induced by cigarette smoke and lipopolysaccharide (LPS) exposure was quantified. In addition, the regional distri-

butions of T, in the lungs were also mapped.

2 | MATERIALS AND METHOD

2.1 | Hyperpolarized xenon preparation and delivery

Hyperpolarized xenon gas was produced via spin-exchange optical pumping using a homebuilt polarizer.2’=* The polarizer was equipped with a
75 W narrow-width laser array (QPC Laser, Sylmar, CA, USA) and worked in continuous-flow mode, and the source gas mixture consisted of
1% natural abundance xenon (26.4% 27Xe), 10% N,, and 89% “He. After polarization, xenon was separated by flowing through a glass trap
immersed in a liquid nitrogen bath placed in a 2000 Gauss magnetic field. Xenon accumulated as a solid, while the other gases flowed through.
The flow rate was 0.5 standard liters per minute. Following approximately 1 h accumulation, solid xenon was thawed with hot water into gas
and then stored in a Tedlar bag. The available polarization for the MR experiments was approximately 15%.

The Tedlar bag containing the hyperpolarized xenon was connected to a homebuilt MRI-compatible xenon gas delivery system.%234 The deliv-
ery system can deliver hyperpolarized xenon gas and oxygen to rats' lungs alternately according to the requirements of the experiments through
solenoid and pneumatic valves, which were controlled by a homebuilt LabVIEW program using an NI acquisition card (National Instruments, Aus-

tin, TX, USA). The delivery system can also monitor the pressure in the rat lung in real time and trigger the MRI scanner.

2.2 | Animal preparation

All animal handling protocols were approved by the institutional animal care committee. Six Sprague Dawley rats were exposed to cigarette smoke
for one month (twice a day, 30 min each time) before the MR experiments. On the first and 14th days, LPS was administered by endotracheal
instillation at a dose of 1 mg/kg to accelerate the severity of injury.3>3¢ Another six healthy SD rats served as the control group. Rats were ven-
tilated with xenon and oxygen alternately through a 14-gauge catheter controlled by a homebuilt MRI-compatible delivery system during the
experiments. A 5% isoflurane and 95% oxygen gas mixture was used during the intubation surgery, and 1.5% isoflurane was used for maintenance.

Rats were sacrificed by an anesthetic overdose after the experiments.

2.3 | MR data acquisition

All of the MR experiments were performed on a Bruker BioSpec 4.7 T MRI system using a horizontal, 30 cm bore magnet (Oxford Instruments,
Oxford, UK) equipped with a 200 mT/m shielded gradient (B-GA12S). The data were collected using a homebuilt dual-tuned birdcage coil, which
was tuned to the *H and 12?Xe resonances (200.29 MHz and 55.4 MHz, respectively). The pulse sequence for measuring the dissolved xenon

dynamics of the lung is shown in Figure 1. To eliminate the possible instability of the xenon signal caused by relaxation or other occasional factors,
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FIGURE 1 Schematic diagram of the pulse
sequence for measuring the dissolved xenon
dynamics of the lung. Two excitation RF
pulses were utilized. The first excitation pulse \'\.
was used to acquire a reference signal, and Pulse |\|"‘l m
the second one was used to generate the
xenon signal. Between the two RF excitation
pulses, a series of saturation pulses (Gaussian Gradient |
shaped, 1 ms duration, 90 degrees) were used
to saturate the dissolved xenon signal in the
lung to acquire the xenon gas signal decay
dynamics. Following each saturation pulse, a
1 ms gradient pulse was applied to destroy the
residual magnetism, and a 1 ms delay was
added because of the scanner's limitation. The
time between the first saturation pulse and
second excitation pulse was constant,

3000 ms in this study
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1
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two excitation RF pulses with a rectangular-shaped envelope centered on gas phase resonance were used during each acquisition. The first exci-
tation RF pulse with a flip angle of a; (less than 10 degrees) was used as a reference to calibrate the xenon signal of the lung, and the second
excitation pulse with a flip angle of a, (90 degrees) was used for acquiring the xenon signal. Between the two excitation pulses, a series of satu-
ration pulses (frequency-selective, Gaussian-shaped RF pulses) centered at 200 ppm (relative to a gas phase chemical shift of O ppm) with a dura-
tion of 1 ms was applied to saturate the dissolved xenon signals. Following each saturation pulse, a spoiler gradient pulse with duration of 1 ms
was applied to destroy the residual transversal magnetism. Because of the scanner's limitation, a delay of 1 ms was added between the saturation
pulses to execute the sequence. To achieve hyperpolarized 2?Xe signal dynamics of the lung as a function of the saturation time, the number of
saturation pulses varied from 50 to 1000. The interval between the first saturation pulse and second excitation pulse was set to a constant,
3000 ms in this study, to avoid any influence of relaxation on different acquisitions with varied saturation times. Before CEST data collection,
a control experiment was implemented to calibrate the influence of relaxation and RF pulses' off-resonance, with the saturation RF pulses cen-
tered at -200 ppm. All of the MR spectra were acquired with a bandwidth of 25 kHz and 1024 sampling points, and the acquisition time for each
spectroscopy was about 3.1 s. The MR data were acquired during a breath-hold (3500 ms) after rats inhaled hyperpolarized xenon gas for the sec-
ond time, and the lung pressure was 12 cm H,O during the breath-hold in each experiment. The breath-hold of the rat was maintained by a home-
built gas delivery system through solenoid and pneumatic valves, which were controlled by a homebuilt LabVIEW program using an NI acquisition
card.3?3* Sixteen xenon breath-holds were required for each rat to accomplish one set of Hyper-CEST data collection and five oxygen breaths
were inserted between the xenon breaths.

For the imaging experiments, the fast low-angle shot pulse sequence was utilized. The excitation RF pulses for the imaging sequence were
centered on the gas-phase resonance. Before data acquisition, 100 RF saturation pulses (Gaussian shape, 1 ms duration, flip angle 90 degrees)
were applied, with a 1 ms spoiler gradient pulse and delay of 1 ms following each pulse. These saturation pulses were centered at either
200 ppm (CEST experiment) or = 200 ppm (control experiment). The pulse sequence parameters for imaging included TR/TE, 10 ms/4 ms, flip
angle 7 degrees, field of view 5 cm x5 cm, matrix 96 x96, slice thickness 30 mm, and acquisition time about 1.3 s. The CEST image and control
image were acquired in separate xenon breath-holds, and the CEST image was acquired first. Five oxygen breaths were inserted between the
xenon breaths as in the spectroscopy experiments. To optimize the SNR (signal-to-noise ratio) of the gaseous xenon signal, the lungs were flushed
with hyperpolarized xenon once. Then, the image data were acquired during the breath-hold after the rats inhaled xenon for a second time. The
129%e CEST MRI was performed on all 12 rats before the MRS experiment.

2.4 | Data processing

The integral of each xenon gas spectrum, which was used as the signal intensity, was calculated in TopSpin 2.0 after Fourier transformation and
phase correction. The xenon signal was first calibrated using the corresponding reference data. Then, the calibrated signal was normalized accord-
ing to the control signal, with the saturation pulse centered at ~200 ppm. Finally, the normalized data were fitted to the mono-exponential func-

tion to extract T,pp:
S(t) = So x et/ T (1)

where S (t) is the normalized xenon gas signal of the lung, Sy is the initial normalized xenon signal, t is the delay between saturation pulses, and n is
the number of saturation pulses. T,,, was defined as the time xenon takes to transfer into the tissue and blood, which reflects the efficiency of the
alveolar gas exchange function and depends on the speed of xenon gas diffusion into the pulmonary parenchyma. T,,, increases when the gas

exchange efficiency of the alveoli decreases.
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The MRI data were processed in MATLAB (MathWorks, Natick, MA, USA). All images were generated from k-space data using a 2D discrete
Fourier transform, and no filtering was applied. The control image was used to generate a lung binary mask without background noise by image
segmentation. Then, the resulting binary mask was applied to the CEST image. T, distribution in the image was calculated point by point with the
following equation:

Topp = —t % n/|n<SCEST > )

control

where Scest and Scontrol @re the signal intensities in the corresponding CEST image and control image, respectively, t is the delay between satu-
ration RF pulses, equal to 3 ms, and n is the number of saturation RF pulses, which is 100 in this study.

Statistical analysis was performed on all the data (including the histological data shown in the following) to assess the statistical significance
between the COPD and control groups using an independent samples t test by PASW Statistics 18 (SPSS, Chicago, IL, USA).

2.5 | Histology

After the MR experiments, the rat lungs were extracted and filled to an airway pressure of 25 cm H,O with a 4% paraformaldehyde solution for
30 min, after which they were stored in the same solution for more than 48 h and then embedded in paraffin. The sequential sections, each with a
thickness of 5 um, were stained with hematoxylin and eosin (H&E) to assess histological changes by analyzing the images acquired using a micro-
scope (Nikon Eclipse Ts 100, Nikon Corporation, Tokyo, Japan). Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA) was used to
compute the alveolar diameter in each rat.

3 | RESULTS

3.1 | MRS experiments

The xenon gas signal in the lung, which was calibrated by the corresponding reference signal, was plotted against the saturation time, as shown in
Figure 2. The results from the control experiment, in which the saturation pulses were centered at =200 ppm, showed that the data was more
stable after calibration by the reference signal and that the signal in the lung was almost constant with increasing saturation time, as shown in
Figure 2B. The xenon gas signal in the lung decreased with increasing saturation time in both healthy rats and COPD rats in the CEST experiments.
Additionally, the xenon signal decayed faster in healthy rats than in COPD rats. The fitting results of the xenon signal in healthy and COPD lungs
versus the saturation time are shown in Figure 2C and D, respectively.

Tapp Was calculated from the dynamics of the xenon signal in the lung using Equation (1). The mean T, values in COPD and healthy rats were
0.95 + 0.14 s and 0.63 + 0.06 s, respectively. T,y significantly increased (P = 0.001) in the COPD rats. The comparison of T,,, values between the

two groups is shown in Figure 3, and the measured T,p, for each rat is summarized in Table 1.
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FIGURE 3 The distribution of Ty, in both groups of rats. Each solid diamond represents the T, value for one rat, and the line in the middle of
each box plot represents the median of each group. The hollow circle in the middle of the box plot is the mean value in each group

TABLE 1 The measured global Ty, in healthy rats and COPD rats. The mean T,,, showed a significant difference between the groups

Rat 1
Rat 2
Rat 3
Rat 4
Rat 5
Rat 6
Mean * SD

p-value

The unit is seconds.

3.2 | CEST MRI experiments

COPD

1.23 £0.01
0.88 = 0.04
0.86 £ 0.03
0.84 + 0.02
0.93 £ 0.03
0.98 + 0.02
0.95 +0.14
0.001

Rat 1
Rat 2
Rat 3
Rat 4
Rat 5
Rat 6

Healthy

0.66 £ 0.02
0.68 £ 0.02
0.54 £ 0.01
0.60 + 0.01
0.69 + 0.01
0.67 + 0.04
0.63 = 0.06

The typical T, distribution maps acquired from healthy rats and COPD rats are shown in Figure 4A and B, respectively. T, in the trachea was

obviously higher than that in the tissues in both healthy and COPD rats. Compared with the healthy rats, the T, distribution obviously increased

in the COPD rats pulmonary parenchyma and was more inhomogeneous. Furthermore, the T,,, distribution in COPD rats (Figure 4D) shifted

toward higher values compared with healthy rats (Figure 4C).

FIGURE 4 The typical T,p, distributions
acquired with 100 saturation pulses centered
at 200 ppm in healthy rats and COPD rats by
hyperpolarized 2?Xe CEST MRI. The Tapp
maps of healthy and COPD rats are shown in
A and B, respectively. The histograms of the
local T,p,, over the lungs shifted towards
higher values in the COPD rat (D) compared
with the healthy rat (C), and the mean value of
Tapp increased from 0.69 s to 1.06 s

Healthy

(A)

©

Count

(B)

(D)
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(A) (B)

FIGURE 5 Typical H&E-stained lung images
of a healthy rat (A) and COPD rat (B). In the
COPD rat, an accumulation of inflammatory
cell infiltration was observed in the alveolar
wall. Magnification= 40x

3.3 | Histology

As shown in Figure 5, interstitial alveolar wall thickening and accumulation of inflammatory cell infiltration were observed in the entire lung among
COPD rats. The alveolar diameter in COPD rats obviously increased compared with the controls (P = 0.005), and the mean alveolar diameters were
46.4 £ 2.9 um and 40.1 £ 2.1 um in COPD rats and healthy rats, respectively.

4 | DISCUSSION

In this study, a CEST sequence was employed to evaluate the pulmonary gas exchange function, and a new parameter, named the pulmonary
apparent gas exchange time constant (T,,,), was proposed to characterize the pulmonary gas exchange function. The measured T,p;, values in
healthy and COPD rats were 0.63 + 0.06 s and 0.95 + 0.14 s, respectively, with a significant difference (P = 0.001) between the groups. The mea-
sured mean value of T,,, in COPD rats increased over that of the healthy group, mainly due to lung inflammation and enlargement of the alveoli
caused by cigarette smoke and LPS exposure.>¢®” The histological results showed that the diameter of the alveoli measured in COPD rats obvi-
ously increased (P = 0.005), from 40.1 + 2.1 um to 46.4 + 2.9 um compared with the control group, and that enlarged alveoli decreased the effi-
ciency of gas transfer in the lungs of COPD rats. Additionally, obvious accumulation of inflammatory cell infiltration was observed in COPD rats,
which may change the diffusion capacity of the alveolar wall and affect the measured T,,,,. Our results indicate that the proposed parameter (T,p),
derived from CEST, can quantify changes in the pulmonary gas exchange function in vivo.

Tapp distributions in the lung showed a significant difference between healthy and COPD rats: T,p, in COPD rats was obviously larger
than in healthy rats. The measured T,p, in the trachea was obviously larger than that in the parenchyma of both healthy and COPD rats,
because gas exchange mostly occurs in the parenchyma and the efficiency of gas exchange in the trachea is very low. Consequently, the
xenon gas signal had almost no attenuation in the trachea when the saturation pulses were applied, and similar results were also observed
in a previous study using XTC.X* However, in the pulmonary parenchyma zone, where gas exchange is continuously ongoing and dissolved
xenon from tissue and blood exchanges with xenon gas in the alveoli, the xenon gas signal diminished when the saturation pulses were
applied on the resonance of dissolved xenon. In COPD rats, the gas utilization of the alveoli decreased due to the impairment of the alveolar
walls and the decreased SVR of the alveoli caused by cigarette smoke and LPS exposure. Therefore, T,,, increased in COPD rats compared
with healthy rats.

Compared with the direct measurement method, i.e. CSSR, the CEST method has several obvious advantages. First, the requirement
for spin polarization of xenon gas is not as strict as in CSSR, which makes it more accessible in the clinical setting. In the CSSR experi-
ments, the observed signal is the dissolved xenon signal in the lung, which is only approximately 2% of the gas signal intensity.?* Further-
more, the signal has a large full width at half maximum (FWHM) because of the alveolar structure.®® In the CEST experiments, the
observed signal is from the xenon gas phase and the requirement for the signal intensity is low. Based on our experience regarding these
experiments, global T,,, can be obtained accurately using hyperpolarized xenon CEST MR even if the SNR of the gaseous xenon signal is
lower than 200 in the lung.

The pulse sequence of CEST is somewhat similar to XTC, as proposed by Ruppert et al., and both of the methods utilize the xenon gas signal

to indirectly obtain the dynamics of the dissolved xenon signal.!

However, XTC was intended to measure the gas exchange process in the lung
and time between the saturation RF pulses,i.e., the exchange time was variable. By contrast, the method used in our study, CEST, was intended to
evaluate the alveolar gas exchange capacity and the time between the saturation pulses was constant, so the dynamics of the xenon gas signal
were measured by varying the number of saturation pulses, i.e. the saturation time.

Compared with the commonly used CEST sequence, a series of saturation RF pulses rather than a continuous waves (CW) are employed to
saturate the signal, because the FWHM of the dissolved xenon signal in the lung is generally larger than 10 ppm,*® and the CW cannot completely
saturate the dissolved xenon signal. The ideal saturation is continuously destroying the dissolved xenon signal without any delays. However, to
dephase the residual magnetism in the x-y plane, a spoiler gradient pulse was added. Additionally, a 1 ms delay was added to perform the sequence

because of the scanner's limitation in this study.
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The CEST sequence used in our study was carefully designed to eliminate the signal's fluctuation and measure the actual xenon gas signal

dynamics versus saturation time through exchange with dissolved xenon in the lung. Before data acquisition, an excitation pulse (a;) was
applied to generate a reference signal for calibration to eliminate the effect of the signal's fluctuation during each breath, which was mainly
from the relaxation of 2?Xe gas in the Tedlar bag and the difference in the inhaling **?Xe gas volume caused by the precision of the gas
delivery system, and the results from the control experiment showed the necessity of this subtle calibration. To avoid the influence of relax-
ation in the lung, the time between the two excitation pulses was set to the same value, 3 s in the spectroscopy experiments. Before the data
were fitted to Equation (1), the xenon signal intensity was normalized by the control experiment, in which the saturation pulse was centered
at -200 ppm to eliminate the effect of the flip angle in different rats. The acquired xenon gas signal in the control experiments was almost
invariable with increasing saturation time when the saturation pulses were centered at -200 ppm, indicating that the pulse sequence satisfied
the requirements of the experiments. Furthermore, the fitting in healthy and COPD rats showed goodness of fit and the R-square was greater
than 0.95.

The goal of this work was to present a proof-of-concept study that investigates whether CEST MR has the potential to quantify the
pulmonary gas exchange function. Some limitations existed in this work. First, only the gas exchange function was quantitatively evaluated,
and corresponding theoretical models remain to be developed to extract the quantitative pulmonary structure information, which would be
helpful for deep understanding of pulmonary gas exchange. Second, in the image experiments, only one time-point of gas exchange was
utilized. To obtain the sophisticated gas exchange function, experiments with multiple time-points of gas exchange are needed. Meanwhile,
acquisition was accomplished in separate breaths, but for clinical applications a faster method is expected to acquire data within a single
breath-hold.?%2325 The third limitation was the inherent limitation of the CEST sequence. The dissolved xenon signals in the tissue and blood
contained some information about pulmonary gas exchange, and some useful information can be obtained by subtly analyzing the dissolved
xenon signals in tissue and blood to characterize pulmonary diseases.*®? However, in the method of CEST, the dissolved xenon signals in
tissue and blood were treated as a single unit, causing a potential loss of valuable information. Another limitation of this study was the use
of animal models. The COPD model was induced by cigarette smoke exposure, and LPS was used to accelerate the process of modeling. T,
showed an obvious difference between the model and control groups. However, the model was not perfect for the proposed method, because
both cigarette smoke exposure and LPS will induce lung inflammation, and this inflammation will change the radius of the alveoli,*® which may
influence the apparent gas exchange efficient. Additionally, long-term cigarette smoke exposure will enlarge the alveoli. An appropriate animal
model characterized by an alteration of only the radius of the alveoli or only the diffusion capacity of the alveolar gas-exchange membrane will
be helpful in the future.

5 | CONCLUSION

In this study, we demonstrated the feasibility of hyperpolarized 12?Xe CEST MRI for evaluating the pulmonary gas exchange function and pro-
posed a new parameter, T, to quantitatively characterize the lung gas exchange function. T,,, showed a significant difference between COPD
and healthy rats and increased in the pulmonary parenchyma of COPD rats compared with healthy rats. Our results indicate that T, can be used
to quantitatively evaluate the gas exchange efficiency of the lung, which would be helpful for the diagnosis of lung diseases that are related to gas

exchange.
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