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Abstract: Hyperpolarized *He or **Xe diffusion MRI has been demonstrated as a promising
technique for the detection of microanatomical changes in chronic obstructive pulmonary disease
(COPD). Compared with *He, *Xe is more available for the potential clinical applications.
However, the measurement of ®Xe apparent diffusion coefficient (ADC) possesses more
challenges due to the relevant low gyromagnetic ratio and spin polarization. In this present study,
asingle b value (b = 14 slem?) diffusion-weighted hyperpolarized **Xe MRI sequence was used
to image a balloon phantom, healthy rats, and the COPD rats, respectively. All COPD rats were
induced by second-hand smoke and lipopolysaccharide (LPS). The lung ***Xe ADC maps were
obtained on a7 T MRI scanner. The mean lung parenchymal Xe 4DCs were 0.044 224-0.002 9
and 0.042 3440.002 3 cm?s (4 = 0.8/1.2 ms) for the COPD rats, which showed significant
increasements in comparison with healthy ones (0.037 740.002 3 and 0.036 740.001 3 cm?/s).
Furthermore, the corresponding 4DC histogram of the COPD rats exhibited a broader distribution
as compared with the healthy ones. Our experiments demonstrated that the alveolar airspace
enlargement in the COPD rats are able to be quantitatively evaluated by hyperpolarized xenon
diffusion-weighted MRI.
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Introduction

Chronic obstructive pulmonary disease (COPD), which is characterized by persistent
airflow limitation caused by a mixture of small airways disease (obstructive bronchiolitis)
and parenchymal destruction (emphysema), is the fourth-leading cause of death among adults
at present™. It was predicted to be the fifth burden of disease over the world in 20201, The
lung parenchyma contains all levels of bronchia and aveolus, and COPD are progressive
destructions of the alveolar walls and subsequent enlargements of alveolar airspaces. The
main cause of COPD so far is considered to be smoking, including both heavy smoking and
exposure to second-hand smoke?.

The traditional diagnosis of COPD is based on the pulmonary function testing™ and
clinical symptoms. Conventional pulmonary function tests could reflect the global functional
changes, but COPD is a disease that occurs in the changes of pulmonary tissues
microstructure. Therefore, pulmonary function tests are insensitive to the initial stages of
emphysema . Moreover, high resolution X-ray CT has usually been used to detect abnormal
low-attenuating areas of the lung with COPD, but the reduced attenuation may also be caused
by other process factors, like smoking-related inflammation or air trappi ng[5]. Additionally,
the potential damage from the high radiation dose of CT scan limits the repeated usage.

Hyperpolarized (HP) *He and *Xe gas MRI provide new ways to evaluate both
anatomical and functional characteristics of the lungs in vivo!®®. Hyperpolarized method
could enhance *He or ***Xe magnetic resonance signals by ~10°times”®, which makes the
gases MRI of lungs feasible. In comparison with ***Xe, *He has a larger gyromagnetic ratio
and a higher spin polarization, so it is used in both pre-clinical and clinical researched’® asa
preferred noble gas. However, the limited supply and extremely low natural abundance
(~0.013 7%)1*” of *He prevent it from the extensive applications. Contrarily, *>Xe has ahigh
natural abundance (~26.4%)[1°], and it is cheaper because xenon can be acquired by
extraction from the air. ***Xe is uniquely suitable for the pulmonary MRI, as it is soluble in
the pulmonary tissue and blood, while *He is not. There are two separate NMR peaks of
xenon dissolved in the pulmonary tissue and blood, apart from a peak from the gas phase
xenon*®. Such characters would make ?*X e more popular in future research.

All particles have random trandational motion with a velocity caled self-diffusion
coefficient (D). The self-diffusion coefficient of pure **Xe gases is 0.061 cm%s™. In the
case of unrestricted diffusion in a homogeneous region, the mean particle displacement along
agiven direction during a duration time (4) is given by™

r=42D,A (0]

Since the alveolar airspaces have walls or boundaries, the diffusion of gases are
restricted. The diffusion coefficients of gases in lungs are different from the self-diffusion
coefficients™¥, which is called as apparent diffusion coefficient (ADC), and can be measured
by diffusion-weighted MRI. The increase of *Xe ADC values can be observed in
emphysematous lungs with respect to that of the healthy ones, due to the enlargements of the
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airspaces and destructions of the alveolar walls. Recently, the ADC measurement via
hyperpolarized ***Xe MRI has been performed***¥, which showed an increased ADC of
129% e in COPD patients as compared with the healthy ones. Because of the non-repeatability
and uncontrollability of pathogenesis or severity grades in the COPD patients, it isimportant
to observe and study micro lesions in pulmonary disease model via small animals, like rats or
mice. Boudreau and co-workers have used MR spectroscopy to calculate ***Xe ADC of
elastase-indtilled rats model with emphysema.[l5]. However, to our best knowledge, there isno
report about **Xe ADC distribution map in the lung of COPD rat model induced by both
lipopolysaccharide and smoking.

The purpose of this study was to determine whether hyperpolarized *°Xe
diffusion-weighted MRI with a single b value could detect the microstructural changes in the
lungs of COPD rats compared with the heathy ones. The self-diffusion coefficient of
hyperpolarized X e has been measured in a balloon phantom to confirm the accuracy of the
pulse sequences. The **Xe ADC distribution maps of COPD rat lungs and the corresponding
histograms have been obtained, and the mean lung parenchymal ***Xe ADC was cal cul ated.
In this present study, the comparison between COPD rats and the healthy ones has also been
discussed.

1 Materials and methods

1.1 '®Xepolarization and delivery

Natural abudance Xe (26.4% ***X &) was polarized ~20% by a homebulit xenon polarizer
with the technique of spin-exchange optical pumping (SEOP). The gas mixture consisted of
2% Xe, 10% N,, and balanced “He. Nitrogen could quench the fluorescence of Rb atoms, and
helium could pressure-broaden the Rb D; profile to absorb most of the laser power[le].

Firstly, Rb electron spin polarization was induced via a standard optical pumping
process, i.e., a 794.7 nm laser from a 75 W diode laser array resonates with Rb D1 transition
line. Then, hyperpolarized *Xe gas was produced by spin-exchange collision with the
optically pumped Rb atoms. We developed a device for accumulating the hyperpolarized Xe,
which is called hyperpolarized xenon colllecting system. It consists of a cold trap immersed
in a liquid nitrogen Dewar, which is surrounded by a permanet magnet of 0.22 T.
Hyperpolarized Xe was frozen over the walls of the cold trap, while the residual gases
(nitrogen and helium) flew away due to the lower freezing points. With such procedure, 180
mL HP Xe gas could be obtained in 30 min. After collection, the cold trap was placed in a
bath with boiling water, thawing HP Xe ice into gas rapidly. Finaly, a Tedlar bag containing
hyperpolarized ***X e was connected to a homebuilt ventilator.

1.2 Animal preparation

Eight female Sprague Dawley (SD) rats (Animal Laboratory of Wuhan University,
China) were used. The experimental group (five rats, each 300£60 g) received 0.2 mL of
lipopolysaccharide (LPS, Company, Sigma, America, 1 mg/mL) by the endotracheal
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instillation every two weeks (Day 1 and Day 14)™*”, and the rats were exposed to cigarettes
smoke for 1 h/day from Day 2 to Day 28 (6 times per day except Day 14). The control group
(three rats, each 300+100 g) received neither LPS nor smoke.

Each rat was initialy anaesthetized with 5.0% of isoflurane (Keyuan Pharmaceutical,
Shandong, China), and then intubated with an 1.628 mm endotracheal tube, which is tied to
the trachea. After the intubation, the rat was ventilated by the homebuilt ventilator, which is
computer-controlled using a self-desinged software based on the LabVIEW. Fig. 1 shows the
schematic diagram-of the timing sequence for ventilation and MRI acqusitions. The rats were
aternatively ventilated with oxygenand hyperpoarized xenon. For the ventilation of O,, the
breath rate was set to 50 breaths per minute with an inspiratory time of 400 ms and an
expiratory time of 800 ms. The peak inspiratory pressure was 12 cm H,0, with an inspiratory
capacity of about 2.5 mL per breath. After 5 min, the concentration of isoflurane was turned
down to 2% for maintenance. For the ventilation of hyperpolarized **Xe, the breath rate was
set to 17 breaths per minute, with an inspiratory time 500 ms, a breath-hold time of 2 000 ms
and an expiratory time of 1 000 ms. The peak inspiratory pressure was 15 cm H,O, with an
inspiratory capacity about 3.0 mL per breath.

The MRI acquisitions were triggered synchronously at the beginning of the breath-hold
(arrow in Fig. 1). Immediately before an MRI acquisition, flushing three times with
hyperpolarized **Xe gas was used to take away the oxygen in tubes as much as possible.
After MRI acquisitions, rats were ventilated to regularly breathe O, again.
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Fig. 1 The schematic diagram of timing sequence for ventilation and MRI acquisitions

1.3 MRI and data Analysis

The protocol for measuring ADC was a gradient-echo based pulse sequence, including a
bipolar gradient waveform in one of the three directions for diffusion sensitization, as shown
in Fig. 2. The b-values were given by™®

b=72G2[52(A—%)+r(52—2A5+Ar—gﬁr+%rz) )]

where  is the gyromagnetic ratio of **Xe; G is the maximum gradient amplitude; 7 is the
ramp time of gradient, which was 0.123 msin our experiments; Jis the gradient pulse width;
and A4 is the diffusion time, which is a crucial parameter. It was selected according to the
characterigtic diffusion length (») in Eq. (1). The r should be larger than the average alveolar
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radius, so the diffusion of *Xe atoms will be restricted due to the alveolar walls or
boundaries. We set 6= 0.65 ms, 4 = 0.8 msand 1.2 ms, so the characteristic diffusion length
were 97.98 um and 120 um, respectively, which are larger than the average aveolar length,
70 pm, of the healthy rats™®. The b-value was 0 s'cm? and 14 s/'cm?. The calculation of ADC
is given by>!

S =S, -exp(-=b- ADC) (©)]
where S, and 14 are the signal amplitudes of each pixels of MR images, with » = 0 s'cm? and
b = 14 slem?, respectively. The S; map and S1; map were acquired in the separate
breath-holds in order to enhance the SNR. To avoid the effect of 7 relaxation of
hyperpolarized X e during the interval time of acquiring So1 map and S.4 map, another Sg2
map was acquired after the S, map. The interval time from acquiring Sol map to Sp2 map
was pretty short in comparison to the 7; of ***Xe in the Tedlar bag, so that S, could be given
by

Sy =(Sp1+5,2)/2 4

G(7)

A4 A+t A+t A+6

Fig.2 Thebipolar gradient waveform used to sensitize the diffusion of *°Xe gas

All MR studies were performed on a7 T anima MRI scanner (Bruker BioSpec 70/20
USR) with maximal gradients of 444.75 mT/m. Two homebuilt birdcage radio frequency
coils with diameters of 5.5 and 7.5 cm, both tuned to ***Xe (83.07 MHz) frequency, were
used for rats with different weights. The parameters of rat diffusion weighted MRI were: a
matrix size of 48x48, afield of view of 6x6 cm?, aflip angle of 13°, aBW of 50 kHz, and a
dlice thickness of 100 mm; for A =0.8 ms, TE/TR = 3.3/13.0 ms; and for A=1.2ms, TE/TR =
3.7/13.0 ms; the whole acquisition time for oneimage is 624 ms.

The diffusion of gases in a balloon is aimost unrestricted, so the ADC measured in a
balloon phantom should approximate the self-diffusion coefficient (Dg). We set the MRI
parameters in phantom experiments identical to that of in vivo experiments.

All MR data were analyzed using Matlab. All images were generated from MRI
K-spaces by two-dimensional discrete Fourier transform (DFT), and then the outlines of
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lungs were profiled by the threshold segmentation. The ADC maps were calculated by the Eq.
(3) and (4). The mgjor airways were removed by setting an appropriate ADC threshold.
During the calculation of mean values of ADC in the lungs, only the ADC values between 0
cm?/s and 0.14 cm?/s were retained”). In addition, the representative ADC maps shown in Fig.
3 and Fig. 4 were zero-filled to 96x96 in K-spaces.
1.4 Morphology observation

After MRI experiments, rats were sacrificed. Then, the lungs were extracted to be made
into H& E-stained histological sections. Each H&E-stained histological section was 10
micrometer and observed through the microscope (Nikon Eclipse Ts 100). The pulmonary
mean linear intercept (Lm) was calculated based on the H& E-stained histological sections
and a paired student #-test was performed for statistical comparison between COPD rats and
the healthy ones for Lm by Excel (Office 2013).

2 Results

2.1 Phantom experiments

Fig. 3 shows the measured self-diffusion coefficient map of hyperpolarized **Xe in a
balloon phantom and the corresponding histogram. The measured value of the self-diffusion
coefficient was 0.062 4 + 0.022 5 cm?s, which is consistent with values obtained
previously!>*>*2% |t confirmed that this approach is robust to measure the ADC of **°Xe. A
slight increase of ADC in the phantom is probably owing to the existing of other gases (like
O, or Ny) in the balloon.
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0.12 60F
0.10 50F
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Fig. 3 The measured self-diffusion coefficient map of hyperpolarized **Xe in a balloon phantom (left) and the
corresponding histogram (right). The measured value of the self-diffusion coefficient in the balloon phantom is
0.062 4+0.022 5 cm?/s (b = 14 slcm?, 4 = 0.8 ms). The histogram of the ADC presents a Gaussian distribution

2.2 Invivo experiments
Table 1 lists the mean values of the lung parenchymal ADC and the standard deviations
at two different diffusion times (0.8 ms and 1.2 ms) for al rats used in the study, including
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three hedthy rats and five COPD rats. Results indicate that the mean 4DC values of lung
parenchymal in healthy rats were significantly lower than the values of COPD rats except the
COPD rat 5, whose value was almost the same as that of healthy rat 3. Meanwhile, a dight
decrease of the mean ADC could be found when increasing the diffusion time from 0.8 ms to
1.2 msamong all rats.

Tablel TheADC valuesof three healthy ratsand five COPD rats. Each row liststhe mean
ADC values of lung parenchyma at two diffusion times (0.8 msand 1.2 ms)

) ADCI(cm?/s)
Animal
A=0.8/ms A=12Ims
healthy rat 1 0.0353+0.0019 0.0349+0.0015
healthy rat 2 0.0378+0.0019 0.0357+0.0015
healthy rat 3 0.0399+0.0019 0.0375+0.0008
COPD rat 1 0.0458+0.0032 0.0428+0.0042
COPD rat 2 0.0464+0.0022 0.0454+0.0004
COPD rat 3 0.0428+0.0019 0.0408+0.0022
COPD rat 4 0.0463+0.0012 0.0433+0.0023
COPD rat 5 0.0398+0.0007 0.0394+0.0006

(a) Hedlthy rat (b) COPD rat
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(c) Mean/SD ADC: 0.036 9/0.018 1/(cm?/s) (d) Mean/SD ADC: 0.047 8/0.024 9/(cm?/s)

Fig. 4 The representative "*°Xe ADC maps of the lung parenchymal 4DC maps and corresponding ADC histograms
in a single measurement: (a) A representative heathy rat with low mean lung parenchyma 4DC of 0.036 9+0.018 1
cm?/s (4= 0.8 ms) , indicating a normal alveolar microstructure. (b) A representative COPD rat with a high mean lung
parenchymal ADC of 0.047 8+0.024 9 cm?/s (A = 0.8 ms), indicating an enlarged alveolar microstructure. (c) The ADC
histogram of a healthy rat exhibits an amost homogeneous distribution. (d) The ADC histogram of a representative
COPD rat exhibits amoderately broader distribution
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Fig. 4 shows the difference of '®Xe lung parenchymal ADC maps and the
corresponding ADC histograms in a single measurement between a representative healthy rat
and a representative COPD rat (4 = 0.8 ms). The mean lung parenchymal 4DC of the
representative COPD rat is 0.047 8£0.024 9 cm?/s, which is significantly higher than that of
the healthy one (0.036 9+0.018 1 cm?s). Furthermore, the corresponding ADC histogram of
the representative COPD rat exhibits a broader distribution, while that of the healthy rat
exhibits an amost homogeneous distribution.

2.3 Morphology

Table 2 lists the mean linear intercept (Lm) for the COPD rats and healthy rats and the
corresponding p value. The mean linear intercept of 80.24+8.09 ym for COPD rats was
significantly larger than that of 62.073-4.02 um for hedlth rats (p < 0.05). The increased Lm
represented the destructive and enlarged alveoli for COPD rats. Fig. 5 shows the
corresponding H& E-stained histological sections of the lungs for the healthy rat (left) and the
COPD rat (right) used in Fig. 4. Enlarged aveolar airspaces are clearly visible in the COPD
rat compared with the healthy one.

Table2 Themean linear intercept (Lm) for the COPD ratsand healthy rats
COPD rats Healthy rats
Lmlym 80.24+8.09 62.07+4.02

p=0.0054

Fig.5 The corresponding H& E-stained histological sections of the lungs for the healthy rat (left) and the COPD rat
(right) used in Fig. 4. The magnification was 100. The enlarged airspaces in the COPD rat lung can be easily identified

3 Discussion

MRI measurements of hyperpolarized *He or ***Xe gas diffusion in the lung airspaces
have been demonstrated to be a useful way to provide unique information about the lung
microstructure at the alveolar levell*>#2%, |n comparison with *He, hyperpolarized **X e gas
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diffusion-weighted MRI poses several challenges. The lower diffusivity of ***Xe requires a
larger b-value to achieve a sufficient weighting, which means that a stronger gradient or a
longer diffusion time are needed®?®. However, the stronger gradient or the longer diffusion
time will accelerate the singal decay of hyperpolarized **Xe signal. Moreover, the a nearly
3-fold lower gyromagnetic ratio of **Xe and the lower spin polarization in comparison with
*He would result in a lower image SNRE?, In comparison with the study of humans, the
volume of hyperpolarized ***Xe used in rat lung studies is almost 300 times smaller because
of the much smaller volume of animal lungs™®?*%?% These factors create a significant
challenge for hyperpolarized ***X e gas diffusion-weighted MRI of the rat lungs.

In comparison with the multiple b-values to fit the ADC of hyperpolarized **Xe in the
rat lungs, the experiment with a single b-value has less requirements about the polarization of
hyperpolarized X &?!. The mean lung parenchymal ***Xe 4DC of 0.044 224 0.002 9 cm?/s
(4 = 0.8 ms) and 0.042 34+0.002 3 cm?/s (4 = 1.2 ms) in five COPD rats showed a
significant increase relative to three healthy ones, i.e., 0.037 74-0.002 3 cm?/s (4 = 0.8 ms)
and 0.036 7+0.001 3 cm?/s (4 = 1.2 ms). The increased **Xe ADC values reflected the
erosion of aveolar walls in COPD rats?*, which was consistent with the results from
H&E-stained histological sections. The destruction can also be reflected by the
inhomogeneous distribution of ADC map and the corresponding histogram, as shown in Fig.
4. If a high enough polarization of hyperpolarized **Xe is obtained, the ADC map with high
resolution may directly reflect the erosive destruction location of alveolus.

In the present study, the mean *?*Xe 4DC values of the lung parenchyma have a slight
decrease with increasing the diffusion time from 0.8 ms to 1.2 ms. As the mean ADCs can
reflect relative airspace sizes, the dight decrease can be attributed to the increase in the
number of **Xe atom collisions with airspace walls, reducing the mean displacement of the
atoms during the diffusion ti me. This phenomenon is consistent with the previous *He
study[Sll, and the optimal diffusion time should be explored further. In addition, there is no
distinct difference of the mean *Xe ADCs between the COPD rat 5 and the healthy rat 3. A
possible reason is the self-recovery of the damaged lung in COPD rat 5. To attain sufficient
image SNR, the lung image with (S14) and without (Sol and Sg2) gradient were acquired
using separate breath-holds. Any difference of lung position, gas volume or gas composition
among the three breath-holds could change the signal intensity of each image, and it would
influence the mean ADC values, accordingly™™. In the future study, the lung images may be
acquired in a single breath-hold through either the use of enriched **Xe or the achievement
of ahigher spin polarization.

4 Conclusion

The experiments demonstrated that despite the lower gyromagnetic ratio and lower
polarization of **Xe relative to *He, hyperpolarized **Xe diffusion weighted MRI with a
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single b value is able to detect the changes in the lungs of COPD rats compared with the
healthy ones. The alveolar airspace enlargement in the COPD rats could be reflected by the
increase of mean **Xe ADC of the lung parenchyma and the broader distribution of the
corresponding histogram. In short, hyperpolarized **Xe MRI shows a great potential for the
detection and characterization of early emphysematous changes in the lungs of COPD.
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FBIR AL Xenon Xt 1% BH A &Y T 4 4L AR A B 1%

BAbAh M2, APt etk ahekR L oteEL A gV
[1. BB IR G, PSR T E K E A S, P E R R A R o b B A S
ChERFERE RO S8R D, 2 430071
2. PEBERB Y, JE3T 100049]

O B He B X e I BUIMABU G LRI T AE NS A 20k I 18 14 PH 2&
VBl 5955 (COPD) R il B M 45 M I 538 . MHEL T *He, ™%X e S BL 1T H. 9 25 5 3145,
(B 29X e BAG H BA IRA5 k LL B 12X e (1 i3 2 T 1 i 2R B (ADC) 1 058 T s 25
Z WM. FEIZE T, T AR B S N RS R L, VR SRR, (g B K BRI COPD
KRBT T 1A b A (14 c?l) 9 BOInBGE Ak X e B LR Bi% (MRI). B A ) COPD
TR GRS 8 R TR AV 5 N B R (LPS)IFAT IR S 2. 78 7 T W3R g A T3k
157 KB SLR ik Xe ADC {H 4. COPD K RMiSLiR it Xe ADC {H i
0.044 2240.002 9 F1 0.042 34+0.002 3 cm?/s (A = 0.8/1.2 ms), &k T-{ K BT 9252 1)
129% e ADC 18 0.037 740.002 3 F1 0.036 7£0.001 3 cm?/s. T H. COPD X K Jifi 52 5 #H 5%
[¥) °Xe ADC BT RILM T —E R B SE. XL BN T COPD K UM 23 5 (1
1K BES BT 10X e FENT HLTE () ADC H-K MR 3¢ BT B RO3R 58 OB H ke, ATTAIERA T
BAS b E M HOINAL MRI 753507 LU 2036 COPD K R EAT R .

KR BRI BRRAR, I, Ry ik R4 12 A
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