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Purpose: To demonstrate the feasibility of 12Xe MR in evaluating the pulmonary
physiological changes caused by PM, s in animal models.

Methods: Six rats were treated with PM, 5 solution (16.2 mg/kg) by intratracheal
instillation twice a week for 4 weeks, and another six rats treated with normal saline
served as the control cohort. Pulmonary function tests, hyperpolarized 19X e multi-b
diffusion-weighted imaging, and chemical shift saturation recovery MR spectros-
copy were performed on all rats, and the pulmonary structure and functional param-
eters were obtained from hyperpolarized 12%e MR data. Additionally, histological
analysis was performed on all rats to evaluate alveolar septal thickness. Statistical
analysis of all the obtained parameters was performed using unpaired 2-tailed ¢ tests.
Results: Compared with the control group, the measured exchange time constant in-
creased from 11.74 +2.39 to 14.00 & 2.84 ms (P < .05), and the septal wall thickness
increased from 6.17 + 0.48 to 6.74 + 0.52 pm (P < .05) in the PM, 5 cohort by 129X
MR spectroscopy, which correlated well with that obtained using quantitative histol-
ogy (increased from 5.52 + 0.32 to 6.20 + 0.36 pm). Additionally, the mean TP/GAS
ratio increased from 0.828 + 0.115 to 1.019 =+ 0.140 in the PM, 5 cohort (P = .021).
Conclusions: Hyperpolarized 129X e MR could quantify the changes in gas exchange
physiology caused by PM, s, indicating that the technique has the potential to be a

useful tool for evaluation of pulmonary injury caused by air pollution in the future.
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1 | INTRODUCTION

Air pollution is a major environmental issue affecting respi-
ratory health globally, especially in developing countries.
Approximately 3.2 million people die from outdoor particu-
late matter (PM) pollution each year according to the global
disease burden assessment in 2012." Air pollution, character-
ized by a high level of PM, has become a major threat to pub-
lic health in China.> Fine particulate matter (PM, 5) is one
of the most important air contaminants, with an aerodynamic
diameter <2.5 pm, that could carry various toxic components
and pathogens into the body attributable to its small diame-
ter and large surface area.* Almost all PM, 5 enters the body
by the respiratory system, which is the site for gas exchange
and is exposed directly to polluted air. Previous studies have
found that PM, 5 could increase the incidence of respiratory
diseases, including pneumonia, asthma, chronic obstructive
pulmonary disease (COPD), and lung cancers.*”™

Various methods have been previously reported to study
pulmonary injury caused by PM, 5. Lung physiological sec-
tion analysis, bronchoalveolar lavage fluid (BALF) analysis,
and enzyme-linked immunosorbent assay are the most widely
used methods to analyze the physiological changes in the
lung caused by PM, 5. Thickening of alveolar wall and infil-
tration of neutrophils were observed in the lung injury model
of PM,s by hemotoxylin and eosin (H&E)-stained lung
physiological sections.” ! Using the BALF method, total cell
number, tumor necrosis factor alpha level, interleukin-6 level,
lactate dehydrogenase level, and total protein level in BALF
were also found to be higher in the model animals instilled
with PM, 5 solution than in control animals. "2 Additionally,
synchrotron-based X-ray fluorescence has also been reported
to study the mechanism of PM, s toxicity to the lungs.13 By
using computed tomography (CT), a recent study found that
PM, 5 could increase the volume of peripheral, smaller blood
vessels in the lungs, which may make people more prone to
developing chronic lung disease.'* These methods are effec-
tive to detect lung injury caused by PM, s, and the inflamma-
tory response and oxidative stress damage of the lung can be
quantificsd.15 However, to the best of our knowledge, the ef-
fects of PM, 5 on pulmonary perfusion have not been reported
previously. Moreover, BALF, H&E-stained lung physiologi-
cal sections, and other methods are invasive and cannot offer
quantitative assessments of the pulmonary exchange function
in vivo, greatly hindering their applications clinically, espe-
cially in diagnosing pulmonary diseases at the early stage.

Hyperpolarized '*’Xe MR has been proven to be a pow-
erful tool to evaluate the pulmonary function and micro-
structure attributed to its extremely high MR sensitivity.lﬁ'21
As a noninvasive, ionizing radiation-free technique, hy-
perpolarized 12%e MR enables quantifying the changes in
pulmonary ventilation, microstructure, and gas exchange

function, which have been widely used to study various
lung diseases. Generally, hyperpolarized 12Xe ventilation
imaging could be utilized to quantify pulmonary ventila-
tion defects in the lungs.zz’23 By applying models of diffu-
sion, changes in the pulmonary microstructure caused by
lung diseases, such as COPD, can be quantified by multi-b
diffusion-weighted imaging (DWD)**?7 and diffusion kur-
tosis imaging.28 Additionally, hyperpolarized 129Xe MR has
unique advantages in exploring the gas exchange function of
the lungs attributed to the increased chemical sensitivity to
its surrounding environment and high solubility in tissue and
blood. The chemical shifts of '**Xe in the pulmonary tissue
and plasma (TP) and red blood cells (RBCs) are 197 and 213
ppm, respectively, whereas that of the gas xenon in the al-
veoli is regarded as 0 ppm. Chemical shift saturation recov-
ery (CSSR), ! xenon polarization transfer,>” and dissolved
phase imaging®~* are the widely used techniques to evaluate
the gas exchange function of the lung, obtained by measur-
ing the exchange between dissolved and gaseous xenon in the
lung. Hyperpolarized 129X e MR has been used to evaluate the
microstructure and functional changes caused by pulmonary
diseases, such as idiopathic pulmonary fibrosis, COPD, and
radiation-induced lung injury.35 -39

In this study, we aimed to demonstrate the feasibility of hy-
perpolarized 12Xe MR to evaluate the physiological changes
caused by PM, 5 in animal models. Pulmonary function tests
(PFTs) and quantitative histology analysis were used to com-
pare the results of the hyperpolarized 129%e multiple b-value
DWI and CSSR, which were used to obtain the microstruc-
tural and functional parameters of the lungs, respectively. All
the experimental results were statistically analyzed between
the experimental and control groups.

2 | METHODS

2.1 | 'Xe polarization and delivery

Isotopically enriched xenon gas (86% 19X e) was polarized by
spin-exchange optical pumping using a commercial polarizer
system (verlmagin Healthcare; Wuhan, China) and operated
in continuous-flow mode. A total of 160 mL of hyperpolar-
ized "¥Xe gas was cryogenically accumulated in 40 minutes
and then was thawed into a Tedlar bag. The available spin po-
larization of the collected xenon gas was approximately 20%.

After polarization, xenon gas and oxygen were adminis-
tered alternately to rat lung using a home-built MR-compatible
hyperpolarized gas delivery system by the solenoid and
pneumatic valves, which were controlled by a home-built
LabVIEW program. Moreover, the pressure of the lung can
be monitored in real time using an MR-compatible pressure
sensor in the delivery system.
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2.2 | PM,;sample preparation

The schematic of PM, s sample collection and preparation
is shown in Figure 1. First, the PM, 5 sample was collected
on the quartz fiber filter (WHA1851865; Whatman plc,
Maidstone, UK) by a PM, 5 cut point using a large-volume air
particle sampler (TH-1000H; Wuhan Tianhong Instruments
Co., Ltd., Wuhan, China) with a flow rate of 1.05 m>/min.
The PM, 5 samples were collected in Wuhan, China from
November 2017 to April 2018. After collection, the quartz
fiber filters were cut into small pieces (5 X 5 mmz), sonicated
in ultrapure water for 180 minutes (30 min/time, 6 times),
and then the solution was filtered using 8-layer sterile gauze.
Thereafter, the PM, s powder was extracted using a vac-
uum freeze dryer and then was suspended in normal saline
(NS). 124042 PM, 5 size was measured using dynamic light
scattering (ZEN3690; Malvern Instruments Ltd, Malvern,
UK), and the average diameter was ~300 nm.

2.3 | Animal preparation

All the animal protocols were approved by the institutional
animal care committee. Twelve male Sprague—Dawley rats
(weight, 200 + 20 g) were randomly divided into 2 groups
(n = 6) after acclimatization. Six rats were treated with the
PM, 5 solution (16.2 mg/kg body weight, twice a week) for
4 weeks,'®* and the other rats treated with an equivalent
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volume (0.6 mL) of NS served as the control group.'' The
PM, s solution or NS was instilled into rat lungs by inserting a
vein-detained needle (14 G) into the trachea carefully through
its rima glottidis after anesthetization, as shown in Figure 1C.

In order to measure the actual effects of PM, 5 on pulmo-
nary physiology rather than the acute effects of instillation
itself, MR experiments were performed on the seventh day
after treatment.'>*' Before the experiments, rats were anes-
thetized with 10% chloral hydrate and then were intubated
with 14-G endotracheal tubes. Next, pulmonary function
tests (PFTs) and hyperpolarized xenon MR experiments were
performed in sequence on each rat. During the PFTs, rats
breathed air spontaneously. In the MR experiments, rats were
alternately ventilated with hyperpolarized xenon or oxygen
using a home-built hyperpolarized xenon delivery system
with a tidal volume of 2 or 1.6 mL, respectively.

2.4 | Pulmonary function tests

PFTs were performed on all the rats using a Forced Maneuvers
system (CRFM 100; EMMS, Bordon, UK), and the param-
eters, including the forced vital capacity (FVC), forced ex-
piratory volume (FEV), quasi-static compliance (Cchord),
inspiratory capacity (IC), functional residual capacity (FRC),
and total lung capacity (TLC), defined as FRC + IC, were
obtained. All the PFTs were finished in 5 minutes after con-
nection to the plethysmograph.

Quartz
fiber filter

Pretreated
fiber filter

Collected on fiber filter

-

Syringe

. ‘\§Rubber band
ﬁiﬂ gfained needle

LED cold light source

K Intratracheal instillation

PM, 5 solution

PM, 5 solution preparation

Filtered through
sterile gauze

Sonicated in
ultrapure water

PM, 5 powder Freeze-dried in vacu

FIGURE 1

Schematic of PM, 5 solution and animal model preparation. PM, 5 was collected using a large-volume air particle sampler

in Wuhan, China, as shown in (A). After collection, the PM, 5 sample was purified and suspended in NS to obtain the PM, 5 solution; the

details are shown in (B). Next, the PM, 5 solution was intratracheally instilled into the rat lung to build an animal model, as shown in (C).

LED = light-emitting diode
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2.5 | MR experiments

All the MR experiments were performed on a 7.0T animal
MRI scanner (Bruker BioSpec 70/20 USR; Bruker, Ettlingen,
Germany) using home-built double-tuned (lH/129Xe) bird-
cage coils with an inner diameter of 55 mm.

Both the CSSR and DWI sequences were used to acquire
the pulmonary structure and functional data. For the CSSR
experiments, two Gaussian pulses with durations of 0.5 and
0.2 ms were used to saturate and excite the dissolved '**Xe
signal, respectively.” The off-resonance effect of saturation
and excitation pulses on the gas phase signal was approxi-
mately 0.1° and 0.9°, respectively. Twenty-four exchange
time points varying from 2 to 400 ms were used to acquire
the dynamic spectra of the lung39 in single breath-hold with
a duration of 4 seconds. '*Xe spectra were acquired using
a bandwidth of 25 kHz with 1024 sampling points. Lungs
were flushed with hyperpolarized xenon gas twice to remove
the residual paramagnetic oxygen® for improving the signal-
to-noise ratios (SNRs) of dissolved xenon signals, and the
MR data were collected when rats inhaled xenon for the third
time. Five sets of CSSR data were collected for each rat.

For DWI experiments, 2D diffusion-weight gradient echo
imaging was used with the following parameters: ramp up/
down time, 0.123 ms; constant time, 0.7 ms; diffusion time,
1.3 ms; matrix size, 64 X 64; field of view, 6 X 6 cm; flip
angle, 10°; bandwidth, 50 kHz; TE, 3.52 ms. Eight b values
4, 8, 12, 16, 20, 24, 28, and 32 s/cmz) were used to fit the
nonmonoexponential signal decay. In order to correct the in-
fluence of decreased xenon signal caused by radiofrequency
excitation and T, relaxation on the diffusion-weighted im-
ages, interleaved sampling strategy was used,®* and the
images were acquired for a given line of k-space in the order
of b=0,x,0 slem?. Accordingly, for each b value, 3 im-
ages were collected in a single breath-hold with a duration of
4 seconds after lungs were flushed once using hyperpolarized
Xenon gas.

2.6 | Data processing

All the MR data were processed using MATLAB software
(The MathWorks, Inc., Natick, MA). Amplitudes of the dis-
solved and gaseous xenon signal were extracted by fitting
the CSSR data to the Lorentzian shape function.* Ratios of
the xenon signal in RBCs or TP to the xenon signal in the
alveoli were calculated using the extracted signal amplitudes.
Next, amplitudes of the RBC and TP signals were normal-
ized by the actual xenon gas signal in the alveoli®®*#46 and
were fitted to the gas exchange model of xenon exchange
(MOXE).*’ The physiological parameters, including scaling
factor (b), barrier-to-septum ratio (8/d), exchange time con-
stant (T), fraction of RBC xenon in blood (n), and pulmonary

capillary transit time (t,), were extracted from the fitting di-
rectly. Then, septal wall thickness (d), surface area to volume
ratio (SVR), blood hematocrit (Hct), and thickness of air—
blood barrier (3) were obtained by the following equations:
d=vV#2DT, SVR = 2b/(Ad), and Hct = (p/Agpc)/(/Agpe +
(1 = n)/Ap), respectively, where D is the diffusion coeffi-
cient for xenon in lung tissue; 4, Azpc, and Ap are the Ostwald
solubilities of xenon in lung parenchyma, RBC, and plasma,
respectively. For the DWI images, raw k-space data were
directly reconstructed into images by performing an inverse
Fourier transform. Before further processing, to obtain the
whole ventilation map of the lung for DWI data fitting, two
images without the diffusion gradient (i.e., b = 0) were aver-
aged to generate a binary mask to segment the images. Then,
SNRs of the segmented images were calculated by dividing
the intensity of the pixels to the standard deviation (SD) of
the noises in the image background, and only pixels with an
SNR > 3 were used.® Next, to remove the main tracheal from
the microstructure map and obtain the morphometric parame-
ters of lung parenchyma, a seed-growing algorithm was used
to segment the apparent diffusion coefficient (ADC) map of
b=4 s/cm2, because the ADC values are larger in the main
tracheal than that in the parenchyma.43 The obtained mask
was used to segment all 8 b-value images. After segmentation,
morphometric parameter maps were generated by fitting the
DWI data to the anisotropic diffusion model*® of '*Xe diffu-
sion pixel by pixel using a nonlinear least-squares algorithm
(Equation 14 in reference Sukstanskii and Yablonskiy48).

2.7 | Quantitative histology

Rats were sacrificed, and lungs were extracted immediately
after MR experiments. Each extracted lung was preserved in
4% paraformaldehyde solution for more than 48 hours after
it was filled to an airway pressure of 25 cm of H,O with 4%
paraformaldehyde solution for 2 hours. Thereafter, each lung
was embedded in paraffin and cut into six 5-um-thick tissue
sections from a cross-section, which were stained with H&E
to assess histological changes. For each section, 3 images
that did not contain a large airway were acquired with a mi-
croscope (Nikon Eclipse Ts 100; Nikon Corporation, Tokyo,
Japan). A standard test grid was overlaid on the image; septal
thickness was determined as the average of the total truncated
length.49’50 For each rat, 18 images were used to automati-
cally calculate alveolar septal thickness by Image-Pro Plus
software (Media Cybernetics, Buckinghamshire, UK).28‘39’5 !

2.8 | Statistical analysis

Statistical analysis was performed on all the data to evalu-
ate the statistical significance between the control and PM,
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cohorts using an unpaired 2-tailed ¢ test and SPSS software
(IBM Corp., Armonk, NY) and PASW Statistics 18 (SPSS,
Inc., Chicago, IL). P values < .05 determined significance.

3 | RESULTS

3.1 | Pulmonary function tests

Statistical analyses of the body-weight and pulmonary func-
tion parameters are summarized in Table 1. No significant
difference was found in PFTs and body weight between the
cohorts. However, in the PM, 5 group, the FEV in 100 ms
(FEV() decreased from 3.67 + 0.52 to 3.51 + 0.33 mL, and
the FRC increased from 3.38 + 1.46 to 3.74 + 0.45 mL com-
pared with that in the NS group.

3.2 | Hyperpolarized '**Xe DWI

Figure 2 shows the representative morphological maps from
the NS and PM, 5 cohorts. Distributions of external radius
(R), internal radius (r), alveolar sleeves of depth (h), mean

airspace chord length (Lm), and SVR derived from the cylin-
drical model*® were homogeneous in the corresponding map.
Statistics of the measured morphometric parameters and cor-
responding SDs for all rats are summarized in Table 2. No
significant differences were found in these parameters be-
tween the NS and PM, 5 groups.

3.3 | Hyperpolarized Xe CSSR
Mean ratios of RBC/GAS, TP/GAS, and RBC/TP in each
group are shown in Figure 3, and peak amplitudes from the
CSSR spectra at an exchange time of 100 ms were used to
determine ratios.”> TP/GAS ratio increased from 0.828 +
0.115 to 1.019 + 0.140 in the PM, 5 cohort (P = .021).
No significant difference was found in both the RBC/GAS
(0.427 + 0.064 for NS rats and 0.458 + 0.141 for PM,
rats) and RBC/TP ratios (0.492 + 0.083 for NS rats and
0.443 + 0.122 for PM, s rats, showing a decreasing trend)
between the groups.

Figure 4 shows the typical dissolved xenon signal recov-
ery curves from the NS and PM, 5 groups, respectively. In
PM, s rats, the normalized TP xenon signal increased clearly,

TABLE 1 Summary of the body-weight (BW) and pulmonary function tests in NS and PM, s rats
Parameters Symbol NS rats PM, s rats P value
Body weight BW (g) 283 + 26 291 + 21 .587
Forced vital capacity FVC (mL) 9.80 + 1.63 10.16 + 1.20 .677
Functional residual capacity FRC (mL) 338 +1.46 3.74 +0.45 .580
Total lung capacity TLC (mL) 11.48 + 1.86 11.76 + 0.57 733
Forced expiratory volume in 100 ms FEV o (mL) 3.67 +0.52 3.51+0.33 .540
Chord compliance (0~10 cm of H,0) Cchord (mL/cm H,0) 0.72 + 0.13 0.69 + 0.09 .625

(Th)) R (pm)

h (um)

Lm (um) SVR(cm™)

2R

300 600

120 0

FIGURE 2 Representative maps of the microstructure from the NS (top row) and PM, 5 rat groups (bottom row). All the maps of

microstructural parameters are similar and homogeneous throughout the lung in both the NS and PM, 5 groups; no significant differences were

observed. All the microstructural parameters were derived from a hyperpolarized 129X e diffusion-weighted MRI model
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TABLE 2 Morphometric parameters for each rat from the NS and PM, 5 groups
Subject R (pm) r (pm) h (pm) Lm (pm) SVR (cm™)
NS rats
1 104 + 19 7112 33+16 87+ 18 475 + 88
2 96 + 18 62+ 14 33+£15 7721 551 120
3 102 £ 17 68 + 11 34 + 16 84 + 17 495 + 86
4 97 + 18 57+ 12 40 + 17 71+ 18 590 + 106
5 99 + 21 64 + 15 35+ 17 79 £21 533+113
6 94 + 17 60 + 14 34+ 14 74 +21 572 + 119
Mean + SD* 9 +4 64 +5 35+3 79+ 6 536 + 44
PM, ;5 rats
1 103 + 20 75+ 13 28 15 94 + 19 441 + 87
2 97+ 19 66 + 13 32 x15 81 +£20 517 £ 103
3 98 + 19 59+13 38 £17 73 +19 573 £ 110
4 100 + 18 65+ 14 35 £15 79 +20 530 = 109
5 105 + 18 68 + 13 36 £16 84 + 19 497 + 95
6 96 + 18 56 + 14 40 +16 69 + 19 609 + 116
Mean + SD* 100 + 4 65+7 35+4 80+9 528 + 59
P value 0.770 0.571 0.923 0.734 0.785

“Morphometric parameter values were presented as the means + SD of the whole lung for each rat.

15
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FIGURE 3 Comparison of RBC/GAS, TP/GAS, and RBC/

TP (the signal ratios of RBC/GAS and TP/GAS in this figure are not
normalized by the actual xenon gas signal) between the PM, 5 and NS
cohorts. A significantly higher TP/GAS ratio was found in the PM, 5
group (P =.021)

whereas the normalized RBC xenon signal showed almost
no difference. The extracted physiological parameters using
MOXE are summarized in Table 3. The mean scaling factor
increased significantly (P <.05), from 0.0175 + 0.0006 in the
NS group to 0.0214 + 0.0011 in the PM, 5 group. The mea-
sured mean SVR showed an increasing trend in PM, 5 rats
(318.10 + 11.54 cm™) than NS rats (284.54 + 9.16 cm™),
but not significant. The exchange time constant (T) and septal
wall thickness (d) of PM, s rats increased significantly from
11.74 + 2.39 to 14.00 + 2.84 ms and from 6.17 + 0.48 to
6.74 + 0.52 pm.

3.4 | Histopathological observations in
H&E-stained lung tissue

Figure 5 shows the H&E-stained lung physiological sections
from typical NS and PM, s rats, respectively. Neutrophil in-
filtration and thickening of alveolar walls could be observed
in PM, 5 rats, and septal thickness increased from 5.52 + 0.32
t0 6.20 + 0.36 pm (P < .05).

4 | DISCUSSION
The influence of PM, 5 on pulmonary microstructure and
function was quantitatively and comprehensively evalu-
ated using PFTs, quantitative histology, and hyperpolar-
ized 'Xe MR in this study. Significance differences were
observed between the control and model groups treated by
PM, 5 in the pulmonary physiological function by hyperpo-
larized '*’Xe MRS. To our knowledge, this study was the
first to demonstrate the feasibility and potential of hyper-
polarized 129%Xe MR in evaluating pulmonary physiologi-
cal changes caused by PM, 5. Moreover, the potential of
hyperpolarized 12Xe CSSR in detecting early-stage lung
disease related to PM, 5 exposure was demonstrated. These
findings may provide some useful suggestions to formu-
late environment protection strategies for countries such as
China, wherein exposure to these kinds of air pollutants is
a major health burden.

The mean exchange time constant (T) and septal thick-
ness (d) showed a significant difference between PM, 5 and
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FIGURE 4 Dissolved xenon recovery curves of the representative NS rat (A) and PM, 5 rat (B). Each point on the curve is averaged by
5 separate experiments. The dissolved xenon signals in PM, s rat recovered slower and the TP signal increased significantly compared with that in

the NS rat. a.u. = arbitrary units

FIGURE 5 H&E-stained lung tissue from representative NS (A) and PM, s rats (B). RBC exudation, neutrophil infiltration, and thickening of
the alveolar wall were clearly observed in lungs of rats from the PM, 5 group

TABLE 3 Physiological parameters of the lung obtained from the CSSR using MOXE

Parameter Symbol NS rats PM, 5 rats P value
Scaling factor b 0.0175 + 0.0006 0.0214 + 0.0011 043"
Barrier-to-septum ratio o/d 0.14 + 0.02 0.16 + 0.05 572
Exchange time constant T (ms) 11.74 £ 2.39 14.00 + 2.84 .045%
Fraction RBC xenon in blood n 0.46 + 0.04 0.44 + 0.07 .657
Pulmonary capillary transit time t, (8) 0.55 +£0.08 0.55 +0.10 .873
Septal wall thickness d (pm) 6.17 + 0.48 6.74 + 0.52 .043?
Thickness of air-blood barrier S (pm) 0.86 +0.19 1.10 +£ 0.46 217
Surface area to volume ratio SVR (cm_l) 284.54 +9.16 318.10 + 11.54 .189
Blood hematocrit Het 0.29 + 0.04 0.28 + 0.06 749

At the 0.05 level, the differences in the population means were significantly different.

NS rats (P < .05), respectively, compared with those of NS
rats. The parameters d and T showed a similar change trend
because the value of d was derived from T by the equation
d=1/72DT.*" After treatment with PM, s, total septal thick-
ness was approximately 1.1-fold larger than that in NS rats.
The increase in the pulmonary septum and exchange time
constant in PM, 5 rats was most possibly caused by the ex-
udation and infiltration of polymorphonuclear neutrophils,

as reported in previous studies. 1152 Thickening of the
septal wall in PM, 5 rats could also be observed in histol-
ogy, as shown in Figure 5. Moreover, the measured septal
thickness using hyperpolarized '*’Xe MR correlated well
(R* = 0.8) with that using quantitative histology (shown in
Figure 6).

TP/GAS ratio increased significantly (P = .021) in
PM, s rats, which is approximately 25% higher than that in
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FIGURE 6 Correlation of septal thickness derived by
hyperpolarized ?*Xe MR and histology. The solid line is the linear fit

of the two methods, indicating that the septal thickness measured by
the two methods had a good correlation (R2 =0.8)

NS rats. This is because the thickness of the septal wall was
increased in PM, 5 rats according to the histological results,
and more xenon was dissolved in pulmonary tissue. The
increased TP/GAS ratio is similar to that in previous stud-
ies, in which the increased TP/GAS ratio was caused by a
thickened septal wall >"39935% Meanwhile, no significant
difference (<10%) was found in the RBC/GAS ratio be-
tween the PM, 5 and NS rats. Aaron et al used CT to detect
the increased volume of peripheral, smaller blood vessels
in the lungs induced by PMZ.S,14 but these blood vessels
are not the main components of the pulmonary vasculature.
Therefore, the small difference in RBC/GAS ratio between
the PM, 5 and NS cohorts may be attributed to biological
variability and the stage of the PM, 5 animal model in our
study being relatively early. The small changes of blood
vessels in rat lungs would be averaged in the whole-lung
measurement of RBC/GAS ratio. This change may be ex-
ceeded by the individual differences between rats.

No significant difference was found in the measured mor-
phological and PFT parameters between the cohorts. The
most probable reason is that the stage of the PM, 5 model was
too early for PFTs and xenon gas DWI to be detectable. In
a previous study,'' lung compliance of PM, 5 rats decreased
significantly compared with that in control rats, and lung
compliance also showed a similar trend in our study, but the
difference was not significant between groups. A possible
reason is that PM, 5 model rats in the previous study showed
more serious pulmonary injury when the concentration of
PM, 5 solution was 45 mg/kg, nearly 3 times higher than that
in our study, and the larger dose of PM, 5 would increase pul-
monary inflammation and septum thickening.10

Our results indicate that the technique of hyperpolarized
129Xe CSSR was more sensitive to the pulmonary physiologi-
cal changes caused by PM, 5. CSSR is a method to detect gas

exchange function whereas PFTs and DWI can detect pulmo-
nary structure changes. The PM, s model is mild in our study,
and PFTs or DWI could not distinguish changes in the pulmo-
nary microstructure at such an early stage. However, pulmo-
nary gas exchange could be detected between the groups by
CSSR, indicating that the detectable physiological changes
caused by PM, s at the early stage are the parameters related
to gas exchange.

The goal of this proof-of-concept study was intended to in-
vestigate the feasibility and potential of hyperpolarized 129%e
MR in evaluating the impact of PM, 5 on pulmonary micro-
structure and gas exchange function. Several limitations exist
in this study. First, the animal models used in this study were
induced by instilling PM, 5 solution into rat lung to simulate
long-term exposure to air pollution with PM, 5 as reported in
previous studies.'124%4252 However, more studies involving
variations to the particulate dose, dose administration timing,
and incubation period are needed to fully understand the ef-
fects on the pulmonary system at large. In addition, it would
be beneficial to investigate the effect on pulmonary function
from chronic airborne exposure to pollutants using xenon
MRI in the future, and the comparison of the methods for
animal modeling should also be included in further studies.
Second, pulmonary physiological status was evaluated on the
seventh day after the instillation; more time points should
be added to investigate the evolution of injury caused by
PM, 5. Third, as a concept-of-proof study, only whole-lung
gas exchange was measured using CSSR; however, dissolved
xenon imaging techniques should also be added for visual-
izing the heterogeneity of gas exchange caused by PM, s-
related diseases in future studies.”'>>® Also, the diffusing
capacity of the lungs for carbon monoxide should be added
in future studies to comprehensively evaluate changes in gas
exchange function caused by PM, 5. Additionally, the spe-
cific components of PM, 5 are unclear, and all PM, 5 samples
were collected in the same city. In future studies, PM, 5 sam-
ples should be collected from different cities, and the specific
components of PM, 5 should be analyzed to help fully under-
stand the influence of toxic fine particles on the pulmonary
microstructure and gas exchange functions.

5 | CONCLUSION
In this proof-of-concept study, we demonstrated the fea-
sibility of hyperpolarized 129%e MR in evaluating PM, 5-
induced pulmonary physiological changes for the first
time. It was found that the technique of hyperpolarized
'Xe CSSR is more sensitive to the functional changes
caused by toxic fine particles in air than PFTs and xenon
DWI, and the significant increase in the mean exchange
time constant and thickness of the septal wall were found
in PM, 5 models. Additionally, the TP/GAS ratio in PM, s
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rats also showed a significant difference compared with
that in NS rats. These results indicated that hyperpolarized
129Xe MR is a promising method in quantifying lung injury
caused by PM, s at the early stage, which would benefit the
diagnosis and evaluation of clinical pulmonary diseases in

the future.
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