'.) Check for updates

NMR in Biomedicine WI L EY

NMR
INBIOMEDICINE

I RESEARCH ARTICLE

Therapeutic Effects Assessment in Acute Lung Injury Using
Hyperpolarized 1>Xe Magnetic Resonance

Yu Zheng! | Haidong Li'? | Ming Zhang!? | Xiaoling Liu»? | Hongchuang Li%? | Mingyan Yu'? | Wenjie Wang!? |
Jiawei Zhu! | Xiuchao Zhao'? | Haofeng Li'? | Siya Wei! | Yeqing Han'? | Xin Zhou!?:3

IState Key Laboratory of Magnetic Resonance Spectroscopy and Imaging, National Center for Magnetic Resonance in Wuhan, Wuhan Institute of Physics
and Mathematics, Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences-Wuhan National Laboratory for
Optoelectronics, Huazhong University of Science and Technology, Wuhan, China | *University of Chinese Academy of Sciences, Beijing, China | 3School
of Biomedical Engineering, Hainan University, Haikou, China

Correspondence: Xin Zhou (xinzhou@wipm.ac.cn)
Received: 28 July 2025 | Revised: 11 February 2026 | Accepted: 13 February 2026

Keywords: '2°Xe MR | acute lung injury | dexamethasone | gas exchange | treatment monitoring

ABSTRACT

Therapeutic effects in acute lung injury (ALI) vary considerably among individuals, presenting a significant clinical challenge
in optimizing treatment strategies—particularly with agents such as glucocorticoids. Non-invasive techniques capable of quan-
tifying pulmonary physiological changes in the lung are essential for evaluating treatment efficacy and elucidating underlying
mechanisms. Herein, we investigated the feasibility of hyperpolarized '2Xe magnetic resonance (MR) for assessing the effects
of dexamethasone treatment in a rat model of ALI. Fifteen Wistar rats were randomly assigned to three groups (n=>5 each): a
treatment group with lipopolysaccharide (LPS)-induced ALI treated with dexamethasone (DEX), an ALI group subjected to the
same LPS induction but treated with normal saline, and a control group receiving only normal saline. All rats underwent 12°Xe
MR, pulmonary function tests (PFTs), computed tomography (CT), and histological analysis. Quantitative results from 2°Xe MR
were analyzed using Kruskal-Wallis tests followed by Conover-Iman multiple comparison tests. Correlations among MRI, PFTs,
and CT findings were evaluated. The ratio of 12°Xe signal in red blood cells to pulmonary Membrane (RBC/Mem) was reduced
in the ALI group compared with the control group (median, 0.356 [IQR,0.035] vs. 0.607 [IQR,0.086], p<0.001) and partially re-
covered in the treatment group (p <0.001). Notably, persistent functional impairment in the treatment group was not detected
by PFTs or CT imaging. The RBC/Mem correlated well with forced vital capacity (FVC) and mean lung density (MLD) (both
p<0.05). Additionally, hematocrit (Hct) increased in the treatment group compared to the ALI group (Hct: median, 0.242 [IQR,
0.031] vs. 0.216 [IQR, 0.019], p <0.001). These findings demonstrate the potential of hyperpolarized '2°Xe MR as a non-invasive
and highly sensitive modality for detecting subtle or residual gas-exchange abnormalities, supporting its further application in
interventional studies of acute lung injury.

Abbreviations: ALI, acute lung injury; ARDS, acute respiratory distress syndrome; CSSR, chemical shift saturation recovery; CT, computed tomography; DEX,
dexamethasone sodium phosphate; FVC, forced vital capacity; Hct, hematocrit; LPS, lipopolysaccharide; Mem, membrane tissue; MLD, mean lung density; MRI,
magnetic resonance imaging; MRS, MR spectroscopy; PFTs, pulmonary function tests; RBC, red blood cell; 6, the air-capillary barrier thickness; wp ., 12*Xe chemical
shift in RBC.
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1 | Introduction

Acute lung injury (ALI) is a disorder of acute inflammation that
causes disruption of the lung endothelial and epithelial barri-
ers. Its more severe form, acute respiratory distress syndrome
(ARDS), which are characterized by the sudden onset of pulmo-
nary infiltrates and impaired oxygenation, resulting from either
pulmonary (direct) factors, such as biological, chemical, and
physical hazards, or extrapulmonary (indirect) [1], for example,
sepsis. ARDS has long posed a significant healthcare challenge,
with an annual incidence of approximately 75 cases per 100,000
population and a mortality rate ranging from 27% to 45% [2, 3].
Moreover, there are currently no clinically approved medica-
tions that can effectively reduce mortality in ARDS patients [4].
The management of this condition largely depends on support-
ive care [2]. Corticosteroids have attracted considerable clinical
interest for their ability to mitigate pulmonary and systemic
injury in ALI/ARDS patients [5], owing to their potent anti-
inflammatory and antifibrotic effects. Recent meta-analyses
suggest that glucocorticoids therapy can significantly improve
oxygenation [6]. However, prolonged systemic glucocorticoids
therapy may also lead to complications such as hypertension
and other adverse effects [7]. Therefore, careful monitoring of
therapeutic efficacy and prudent administration of medication
are essential across the broad phenotypic spectrum of ALI/
ARDS patients.

ALI/ARDS is characterized by severe impairment of gas ex-
change with a decrease in arterial oxygen partial pressure (PaO,)
and/or reduced oxygen utilization. Numerous strategies have
been implemented to monitor respiratory status and treatment
responses in ALIL The ratio of PaO, to the fraction of inspired
oxygen (FiO,) remains a standard metric for assessing the se-
verity of ALI/ARDS [8]. However, PaO, measurement requires
invasive arterial blood sampling, which may be contraindicated
in patients prone to bleeding, like patients with coagulation
dysfunction or individuals treated with anticoagulant drugs.
Computed tomography (CT) offers detailed assessment of lung
aeration and edema [9, 10], but the associated ionizing radiation
limits routine clinical use. Lung ultrasound (LUS) has emerged
as a bedside tool for monitoring lung impairment. Previous stud-
ies have demonstrated strong correlations between LUS reaer-
ation score and improvements in PaO, following interventions
such as positive end-expiratory pressure (PEEP) application
[11-13]. Nevertheless, ultrasound predominantly visualizes sub-
pleural lung areas and may be limited in cases of subcutaneous
emphysema or diffuse edema [14]. Therefore, non-invasive, sen-
sitive methods for assessing lung function are needed to assess
treatment response in patients with ALI/ARDS [15].

Hyperpolarized (HP) 12°Xe magnetic resonance imaging (MRI)
is a promising imaging modality for non-invasive, radiation-
free assessment of pulmonary function [16-18] and micro-
structure [19-21]. Upon inhalation, xenon gas rapidly diffuses
through the airways into the alveolar spaces, permeates the
blood-gas barrier, and dissolves into tissues, plasma, and red
blood cells (RBCs) [22]. The dissolved-phase 2°Xe exhibits dis-
tinct chemical shifts at approximately 197 ppm in pulmonary
tissues and plasma (membrane tissue) and around 218 ppm in
RBCs of humans, with a slightly lower value observed in rats
(~210 ppm), relative to the gas-phase signal. This property allows

129Xe MR to assess pulmonary function [23, 24]. HP 2°Xe MR
has been successfully utilized for the assessment of various
diseases, including COPD [25-28], cystic fibrosis (CF) [29-31],
asthma [32], and pulmonary hypertension [33, 34].

Recent studies have shown that HP 12°Xe MR can sensitively de-
tect post-treatment changes in various pulmonary diseases. In
COPD, it identified impaired gas exchange in newly ventilated
regions following bronchodilator therapy [35]. In idiopathic pul-
monary fibrosis (IPF) [36], patients who received 1year of anti-
fibrotic therapy demonstrated an increase in the RBC-to-Mem
ratio relative to baseline values, a change that was not detect-
able by conventional pulmonary function tests (PFTs) (forced
vital capacity [FVC] and diffusing capacity of the lung for car-
bon monoxide [DL,]). Similarly, in pulmonary hypertension,
129Xe MR detected improved RBC transfer even at low serum
drug levels during long-term therapy [37]. While most studies
focus on chronic lung diseases, few have explored this technol-
ogy in acute, heterogeneous conditions like ALI. Nevertheless,
prior work has demonstrated the sensitivity of RBC/Mem mea-
surements in tracking gas exchange changes in LPS-induced
ALI models [38, 39] and lung lesions induced by bleomycin [40].
Animal models remain critical for studying disease mechanisms
and predicting therapeutic outcomes [41, 42].

In this study, we investigated the feasibility of using hyperpo-
larized '?°Xe MR to quantify pulmonary physiological changes
following glucocorticoid treatment in a rat model of ALI. All an-
imals underwent hyperpolarized '?°Xe MR, PFTs, CT, and his-
topathological analysis. Quantitative parameters derived from
129Xe MR were compared among groups, and their correlations
with conventional assessment methods were evaluated to deter-
mine the potential clinical utility of this imaging modality.

2 | Methods
2.1 | ¥Xe Polarization and Delivery

Isotopically enriched xenon gas (86% !?°Xe) was polarized
using a commercial polarizer (verImagin Healthcare, Wuhan,
China) operating in a continuous mode. The available polar-
ization of xenon gas within the Tedlar bag was approximately
40%. Polarized xenon gas was administered to the rats through
a home-built, MR-compatible gas delivery system, controlled by
a homemade LabVIEW program [43]. During MR examinations,
the rat was ventilated with xenon and oxygen gas alternately,
while the airway pressure in the lungs was continuously moni-
tored in real time.

2.2 | Animal Preparation

All the animal experimental protocols were approved by the
institutional animal care committee. Anesthesia was induced
with 5% isoflurane (RWD Life Science, Shenzhen, China) in air
and maintained at 2% during procedures. Lipopolysaccharide
(LPS; 4mg/mL, Sigma, USA) and dexamethasone sodium
phosphate (DEX; 2mg/mL, MedChemExpress, Shanghai,
China) [44], both dissolved in normal saline (NS), were used
toinduce and treat ALI rat model, respectively. After 1 week of
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acclimatization, 15 male Wistar rats (7 weeks old, 230-260g)
were randomly divided into three groups (n=>5 per group): a
control group receiving only NS, a group with LPS-induced
lung injury then treated with normal saline (ALI group), and
a group with LPS-induced lung injury then treated with DEX
(treatment group). (Figure 1A). During the ALI modeling, LPS
was administered (0.3 mL) via intratracheal instillation in the
ALI and treatment groups, while the control group received
an equivalent volume of NS. During the treatment stage, the
treatment and ALI groups received daily intraperitoneal in-
jections of DEX (10-mg/kg body weight) or NS, respectively.
The first treatment is 1h post-LPS exposure. One week after
intratracheal instillation surgery, all rats underwent sequen-
tial 129Xe MRI examinations, PFTs, CT scans, and histology as
illustrated in Figure 1A.

To evaluate the potential effects of short-term DEX treatment on
lung function in healthy rats, an additional cohort of 10 healthy
animals was randomly assigned to two groups: a DEX-treated
group and a saline control group. Rats in the DEX group received
daily intraperitoneal injections of dexamethasone sodium phos-
phate (10-mg/kg body weight), while the control group received
equivalent volumes of normal saline. Each group received three
consecutive injections. One week after the first administration,
all animals underwent sequential hyperpolarized *°Xe MR ex-
aminations and PFTs.

A

Intervention protocol

2.3 | HP 'Xe MR Examinations

All MR examinations were conducted on a 7.0-T animal MRI
scanner (Bruker BioSpec 70/20 USR, Germany) equipped with
a home-built dual-tuned birdcage coil. Under anesthesia with
sodium pentobarbital (40 mg/kg, intraperitoneal), rats were tra-
cheostomized with a 14G endotracheal tube, which was secured
with surgical thread to minimize gas leakage. After catheter in-
tubation, rats were placed supine and ventilated alternately with
oxygen or HP xenon gas, using a tidal volume of 2.5mL while
maintaining airway pressure below 15-cm H,O through an MR-
compatible gas delivery system. Anesthesia was maintained
with 1%-2% isoflurane.

For ventilation imaging, rats were flushed with xenon gases
three times to reduce T1 relaxation decay effects. Then, a fast
low-angle shot (FLASH) sequence [45] was applied during the
breath-hold, utilizing the following parameters: repetition time
(TR)/echo time (TE)=7.6 ms/2.5ms, flip angle =10°, centric en-
coding, number of slices =7, slice thickness =4 mm, field of view
(FOV)=50mm X 50 mm, and matrix=128 X 128.

For HP '?°Xe MR spectroscopy (MRS), a chemical shift sat-
uration recovery (CSSR) sequence was used within a single
breath-hold following two xenon flushes [46] (Figure 1B). Two
Gaussian-shaped pulses with durations of 0.5 and 0.3ms were
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FIGURE 1

I (A) Schematic overview of ALI modeling and intervention protocol, along with the timeline of subsequent examinations. Day 0

marks the start of treatment. (B) Schematic of the breathing strategy and 12°Xe MRS pulse sequences for chemical shift saturation recovery (CSSR).
Following the final xenon inhalation, !*Xe MR data were collected during a controlled breath-hold. For CSSR data collection, two Gaussian-shaped

RF pulses centered at the dissolved 12°Xe resonance (approximately 205 ppm) with durations of 0.5 and 0.3 ms were used for saturating and exciting

the MR signals of dissolved '?°Xe in the lung, respectively. Abbreviations: ALL, acute lung injury; DEX, dexamethasone sodium phosphate; i.p., in-

traperitoneal injection; LPS, lipopolysaccharide.
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used to saturate and excite the dissolved '*°Xe signals at ap-
proximately 205 ppm, with off-resonance effects corresponding
to flip angles of 0.05° and 0.17° on the gas-phase 12°Xe, respec-
tively. Spectra were acquired at a 25kHz bandwidth, with 1024
sampling points, over 24 exchange time points (2-400ms). Each
CSSR sequence was repeated five times per rat.

2.4 | PFTs

PFTs were performed using a commercial Forced Maneuvers
system (CRFM 100, EMMS, UK). Following baseline correc-
tion, the system inflated the lungs to 30 cmH,O and briefly
maintained this pressure before initiating a forced expiration
by connecting the airway to a negative pressure reservoir.
Expiration continued until the respiratory flow dropped to
zero, with the expiratory rate limited by the animal’s pulmo-
nary resistance. FVC was defined as the total volume of air
exhaled completely and forcefully after maximal inspiration
[47]. The volume exhaled within the first 100ms following
maximal inspiration was defined as the forced expiratory vol-
ume in 100ms (FEV,, ). Quasi-static compliance (Cqs) was
calculated from the slope of the pressure-volume curve be-
tween 0 and 10cmH,0O (AV/AP). Forced expiratory volume in
100ms (FEV, ), FVC, and quasi-static lung compliance (Cqs)
were obtained within 5min.

2.5 | CT Imaging

Following PFTs, rats were imaged in the supine position using
a small animal micro-CT (SkyScan 1176, Bruker, Kontich,
Belgium). Scans were performed with breath-gating and the fol-
lowing parameters: 80-kVp x-ray voltage, 310-uA current, 1-mm
aluminum filter, 100-ms exposure per projection, and 360 pro-
jections. The resulting voxel size was 35x35x 35um?>. Images
were reconstructed using NRecon software (SkyScan, NRecon
Reconstruction, Kontich, Belgium) and lung parenchyma seg-
mentation [48] was performed in ITK-SNAP (v4.02, http://www.
itksnap.org) to calculate mean lung density (MLD).

2.6 | Histology

Following CT imaging, rats were euthanized with an overdose
of sodium pentobarbital (150mg/kg). Lungs were extracted
and immersed in 4% paraformaldehyde at 25 cmH,O for >2h,
then stored for >48h. Tissue samples were embedded in paraf-
fin, sectioned at 5um, and stained with hematoxylin and eosin
(H&E, Servicebio Technology, Wuhan, China) for histological
analysis of inflammation.

2.7 | Data Processing

All the MR data was processed in MATLAB software (The
MathWorks Inc., Natick, MA, USA). 12°Xe ventilation imaging
was reconstructed into images using a two-dimensional Fourier
transform. The '>Xe MR FIDs were analyzed using a time-
domain fitting approach to quantify the signal amplitudes and
chemical shift of 12°Xe in the membrane, RBC, and gas phase.

This analysis was performed using OXSA toolbox [49], which
implements the Advanced Method for Accurate, Robust, and
Efficient Spectral (AMARES) fitting approach. Ratios of Mem/
Gas, RBC/Mem and '*°Xe chemical shift in RBC were derived
from the '2°Xe spectrum with an exchange time of 100 ms. Gas-
exchange parameters, including septal wall thickness (d), sur-
face area to volume ratio (SVR), barrier-to-septum ratio (6/d),
the air-capillary barrier thickness (8), hematocrit (Hct), and pul-
monary capillary transit time (¢,) were extracted by fitting the
CSSR data to the model of xenon exchange (MOXE) [50, 51].

2.8 | Statistical Analysis

All the statistical analyses were performed using SPSS 29.0
(IBM Corp., Armonk, NY, USA), except for the Conover-Iman
post hoc tests, which were conducted using R software (version
4.5.1). Data were presented as medians and interquartile range
(IQR). Inter-group comparisons of 2Xe MRS, PFTs and CT
results were assessed using Kruskal-Wallis tests followed by
Conover-Iman multiple comparison tests. Correlations between
129Xe MRS-derived parameters and other measurements were
evaluated using Pearson correlation analysis. A p value <0.05
was considered statistically significant.

3 | Results
3.1 | HP'¥Xe MR and CT Scans

Figure 2 presents typical 1?°Xe ventilation images, CT images,
and CSSR uptake curves for each group, respectively. In 129Xe
images, both ALI and DEX-treated rats exhibited distinct
poorly ventilated areas in the right upper lobes compared to
the control rat. Notably, the DEX intervention group showed
a mild improvement in pulmonary aeration condition relative
to the untreated ALI rat. This finding is further supported by
the CT images, where high-density parenchymal opacifications
were observed in the LPS-induced ALI rat. In contrast, these
opacifications were attenuated in the DEX-administered rat.
Quantitative results from the CT scans indicated a statistically
significant elevation in MLD in the ALI group compared to both
the control group (median, —843.55 HU [IQR: 46.78 HU] vs.
—874.51 HU [IQR: 9.26 HU], p=0.019) and the treatment group
(median, —843.55 HU [IQR: 46.78 HU] vs. 878.19 HU [IQR:
23.91 HUJ, p=0.011), as summarized in Table 1. Additionally, in
the CSSR uptake curves, the normalized Mem signal curve was
markedly elevated in the ALI rat, while only a slight increase
was observed in the DEX-treated rat compared to the healthy
control rat.

Group-wise comparisons of HP 12°Xe MRS-derived physiologi-
cal parameters are illustrated in Figure 3, with quantitative indi-
ces are summarized in Table 1. The median Mem/Gas ratio was
significantly higher in the ALI group (0.033 [IQR, 0.005]) rela-
tive to that in both control group (0.024 [IQR, 0.003], p<0.01)
and DEX group (0.025 [IQR, 0.005], p<0.05). Additionally,
RBC/Mem ratio in the ALI group (median, 0.356 [IQR, 0.035])
was substantially reduced compared to those in both the con-
trol group (median, 0.607 [IQR, 0.086], p<0.001) and the treat-
ment group (median, 0.431 [IQR, 0.082], p<0.001), whereas a
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FIGURE 2 | Representative ventilation images, CT images and CSSR uptake curves from the control group (left column), ALI group (middle
column), and treatment group (right column). Blue and yellow arrows indicate low ventilation and high-density area in '2°Xe MR and CT images,

respectively. The dissolved-phase 12°Xe signals in the membrane tissue (Mem) and red blood cells (RBCs) were normalized to the gas-phase xenon

signal. Abbreviations: ALI, acute lung injury; CSSR, chemical shift saturation recovery; CT, computed tomography.

significant difference was also observed between the treatment
and control groups (p <0.001, Figure 3A).

Air-capillary barrier thickness (§) increased in both ALI and
treatment groups compared to the control group (p <0.001 and
p=0.005, respectively), whereas the treatment group revealed
a mild, though not statistically significant decline compared to
the ALI group (Figure 3B). The median § was 0.870um (IQR,
0.151um) in the control group, 1.384um (IQR, 0.241 um) in the
ALIgroup, and 1.115um (IQR, 0.228 um) in the treatment group.
Additionally, significant intergroup differences in Hct were also
observed (Figure 3C). Besides the gas exchange parameters
above, we also observed that the chemical shift of RBC (wg )
in the ALI group was significantly lower than that in the control
group (median 210.406 ppm [IQR, 0.161 ppm] vs. 210.824 ppm
[IQR, 0.196 ppm], p <0.01, Figure 3D).

3.2 | PFTs Analysis

Compared to the control group, the ALI group exhibited a sig-
nificant reduction in FVC (ALI: median 8.0mL [IQR, 1.5mL] vs.
Control: median 10.9mL [IQR, 3.1 mL], p=0.002). Moreover, the
median FVC in the treatment group was 11.2mL (IQR, 2.6 mL),
which was comparable to that in the control group (p=1.000)
and significantly higher than that in the ALI group (p=0.004).
No significant differences were observed among the groups for
FEV,,, and Cqs. All the quantitative results are summarized in
Table 1.

3.3 | Histological Observations

Figure 4 shows representative histological sections from the
three groups. The control group exhibited normal alveolar ar-
chitecture with intact septa and clear airspaces. In contrast,
intratracheal administration of LPS induced pronounced in-
flammatory cell infiltration within the alveolar septa, accom-
panied by partial alveolar collapse. The ALI group also showed
interstitial edema and widening of the alveolar septa, indicat-
ing substantial structural damage. However, these pathologi-
cal alterations were markedly alleviated in the treatment rats,
demonstrating reduced inflammatory infiltration and partial
restoration of normal lung architecture.

3.4 | Correlations Among ??Xe MRS, PFTs, and CT
Parameters

Correlation analysis among RBC/Mem, Hct, §, and FVC or MLD
measurements across the control, ALI, and treatment groups
are presented in Figure 5. Positive correlations were observed
between FVC and both RBC/Mem ratio (r=0.625, p<0.05,
Figure 5A) and Hct (r=0.609, p<0.05, Figure 5B). In contrast,
& showed a negative correlation with FVC (r=-0.637, p<0.05,
Figure 5C). Additionally, both the RBC/Mem ratio and Hct were
negatively correlated with MLD measurements (r=-0.627,
p<0.05, Figure 5D and r=-0.695, p<0.01, Figure 5E, respec-
tively), while § was positively correlated with MLD (r=0.598,
p<0.05, Figure 5F).
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TABLE1 | Summary of statistical results for PFTs, CT, and HP 12Xe MR across all the subjects.

p
ALI- Control-
Parameters Control (n=5) ALI (n=5) Treatment (n=5) Control-ALI treatment treatment
PFTs
FEV,,, (mL) 4.1 (3.0-5.0) 4.4 (3.5-5.4) 4.3 (3.6-4.5) 1.000 1.000 1.000
FVC (mL) 10.9 (9.9-13.0) 8.0 (7.0-8.5) 11.2 (9.2-11.8) 0.002 0.004 1.000
C,, (mL/ 0.7 (0.6-0.8) 0.5 (0.4-0.7) 0.7 (0.6-0.8) 0.350 0.200 1.000
c¢cmH,0)
CT
MLD (HU) —874.51 (—879.75 —843.55(—859.35 —878.19 (—885.75 0.019 0.011 1.000
to —870.49) to —812.57) to —861.84)
Gas-transfer function
RBC/Mem 0.607 (0.576-0.662)  0.356 (0.345-0.380)  0.431 (0.409-0.491) <0.001 <0.001 <0.001
Mem/Gas 0.024 (0.021-0.024)  0.033 (0.028-0.033)  0.025 (0.022-0.027) 0.004 0.031 0.814
d (um) 9.612 (8.783-9.897) 11.414 10.841 0.082 1.000 0.129
(10.014-13.585) (10.018-12.928)
SVR 362.3 (332.1-377.0) 371.3 (362.9-410.8) 347.5(281.1-348.2) 0.402 0.022 0.402
é/d 0.087 (0.079-0.105) 0.121 (0.101-0.138) 0.105 (0.092-0.122) 0.160 0.900 0.900
t,(ms) 564.0 (282.2-625.8)  644.6 (423.5-700.6)  467.4 (389.3-685.7) 1.000 1.000 1.000
S (um) 0.870 (0.774-0.925)  1.384(1.265-1.506)  1.115 (1.098-1.326) <0.001 0.113 0.005
Hct 0.296 (0.283-0.314)  0.216 (0.206-0.225)  0.242(0.235-0.266) <0.001 <0.001 <0.001
Wrpe (ppm) 210.824 210.406 210.684 0.006 0.058 0.762

(210.666-210.862)

(210.368-210.529)

(210.526-210.789)

Note: Data were presented as medians and interquartile range (25th-75th percentile) for each group. Intergroup comparison of quantitative parameters was analyzed

using the Kruskal-Wallis test. The p values were calculated among the three groups with significant differences in bold, and significance was set at p <0.05.
Abbreviations: 8, the air-capillary barrier thickness; &/d, the ratio of barrier thickness to interstitial thickness; w ., 1?*Xe chemical shift in red blood cells; ALI, acute
lung injury; C, quasi-static lung compliance; CT, computed tomography; d, the alveolar septal thickness; FEV,, forced expiratory volume in 100 ms; FVC, forced
vital capacity; Hct, hematocrit; Mem/Gas, the ratio of '>°Xe signal in membrane tissue to that in alveolus; MLD, mean lung density; PFTs, pulmonary function tests;
RBC/Mem, the ratio of 12°Xe signal in red blood cells to that in membrane tissue; SVR, the alveolar surface area-to-volume ratio; t,, the capillary transit time.

4 | Discussion

The goal of this study is to demonstrate the feasibility of HP
129X¥e MR for detecting therapeutic effects of dexamethasone so-
dium phosphate (DEX) in an LPS-induced ALI rat model. Our
results indicate that '2°Xe MR-derived parameters—including
RBC/Mem, Mem/Gas, Hct—are sensitive to the therapeutic ef-
fects of DEX on lung injury. 2°Xe MRI revealed that there was
a significant elevation in pulmonary function in the DEX treat-
ment group, though not fully returned to normal levels. Such a
sensitive assessment of lung function is not currently possible
by PFTs. Although the therapeutic effects of glucocorticoid in
LPS-induced lung injury are well documented, this represents
the first in vivo application of HP '>°Xe MR for assessment of
glucocorticoid efficacy in ALIL

One week following LPS instillation, the ALI group exhib-
ited an approximately 41% reduction in RBC/Mem ratio com-
pared with the control group, corroborating previous findings
[38, 52]. Following DEX treatment, normalization of the RBC/
Mem ratio may be attributed to two primary factors. First,
the pathology of the treatment group indicated a reduction

in interstitial edema, which alleviated capillary compression
and decreased vascular resistance. These enhance local blood
flow perfusion and facilitate the transport of xenon from the
lung interstitial to RBCs [33], resulting in an increased RBC/
Mem ratio. Additionally, dexamethasone has been shown to
inhibit neutrophil infiltration in the alveoli and reduce levels
of pro-inflammatory cytokines and oxidative stress markers
[53, 54]. These actions may contribute to a mild decrease in
the thickness of the gas exchange membrane, thereby reduc-
ing the amount of dissolved ?°Xe within it and leading to a
lower Mem/Gas ratio. These findings are consistent with pre-
vious studies demonstrating that dexamethasone reduces pro-
tein concentration and neutrophil counts in bronchoalveolar
lavage fluids [55]. The RBC/Mem ratio in DEX-treated rats
remained significantly lower than that of the control group,
indicating only partial restoration of gas exchange function.
Notably, this residual dysfunction was not detected by con-
ventional PFTs or CT, highlighting the superior sensitivity
of HP 2°Xe MR-derived biomarkers for detecting subtle pul-
monary abnormalities. It should be noted that diffusion ca-
pacity of the lung for carbon monoxide (DL_,) measurement
was not performed due to the absence of a gas chromatograph

60of 11

NMR in Biomedicine, 2026

85UB017 SUOWWIOD SARER1D 3|qed! [dde aup Aq pausenob ae sajp1e VO ‘8N Jo s3I Joj A%eiqi T 8UIIUO AB]IN UO (SUORIPUOI-PUR-SWRIALIOD A3 ]I AReid 1|ouU0//SdRY) SUORIPUOD PUe SWB L U} 89S *[9202/£0/90] U0 ARig1T8uliuO AB]IM BoWeIS JO A1sieAIIN BuoyzenH Ad #S520. Wqu/Zo0T OT/I0PALIOD" A3 1M AReIq 1pU1JUO S euIno Bous 1S feo A feue//Sdny Woiy pepeojumoq ‘v ‘9202 ‘26vT660T



A os

— 1.75 =
*%k%
g 07 = _1.50 .
9 < ==
S 0 51.25
U [ ]
D 0.5 oo “ 1.00
0.4 ° o ¢
- 0.75]
\ \ X
“&‘°\ p ‘«\e“‘ 0 W e
co <&@ C <&
C o040 D ;12
*%k%
0.35 — b __2110 *x
i °
¥ 0.30 % §_ 210.8] =ge=
T R
0.25 Q 2 210.61 | ?
S
\ \ X \ \ X
(\“o ?‘\' ‘(\e(\ ‘\\.‘o P\' «\e‘\
o e o '“ea‘

FIGURE 3 | Comparison of measured physiological parameters among the three groups using hyperpolarized *°’Xe MR. (A) RBC/Mem; (B)
the air-capillary barrier thickness (§); (C) hematocrit (Hct); (D) '2°Xe chemical shift in red blood cells (wgpc)- Each black dot is an individual study
subject. The long horizontal solid lines are first quartile, median, and third quartile, respectively. Asterisks denote significant differences between
two cohorts, as determined by Kruskal-Wallis test following by post hoc Conover-Iman test. **p <0.01, ***p <0.001. Abbreviations: ALI, acute lung

injury; RBC/Mem, the ratio of 12°Xe signal in red blood cells to that in membrane tissue.

FIGURE 4 | Representative H&E-stained lung sections from the control, ALI, and treatment groups. Inflammatory cell infiltration is evident

within the alveolar spaces (red arrows), accompanied by interstitial edema (blue arrows) and partial destruction of alveolar architecture (golden

arrows) in the ALI group. The treatment group shows partial structural recovery with reduced inflammatory infiltration. Abbreviations: ALI, acute

lung injury.

for small-animal assessments, representing a methodological
limitation of this study.

Hct reduction in rats receiving LPS treated with normal saline
was consistent with previous LPS-induced lung injury models
[38]. DEX treatment increased Hct by approximately 12% in the
treatment group, indicative of improved oxygen-carrying capac-
ity. However, this elevation is more likely due to DEX-mediated
improvements in ventilation and perfusion, possibly through
blood flow redistribution to newly ventilated areas [56]. First,

the anti-inflammatory effects of DEX improve airway obstruc-
tion and lung edema, as evidenced by ventilation images show-
ing an obvious reduction in the area of hypoventilation regions.
This leads to a decrease in localized abnormal blood flow distri-
bution [57] and an increase in perfusion in normally ventilated
areas. Second, endothelial permeability reduction [58] resulted
in an overall increase in pulmonary blood flow and circulat-
ing blood volume. These findings are consistent with previous
studies confirming that glucocorticoids can significantly opti-
mize pulmonary ventilation function in patients with asthma
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FIGURES5 | Correlations between HP 12°Xe MRS-derived parameters (RBC/Mem, Hct, §), PFTs-derived parameters (forced vital capacity, FVC),
and CT-derived parameters (mean lung density, MLD) in the control, ALI, and treatment groups (A-F). Pearson correlation coefficients (r) and cor-
responding p values are indicated in each panel. Significant correlations were found between the FVC or MLD, and the measured the ratio of 12°Xe
signal in red blood cells to that in membrane tissue (RBC/Mem), hematocrit (Hct), and the air-capillary barrier thickness (§). Abbreviations: ALI,

acute lung injury.

[59] and endotoxin-induced pulmonary inflammation model
[60]. Furthermore, the observed correlation between Hct and
MLD or FVC supports the notion Hct normalization is driven by
the anti-inflammatory effects of DEX [61]. Additionally, control
experiments conducted in healthy rats only injected with DEX
(DEX group) or normal saline (control group) showed no signif-
icant differences in lung function parameters (Table S1, p>0.05
for all parameters), suggesting that the short-term DEX treat-
ment protocol had little effect on lung function of healthy rats.

Besides gas exchange parameters, the chemical shift of xenon in
RBCs (wgp) showed a significant reduction in the ALI group
compared to that in the control group. Our findings are consis-
tent with the results of in vitro and human studies by Norquay
et al. [62] and with Friedlander's work in rats [63], both of which
demonstrated that anoxia shifts the RBC resonance peak toward
a lower frequency.

As a proof-of-concept study, our research can be extended in fol-
lowing ways: First, the RBC/Mem ratio in the treatment group
has not yet normalized, indicating the potential presence of re-
sidual underlying pathology. The residual pathology observed
in the present study is unlikely to be attributable solely to the
7-day treatment protocol. Previous work has demonstrated that
similar therapeutic regimens do not achieve complete resolution
of lung pathology in ALI models, even at later time points such
as Day 14 or Day 28 [58, 64]. Consistent with these findings, ex-
tended dexamethasone treatment has been reported to be insuf-
ficient to fully restore lung structure and function to baseline
levels [65, 66]. This limited response may reflect saturation of
glucocorticoid receptors [67], beyond which additional treatment
provides diminishing therapeutic benefit. Furthermore, ALI is
frequently accompanied by fibrotic remodeling [38]. Although
dexamethasone has been shown to attenuate fibrotic progression,
it does not reverse established fibrosis, which may contribute to
persistent impairment of pulmonary gas exchange [68]. Future

studies evaluating optimized dosing strategies and combination
therapies may help to further improve functional recovery in
ALI Second, to enhance the translational relevance of the find-
ings, it is necessary to incorporate widely used clinical assess-
ments—such as monitoring respiratory metric and arterial blood
gas analysis—in addition to CT and PFTs, providing a more
comprehensive framework for personalized care. Furthermore,
conducting longitudinal imaging of these animals would have
been preferable, as it would allow each subject to serve as its own
control and more closely simulate clinical realities. In addition,
transitioning from whole-lung metrics (e.g., CSSR) to spatially
resolved methods—such as Dixon-based 3D imaging of the air-
space, membrane, and RBC compartments—or alternatively
employing the xenon transfer contrast (XTC) technique [69]—
could enhance the assessment of regional lung function and spa-
tial heterogeneity. The clinical significance of this approach is
underscored by recent evidence identifying elevated membrane
uptake as a treatable trait in several forms of interstitial lung
diseases. Despite the broader physiological insights provided by
CSSR, the global RBC/Mem ratio remains the most reliable and
reproducible parameter across studies. Additionally, 12Xe MRI
examinations present significant challenges for patients with
ALI, primarily due to the incompatibility between essential life-
support equipment and the controlled environment of the MRI
suite. However, 12Xe MRI may still hold promise for longitudi-
nal evaluation of treatment response and pulmonary recovery
in convalescent patients following ICU discharge. Moreover,
this technique remains a powerful tool for preclinical studies,
enabling detailed investigation of disease progression and thera-
peutic interventions in experimental models of ALI.

5 | Conclusion

This study demonstrates the feasibility of HP '2°Xe MR in quan-
tifying therapeutic effects of dexamethasone (DEX) in ALI rat
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models. Our findings show that 2°Xe MR-derived parameters
are sensitive to the therapeutic response of ALI compared to
conventional PFTs and CT metrics. These results highlight the
potential of HP 12Xe MR as a non-invasive tool for monitoring
therapeutic efficacy in ALL
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