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ABSTRACT
Purpose: To evaluate the feasibility of measuring gas exchange between the alveolar-capillary membrane and red blood cells
(RBCs) using hyperpolarized 129Xe magnetic resonance, and to assess its potential for detecting disease-related changes in an
animal model.
Methods: Experiments were performed on eight rats with bleomycin-induced pulmonary fibrosis and eight healthy controls.
RBCs chemical shift saturation recovery (rCSSR) and equivalent chemical shift saturation recovery (eCSSR) sequences were
developed to estimate the gas exchange time constants from alveoli to RBCs (TG-R) and from membrane to RBCs (TM-R). Group
comparisons were performed, and correlations between rCSSR-derived parameters and pulmonary function tests (PFTs) and quan-
titative histology were also assessed. Statistical significance was defined as p< 0.05.
Results: TM-R and TG-R measured with rCSSR (denoted as TM-R-R and TG-R-R, respectively) were higher in the fibrosis group
(8.74± 1.26 and 17.80± 3.08 ms, respectively) compared to controls (7.02± 0.58 and 13.89± 1.58 ms; p< 0.01). For the TM-R and
TG-R derived from eCSSR (denoted as TM-R-E and TG-R-E, respectively), only TG-R-E showed a significant difference. Additionally,
TM-R-R demonstrated strong correlations with forced vital capacity, quasi-static compliance from PFTs, and alveolar septal thick-
ness measured by histology.
Conclusion: We proposed a 129Xe MR-based approach for quantifying gas exchange from the alveolar-capillary membrane to
RBCs. This technique shows promise as a sensitive, non-invasive tool for detecting pulmonary gas exchange impairment.

1 | Introduction

Pulmonary fibrosis is characterized by excessive accumulation of
extracellular matrix and remodeling of lung architecture [1]. Idio-
pathic pulmonary fibrosis (IPF), the most common and severe
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form, is associated with a median survival of only 3–5 years
following diagnosis [2]. Clinically, patients with IPF typically
exhibit decreased lung compliance, reduced lung capacity [3],
and impaired gas exchange due to pathological thickening of the
alveolar-capillary membrane [3, 4]. The pulmonary vasculature
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is essential for gas exchange and plays a key role in lung devel-
opment, repairment, and regeneration [5]. In patients with IPF,
the pulmonary vasculature undergoes aberrant remodeling [5, 6],
which may lead to pulmonary arterial and systemic hypertension
[7, 8].

Several imaging modalities are used to assess the pulmonary vas-
culature, including intravascular ultrasound (IVUS) [9], positron
emission tomography (PET) [10], computed tomography (CT)
[11], and MRI [12]. IVUS enables visualization of vessel wall mor-
phology and pulsation but is invasiveness [13]. PET and CT are
widely used for diagnosing pulmonary embolism and atheroscle-
rosis [14, 15]. Nevertheless, their reliance on radioactive tracers
or iodine-based contrast agents limits broader application. MRI
enables noninvasive assessment of structural and flow-related
information, but is challenged by low proton density and sus-
ceptibility artifacts in the lung [16]. Importantly, none of these
techniques can evaluate capillary networks at the gas exchange
interface.

Hyperpolarized 129Xe gas MRI has been widely utilized in pul-
monary imaging [17–20], and the technique has been approved
for clinical use in both China and the United States [21, 22]. This
modality enables visualization of pulmonary gas distribution
and assessments of regional ventilation and alveolar microstruc-
ture [23–27]. Xenon can dissolve into the alveolar-capillary
membrane and red blood cells (RBCs) within the capillary bed
(referred to as dissolved-phase 129Xe). Due to its high chemical
shift sensitivity, these dissolved compartments generate distinct
MR signals [28–32]. Numerous studies have used 129Xe MR to
investigate gas exchange from the alveoli to the membrane and
RBCs [33–37]. However, the specific gas transfer process from
the membrane to RBCs remains poorly characterized. Investigat-
ing this intermediate step may offer valuable insights into pul-
monary microvascular morphology and function, which could
enhance our understanding of microcirculatory impairment in
lung pathology.

In this study, we introduce a novel method to evaluate pulmonary
capillary function by quantifying xenon exchange between the
alveolar-capillary membrane and RBCs. The exchange time con-
stant between membrane and RBCs was extracted from healthy
and fibrotic rats and compared to values from an equivalent
chemical shift saturation recovery (eCSSR) sequence. Pulmonary
function tests (PFTs) and quantitative histological analyses were
also performed. The exchange time constants obtained via hyper-
polarized 129Xe MR were correlated with PFT and histological
results, providing a comprehensive assessment of pulmonary
capillary function.

2 | Methods

2.1 | Pulse Sequence Design

The central concept for assessing gas exchange between the pul-
monary membrane and RBCs is to selectively saturate the 129Xe
signal in the RBCs after the dissolved-phase 129Xe reaches a
steady state. Immediately following this selective saturation, it is
assumed that hyperpolarized 129Xe signal in the RBCs originates
exclusively from the membrane. To implement this strategy, we
developed a pulse sequence termed RBCs chemical shift satura-
tion recovery (rCSSR), as illustrated in Figure 1A.

In the rCSSR sequence, a low flip-angle Gaussian pulse was
applied to acquire the alveolar gas-phase 129Xe signal (SGas),
which was used to normalize the RBCs signal and correct for
polarization decay across sequence repetitions. A 400 ms delay
is then introduced to allow complete recovery of the dissolved-
phase 129Xe signal in rats, followed by a selective minimum-phase
Shinnar–Le Roux (SLR) pulse (SLR2) to selectively saturate the
129Xe signal in RBCs. Subsequently, after a variable exchange
time (𝜏), the dissolved-phase 129Xe signal is excited to quan-
tify the signals in the membrane compartment (SMem), and
RBCs (SRBCs). Additionally, replacing the SLR2 pulse with SLR1

FIGURE 1 | Pulse sequences designed in this study. (A) RBCs chemical shift saturation recovery (rCSSR). (B) Equivalent CSSR sequence (eCSSR).
Each sequence was repeated n times, with the exchange time (𝜏) varying as a function of n. ADC, analog-to-digital converter; FA, flip angle; RBCs, red
blood cells; RF, radiofrequency; SLR, Shinnar–Le Roux algorithm.
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yields a functionally eCSSR sequence, here referred to as eCSSR
(Figure 1B).

For both rCSSR and eCSSR, the measured SGas, SMem, and SRBCs
were fitted according to Equations (1) and (2), derived from the
model proposed by Månsson et al. [38]:

𝑆RBCs(𝑡)
𝑆Gas(𝑡)

= 𝐴
𝐺−𝑅 ×

(
1 − 𝑒

−𝑡∕𝑇
𝐺−𝑅

)
+ 𝐶

𝐺−𝑅 (1)

𝑆RBCs(𝑡)
𝑆Mem(𝑡)

= 𝐴
𝑀−𝑅 ×

(
1 − 𝑒

−𝑡∕𝑇
𝑀−𝑅

)
+ 𝐶

𝑀−𝑅 (2)

wherein TG-R and TM-R represent the exchange time constants for
129Xe from the alveoli and membrane to the RBCs, respectively.
Parameters AG-R and AM-R are scaling factors, and CG-R and CM-R
are fitting constants. TG-R and TM-R measured with rCSSR are
denoted as TG-R-R and TM-R-R, while those derived from eCSSR
are denoted as TG-R-E and TM-R-E. Because the variable delay time
(𝜏) was restricted to 30 ms, the contribution from blood flow was
considered negligible; hence, the linear term was omitted in the
fitting model.

2.2 | Animal Preparation

All animal procedures were approved by the Institutional Review
Board at Innovation Academy for Precision Measurement Sci-
ence and Technology, Chinese Academy of Sciences, in compli-
ance with the laws governing animal experimentation. Sixteen
male Sprague–Dawley rats (200± 20 g) were randomly assigned
to control or fibrosis groups (n= 8 per group) after acclimatiza-
tion. Pulmonary fibrosis was induced by intratracheal instillation
of bleomycin (3 U/kg in 0.4 mL saline; Shanghai Macklin Bio-
chemical Co. Ltd., Shanghai, China) [17], while controls received
0.4 mL normal saline. Anesthesia was induced with 5% isoflu-
rane and maintained at 2%. All measurements were performed
between Days 21 and 22 post-treatment [39].

2.3 | Pulmonary Function Tests (PFTs)

PFTs were performed using a Forced Maneuvers system (CRFM
100, EMMS, UK). Rats were anesthetized with sodium pento-
barbital (30 mg/kg, intraperitoneal injection) and underwent tra-
cheostomy [40]. A 14-G endotracheal tube was inserted into the
trachea and secured with surgical thread, then connected to the
plethysmograph. Measurements of forced vital capacity (FVC),
functional residual capacity (FRC), total lung capacity (TLC), and
quasi-static lung compliance (Cqs) were obtained within 5 min.

2.4 | 129Xe Polarization and Delivery

Isotopically enriched xenon gas (86% 129Xe) was polarized via
spin-exchange optical pumping using a commercial polarizer sys-
tem (verImagin Healthcare, Wuhan, China). A total of 200 mL
of hyperpolarized 129Xe gas was cryogenically accumulated in
15 min and then thawed into a Tedlar bag [41] with approximately
40% polarization.

For 129Xe MR examinations, xenon and oxygen gas were
alternately delivered to the rat lungs using a homebuilt MR-
compatible hyperpolarized gas delivery system [40, 41], con-
trolled by LabVIEW. During the experiment, the lung pressure
of the rats was maintained below 15 cm H2O.

2.5 | 129Xe MR Experiments

Following PFTs, each rat underwent 129Xe MR using a 7.0T
animal MRI scanner (Bruker Biospec 70/20 USR, Germany)
equipped with a home-built, dual-tuned birdcage coil. Anesthesia
was maintained with 2% isoflurane.

Both rCSSR and eCSSR sequences were performed on each rat.
In the rCSSR sequence, the first and fourth RF pulses were
Gaussian pulses (0.3 ms, flip angles of 3˚ and 90˚, respectively),
aiming at gas-phase and dissolved-phase 129Xe, respectively.
Minimal-phase SLR RF pulses SLR1 (2 ms, 7.5 kHz bandwidth)
and SLR2 (4 ms, 2.25 kHz bandwidth) were designed with 0.01%
passband and stopband ripple. The off-resonance excitation on
gas-phase 129Xe of SLR1 and SLR2 were 0.4˚ and 0.09˚, respec-
tively. SLR2 was optimized for selective excitation of 129Xe signals
in RBCs [34, 42]. The simulated and experimentally measured
excitation profiles of the SLR1 and SLR2 are shown in Figure S1.
Fourteen dynamic spectra were acquired with exchange times (𝜏)
ranging from 1 to 30 ms (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, and
30 ms), with a bandwidth of 25 kHz and 1024 sampling points. In
the eCSSR sequence, all parameters were identical to those of the
rCSSR sequence, except that the SLR2 was replaced with SLR1.

Each rat received six pre-breaths of hyperpolarized 129Xe prior to
data acquisition to purge residual oxygen and enhance spectral
SNR [40]. Three repetitions of rCSSR and eCSSR were performed
on each rat. The total breath-hold time for each sequence was
7.5 s.

2.6 | Data Processing

All MR data were processed using MATLAB software (Math-
Works, Natick, MA). Considering the short T2* of dissolved-
phase 129Xe, prolonged acquisition times would introduce
unnecessary noise into the spectrum. Therefore, for each FID,
the first 512 sampling points were extracted and then zero-filled
to 1024 points prior to Fourier transformation, thereby reducing
noise contributions while maintaining sufficient spectral reso-
lution. The signal amplitudes of dissolved (SMem and SRBCs) and
gaseous xenon (SGas) were extracted by fitting the MR data to
the Lorentzian shape function [43]. Exchange time constants
TM-R and TG-R for both rCSSR (denoted as TM-R-R and TG-R-R) and
eCSSR (denoted as TM-R-E and TG-R-E) were obtained by fitting
the signal amplitudes to Equations (1) and (2), respectively.

2.7 | Quantitative Histology

After 129Xe MR, rats were sacrificed and lungs were inflated with
4% paraformaldehyde at 25 cm H2O pressure for 2 h and sub-
sequently fixed for ≥ 48 h. Lungs were paraffin-embedded, sec-
tioned (5 μm thickness), and stained with hematoxylin and eosin
(H&E). Airway-free microscopy images (Nikon Eclipse Ts 100)
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were analyzed with custom MATLAB program. Septal wall thick-
ness was calculated as the average truncated length overlaid with
a standard test grid [44, 45].

2.8 | Statistical Analysis

Statistical analyses were performed using the SPSS Statis-
tics 20 (IBM, Armonk, NY, USA). Data normality was con-
firmed with the Shapiro–Wilk test. Results are represented as
mean± standard deviation (SD). Unpaired t-tests were used for
group comparisons. Pearson correlation coefficients (r) were cal-
culated to assess the relationships between exchange time con-
stants (from rCSSR and eCSSR) and PFTs measurements (FVC
and Cqs) or septal wall thickness from quantitative histology. A
p-value < 0.05 was considered statistically significant.

3 | Results

3.1 | Hyperpolarized 129Xe MR

Representative 129Xe spectra acquired from a control rat using
rCSSR and eCSSR sequences are shown in Figure 2A,B. Due

to the fixed 400 ms delay in both sequences—during which
the dissolved-phase 129Xe signal reaches equilibrium and does
not change rapidly over time—the resulting TR exceeds 500 ms
and the gaseous signal decays rapidly with repeated sequence
acquisition. Representative 129Xe spectra at an exchange time
of 10 ms from the control and fibrosis rats are shown in
zoomed-in views. In the rCSSR, the measured SMem/SGas ratio
is higher than that measured in eCSSR. Specifically, at an
exchange time of 10 ms, the SMem/SGas ratios for the control group
were 0.0103± 0.0012 for eCSSR and 0.0158± 0.0017 for rCSSR
(p< 0.001), and for the fibrosis group were 0.0088± 0.0018 for
eCSSR and 0.0150± 0.0028 for rCSSR (p< 0.001). Moreover, in
both rCSSR and eCSSR, the 129Xe signal in RBCs is reduced in
the fibrosis group compared to the control group. Specifically,
at an exchange time of 10 ms, the measured SRBCs/SMem ratio
in the fibrosis group was reduced by 1.3-fold compared to the
control group in the rCSSR sequence (control: 0.47± 0.06, fibro-
sis: 0.36± 0.06, p= 0.004) and by 1.2-fold in the eCSSR sequence
(control: 0.46± 0.05, fibrosis: 0.38± 0.05, p= 0.008).

Decreased signal ratios were observed in the fibrosis rat com-
pared with the control rat at most exchange times (Figure 2C).
Additionally, the rCSSR-derived SRBCs/SMem and SRBCs/SGas

FIGURE 2 | Dynamics of hyperpolarized 129Xe magnetic resonance spectroscopy in a representative control rat, obtained from (A) rCSSR and (B)
eCSSR sequences, respectively. Representative 129Xe spectra with an exchange time of 10 ms from the control and fibrosis groups are shown in zoomed-in
views, where the fibrosis group shows a decreased 129Xe signal in RBCs compared to the control group. (C) Representative recovery curves of SRBCs/SMem

and normalized SRBCs/SGas from the rCSSR and eCSSR. Each point on the curve represents the average of three independent experiments. In each plot,
the recovery curve for the fibrosis group lies below that of the control group. In rCSSR, the SRBCs/SMem in the fibrosis group shows a slower recovery
than in the control group. eCSSR, equivalent chemical shift saturation recovery; rCSSR, red blood cells chemical shift saturation recovery.

4 Magnetic Resonance in Medicine, 2026
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ratios in the fibrosis group exhibited a significantly slower
recovery compared to those in the control group. A similar
trend was also observed in the normalized SRBCs/SGas obtained
from eCSSR. Quantitatively, the TM-R-R in the fibrosis group
(8.74± 1.26 ms) was significantly higher than that in the con-
trol group (7.02± 0.58 ms, p= 0.006). Both TG-R-R and TG-R-E
were also elevated in the fibrosis group. Specifically, TG-R-R was
13.89± 1.58 ms in the control group and 17.80± 3.08 ms in the
fibrosis group (p= 0.006), while TG-R-E was 16.56± 2.01 and
22.42± 5.13 ms in the control and fibrosis groups, respectively
(p= 0.009) (Table 1). Changes in the SMem/SGas ratio as a function

TABLE 1 | Summary of results from 129Xe MR and PFTs.

Control Fibrosis p

rCSSR
TM-R-R (ms) 7.02± 0.58 8.74± 1.26 0.006*
TG-R-R (ms) 13.89± 1.58 17.80± 3.08 0.009*

eCSSR
TM-R-E (ms) 6.45± 0.61 7.00± 0.68 0.109
TG-R-E (ms) 16.56± 2.01 22.42± 5.13 0.009*

PFTs
FVC (mL) 11.12± 0.77 6.00± 2.10 < 0.001*
FRC (mL) 3.40± 0.45 4.14± 0.93 0.069
TLC (mL) 13.22± 1.33 8.75± 2.04 < 0.001*
Cqs (mL/H2O) 0.84± 0.14 0.35± 0.10 < 0.001*

Note: Data are presented as mean± standard deviation.
Abbreviations: Cqs, quasi-static lung compliance; eCSSR, equivalent chemical shift
saturation recovery; FRC, functional residual capacity; FVC, forced vital capacity;
rCSSR, red blood cells chemical shift saturation recovery; TG-R-R and TG-R-E, 129Xe
exchange time constants from alveoli to red blood cells, derived from rCSSR and
eCSSR, respectively; TLC, total lung capacity; TM-R-R and TM-R-E, 129Xe exchange
time constants from membrane to red blood cells, derived from rCSSR and eCSSR,
respectively.
*p< 0.05, unpaired t-test.

of exchange time were also evaluated for both eCSSR and rCSSR
(Figure S2). In eCSSR, SMem/SGas increases with exchange time,
whereas in rCSSR, it exhibits an initial dip at very short exchange
times, probably caused by the transfer of magnetization from the
membrane to the RBC compartment.

3.2 | Pulmonary Function Tests

Compared to the control group, the fibrosis group showed sig-
nificantly reduced pulmonary function. FVC, TLC, and Cqs
were significantly lower in the fibrosis group (6.00± 2.10 mL,
8.75± 2.04 mL, and 0.35± 0.10 mL/H2O, respectively) compared
to the control group (11.12± 0.77 mL, 13.22± 1.33 mL, and
0.84± 0.14 mL/H2O, respectively; Table 1, p< 0.05).

3.3 | Histological Observations

Pulmonary H&E-stained sections showed significant thickening
of the alveolar wall in the fibrosis group compared to the con-
trol group (Figure 3). The septal wall thickness in the fibrosis
group was significantly higher than in the control group (Control:
4.64± 0.47 μm, Fibrosis: 7.87± 1.47 μm, p= 0.001).

3.4 | Correlation of the Exchange Time
Constant With PFTs and Quantitative Histology

Figure 4 shows the correlation of TM-R-R, TG-R-R, TM-R-E, and
TG-R-E with FVC and Cqs measured with PFTs and septal
wall thickness measured with quantitative histology, respec-
tively. TM-R-R showed a significant negative correlation with
FVC (r =−0.813, p< 0.001) and Cqs (r =−0.809, p< 0.001), and
a positive correlation with septal wall thickness (r = 0.744,
p= 0.001).

FIGURE 3 | Representative hematoxylin and eosin (H&E) stained lung sections from (A) control and (B) fibrosis rats. The alveolar septal wall
thickness in the fibrosis rat lung shows a significant increase compared to the control rat (top: Scale bar= 100 μm, bottom: Scale bar= 50 μm).

Magnetic Resonance in Medicine, 2026 5
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FIGURE 4 | Correlation of the exchange time constant between the membrane and RBCs (TM-R-R, TM-R-E) and between the alveoli and RBCs (TG-R-R,
TG-R-E) measured by rCSSR and eCSSR, with results from PFTs and quantitative histology. Cqs, quasi-static lung compliance; eCSSR, equivalent chemical
shift saturation recovery; FVC, forced vital capacity; PFTs, pulmonary function tests; RBCs, red blood cells; rCSSR, RBCs chemical shift saturation
recovery.

4 | Discussion

In this study, a novel method for measuring the pulmonary capil-
lary function using hyperpolarized xenon MR, specifically rCSSR,
was proposed. The gas exchange time constant from the mem-
brane to RBCs was measured and found to be elevated in the
fibrosis group compared to the control group, and it showed a

strong correlation with PFTs results and quantitative histology.
These findings suggest that the proposed method has the poten-
tial for sensitively detecting gas exchange abnormalities from the
membrane to RBCs in pulmonary fibrosis.

In this study, two new exchange time constants were proposed:
TM-R and TG-R, representing the time required for 129Xe gas

6 Magnetic Resonance in Medicine, 2026
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exchange from the membrane to RBCs and from the alveoli to
RBCs, respectively. Both TG-R and TM-R measured with rCSSR
(TG-R-R and TM-R-R) increased significantly in the fibrosis group.
The observed change in TM-R-R may be attributed to pulmonary
capillary remodeling associated with fibrosis [46, 47], which may
lead to thickening of the capillary wall [48, 49] and consequently
prolong the time required for xenon to bind with hemoglobin
within RBCs. The change in TG-R-R may result from thickened
alveolar tissues in fibrotic lungs [50], which hinder the xenon dif-
fusion from alveoli to capillaries [4, 51, 52]. These results showed
good agreement with the results of PFTs and histological sections.

To investigate the gas exchange function between membrane
and capillary, this study introduces the rCSSR sequence. Tradi-
tionally, gas exchange assessment has relied on the CSSR tech-
nique [40, 41]. In CSSR, saturation is applied to the entire
dissolved-phase 129Xe signal, while alveolar 129Xe serves as a sta-
ble reservoir, allowing quantification of xenon transfer into both
the membrane and RBCs compartments. In contrast, the rCSSR
sequence differs from CSSR in two principal ways. First, signal
saturation is only applied to the 129Xe signal in RBCs. Second, a
400 ms preparation delay is introduced for the rCSSR sequence to
establish a stable 129Xe signal source within the membrane. Pre-
vious studies have shown that the dissolved-phase 129Xe signal
reaches a relatively steady state at longer exchange times in rat
lungs [40, 41]. This design ensures that, immediately after satura-
tion, the 129Xe in RBCs primarily originates from the membrane.

We proposed an eCSSR sequence by modifying the saturation
target. Using this sequence, TG-R and TM-R were obtained and
denoted as TG-R-E and TM-R-E, respectively. In both eCSSR and
rCSSR, TG-R exceeded TM-R, consistent with the process of 129Xe
uptake [53]: after inhalation, 129Xe diffuses from alveoli to mem-
brane, generating SMem, then into the capillary blood, where it
binds to hemoglobin within RBCs, generating SRBCs. Thus, the
xenon transfer time from alveoli to RBCs (TG-R) is inherently
longer than that from membrane to RBCs (TM-R). Notably, TG-R-E
was higher than TG-R-R, likely reflecting the distinct magnetiza-
tion recovery mechanisms of the two sequences. In rCSSR, only
the RBCs signal is saturated, allowing rapid replenishment from
the membrane; whereas in eCSSR, both membrane and RBCs are
saturated, requiring xenon to traverse the entire diffusion path-
way before recovery.

As expected, the fibrosis group exhibited lower FVC, TLC, and
Cqs, consistent with prior reports in bleomycin-induced pul-
monary fibrosis models [54, 55]. These changes reflect decreased
lung compliance and volume, likely caused by extracellular
matrix deposition and myofibroblast proliferation following
bleomycin instillation [39]. This was corroborated by histological
evidence of thickened alveolar septa and fibrotic tissue, indicative
of stiffer lung parenchyma.

4.1 | Limitations

There are several aspects in our study that could be optimized.
First, although a 400 ms delay ensures equilibrium in the mem-
brane 129Xe signal, it may introduce contamination from the

heart and downstream regions. The delay should be optimized
to maintain a stable membrane signal while confining the
blood signal within the pulmonary capillary bed. In addition, to
improve TM-R-R estimation, future studies should employ a more
optimized RBCs saturation scheme and incorporate models
accounting for blood flow, reducing the dependence of fitted
parameters on the maximum exchange time. Moreover, our
study can be extended in the following aspects. Although TM-R-R
may serve as a biomarker of pulmonary capillary remodeling, a
detailed theoretical model is needed to extract specific structural
parameters of the capillaries. Additionally, while the proposed
method provides a global measurement of gas exchange between
the membrane and RBCs, future work should incorporate
dissolved-phase 129Xe imaging for spatially resolved evaluations.
Finally, besides capillary changes, alterations in RBCs may influ-
ence gas exchange; therefore, RBCs-related disorders, such as
sickle cell anemia, should be considered.

5 | Conclusion

In this study, a method using hyperpolarized 129Xe MR to assess
gas exchange between the alveolar-capillary membrane and
RBCs was proposed. The feasibility of such method for evaluat-
ing capillary alterations in a pulmonary fibrosis animal model
was demonstrated. The gas exchange time constant between the
membrane and RBCs was significantly higher in fibrosis than
controls. These findings suggest that the proposed method may
serve as a sensitive tool for detecting pulmonary gas exchange and
support future clinical research in the diagnosis and monitoring
of pulmonary fibrosis.
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Supporting Information

Additional supporting information can be found online in the Support-
ing Information section. Figure S1: Temporal profiles of the SLR1 and
SLR2 pulses and their frequency-domain excitation profiles. The yellow
line represents the 129Xe MR signal, while the blue and red lines represent
the Mz and Mxy profiles of the pulse excitation in the frequency domain,
respectively. The purple line shows the measured frequency response of
the pulse on a water phantom. Figure S2: The SMem/SGas ratio as a func-
tion of exchange time for both eCSSR and rCSSR sequences. In eCSSR,
the ratio increases progressively with exchange time, whereas in rCSSR,
it shows an initial dip at very short exchange times before gradually rising.
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