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MAGNET IC RESONANCE

Assessment of pulmonary physiological
changes caused by aging, cigarette
smoking, and COPD with hyperpolarized
129Xe magnetic resonance
Qiuchen Rao1, Haidong Li1,2, Qian Zhou1, Ming Zhang1,2, Xiuchao Zhao1,2, Lei Shi1,2, Junshuai Xie1,2, Li Fan3,
Yeqing Han1,2, Fumin Guo1, Shiyuan Liu3 and Xin Zhou1,2,4*

Abstract
Objective To comprehensively assess the impact of aging, cigarette smoking, and chronic obstructive pulmonary
disease (COPD) on pulmonary physiology using 129Xe MR.

Methods A total of 90 subjects were categorized into four groups, including healthy young (HY, n= 20), age-
matched control (AMC, n= 20), asymptomatic smokers (AS, n= 28), and COPD patients (n= 22). 129Xe MR was utilized
to obtain pulmonary physiological parameters, including ventilation defect percent (VDP), alveolar sleeve depth (h),
apparent diffusion coefficient (ADC), total septal wall thickness (d), and ratio of xenon signal from red blood cells and
interstitial tissue/plasma (RBC/TP).

Results Significant differences were found in the measured VDP (p= 0.035), h (p= 0.003), and RBC/TP (p= 0.003)
between the HY and AMC groups. Compared with the AMC group, higher VDP (p= 0.020) and d (p= 0.048) were
found in the AS group; higher VDP (p < 0.001), d (p < 0.001) and ADC (p < 0.001), and lower h (p < 0.001) and RBC/TP
(p < 0.001) were found in the COPD group. Moreover, significant differences were also found in the measured VDP
(p < 0.001), h (p < 0.001), ADC (p < 0.001), d (p= 0.008), and RBC/TP (p= 0.032) between the AS and COPD groups.

Conclusion Our findings indicate that pulmonary structure and functional changes caused by aging, cigarette
smoking, and COPD are various, and show a progressive deterioration with the accumulation of these risk factors,
including cigarette smoking and COPD.

Clinical relevance statement Pathophysiological changes can be difficult to comprehensively understand due to
limitations in common techniques and multifactorial etiologies. 129Xe MRI can demonstrate structural and functional
changes caused by several common factors and can be used to better understand patients’ underlying pathology.

Key Points
● Standard techniques for assessing pathophysiological lung function changes, spirometry, and chest CT come with
limitations.

● 129Xe MR demonstrated progressive deterioration with accumulation of the investigated risk factors, without these
limitations.

● 129Xe MR can assess lung changes related to these risk factors to stage and evaluate the etiology of the disease.
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Introduction
Chronic obstructive pulmonary disease (COPD) is the
third leading cause of death globally. More than 200
million COPD cases were reported globally, including
more than 3.2 million deaths in 2019 [1]. Cigarette
smoking is the most important cause of COPD, and most
COPD patients have a history of smoking [2]. In addition,
COPD is inherently associated with aging [2], and the
prevalence is much higher among the elderly. Many fea-
tures in the aging lung are similar to that in the lung of
COPD patients, including a decline in lung function,
increased gas trapping, loss of lung elastic recoil and
parenchymal tissue, and enlargement of distal air spaces
[3]. Notably, cellular damage resulting from both aging
and cigarette smoking might involve interrelated patho-
genetic mechanisms, as aging may lower the injury
threshold or amplify the mechanisms involved in lung
destruction by cigarette smoke [4]. A better under-
standing of how these risk factors affect the pulmonary
physiological changes may facilitate the identification of
the causes of lung injury and the development of novel
and effective lung disease treatments.
Spirometry is currently used for the diagnosis of COPD

and evaluation of treatment efficacy. The established
cutoff for COPD diagnosis is an FEV1/FVC ratio of less
than 0.7 [5]. Nevertheless, spirometry measurements may
be influenced by patient compliance and biased by age,
resulting in overdiagnosis of COPD among the elderly and
underdiagnosis in young adults [6]. In addition, spiro-
metry could only assess the global information of lung
function while it is widely recognized that lung disease is
spatially heterogeneous. Computed tomography (CT) is
widely used for the diagnosis of COPD, particularly in the
assessment of emphysema and bronchiolar inflammation
in clinic [7]. Nonetheless, chest CT involves substantial
ionizing radiation and could hardly assess pulmonary gas-
transfer function, which is the fundamental physiological
function of the lung [8].
Hyperpolarized (HP) 129Xe magnetic resonance (MR) has

been regarded as a promising imagingmodality for regional
and sensitive pulmonary structure and function assessment
without the limitations of spirometry and chest CT. This
technique enables non-invasive evaluations of pulmonary
ventilation, terminal airway morphology, and gas-transfer
function [9], and has been employed to assess lung injuries
caused by cigarette smoking and COPD [10–13]. 129Xe
ventilation imaging has been used to quantify the impaired
pulmonary function in patients with COPD and other
diseases [10, 14], and ventilation heterogeneity has been

observed in healthy elderly never-smokers [15], ex-smokers
without airflow limitation [16], and asymptomatic smokers
[17]. Additionally, pulmonary morphological parameters
provided by diffusion-weighted 129Xe MRI have demon-
strated potential for early detection of pulmonary micro-
structural changes associated with emphysema [11, 18, 19].
Moreover, 129Xe MR has also been utilized to evaluate the
gas-transfer function changes caused by COPD and
smoking and greater septal wall thickness was found in
subjects with COPD [20–22].
HP gas MR has also been used for assessing the impact

of aging on the pulmonary physiology. Quirk and collea-
gues investigated the relationships between the morpho-
metric parameters of lung acinar airways and aging [23].
Other studies showed that age could affect the gas-
transfer function of the lung in children and adults [24].
Our previous work also explored the relationships
between pulmonary physiological parameters and aging in
a relatively small population [20]. Of note, previous noble
gas MR studies of aging typically assessed morphometric
parameters or gas-transfer function separately, and a
comprehensive assessment of the influence of aging on
lung structural and functional parameter changes is
lacking. In addition, it is challenging to isolate the influ-
ence of aging when assessing the physiological changes
resulting from cigarette smoking or COPD.
Collectively, previous 129Xe MR studies mainly focused

on the investigation of the effects of aging, smoking, or
COPD on lung structure and function individually, whereas
a comprehensive comparative evaluation of these risk fac-
tors provides enhanced diagnostic potential of COPD in the
elderly population. We hypothesize that pulmonary struc-
tural and functional changes mensurated by 129Xe mea-
surements and due to aging, smoking, and lung diseases are
various and worsen progressively when these factors
accumulate. In this study, we comprehensively assessed the
influence of aging, cigarette smoking, and COPD on pul-
monary physiological parameters measured with 129Xe MR
and pulmonary function tests (PFTs). Airflow, ventilation
maps, pulmonary morphological parameters, and gas-
transfer function were evaluated for healthy young (HY)
and elder volunteers, asymptomatic smokers, and subjects
with COPD. Pathological changes and MR features char-
acteristic to different risk factors were identified.

Materials and methods
Subject recruitment
This study was performed under the approval of the
Institutional Review Board. Written informed consent
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was obtained from each subject prior to research initia-
tion. Self-reported smoking and lung disease history were
recorded. In this exploratory prospective study, a total
number of 133 subjects were recruited and the grouping
and exclusion criteria were shown in Fig. 1. Subjects were
divided into four groups according to age [25], smoking
history, and pathology: HY group, who were younger than
44 years of age and had no history of smoking or lung
diseases; age‐matched control (AMC) subjects, who were
older than 45 years of age and had no history of smoking
or lung diseases; asymptomatic smokers (AS), who were
older than 45 years of age and had no history of lung
diseases with FEV1/FVC ≥ 0.7; COPD patients, who were
older than 45 years of age with FEV1/FVC < 0.7. Subjects
with low SNR data (n= 16), repeated examinations
(n= 2), or other lung diseases (n= 20) were excluded.
Additionally, five young asymptomatic smokers were
excluded from further analysis due to a significant age and
pack-years difference compared to elderly asymptomatic
smokers. The comparisons of young asymptomatic smo-
kers with the HY and AS groups are summarized in the
Supplementary Material. Ninety subjects were included in
the final analysis. Prior to 129Xe MR examinations, PFTs
were performed for each subject using a hand-held spi-
rometer (sp-1, Schiller AG) to obtain forced expiratory
volume in the first second (FEV1) and forced vital capacity
(FVC).

Hyperpolarized xenon preparation and delivery
HP 129Xe gas was generated with spin-exchange optical
pumping (SEOP) [26] using a home-built polarizer. HP
xenon gas was cryogenically accumulated and then
thawed into a Tedlar bag [27]. Isotopically enriched
xenon gas (86% 129Xe) was used, and the available spin
polarization of 129Xe in the Tedlar bag was approxi-
mately 20%. Before HP 129Xe MRI examinations, each
subject was instructed to inhale 1 L of gas mixture (5%
xenon and 95% N2 by volume) from two Tedlar bags
connected by a Y‐shape tube from functional residual

capacity (FRC) for flip angle calibration [22]. Subse-
quently, the subject was instructed to inhale 1 L of gas
mixture (45% xenon and 55% N2 by volume) from FRC
and hold the breath for 129Xe MR examinations. A total
of four doses of HP xenon gas were administered to each
subject.

129Xe MR examinations
129Xe MR acquisitions of ventilation, microstructure, and
gas-transfer function were performed on a 1.5-T MRI
Scanner (Avanto, Siemens) with a horizontal magnet
using a home-built transmit‐receive vest RF coil
(17.61MHz for 129Xe).
A 3D balanced steady-state free precession (bSSFP)

sequence was used for ventilation imaging.
Notable parameters include repetition time/echo time
(TR/TE)= 4.2/1.9 ms, matrix size = 96 × 84, field of
view = 384 × 336 mm2, slice thickness = 8mm, band-
width = 38.4 kHz, number of slices = 24, flip angle
(FA)= 10° and acquisition time = 8.4 s. Anatomic thor-
acic 1H images were also acquired in the same breath-
hold following ventilation imaging using a 3D FLASH
sequence: TR/TE= 2.4/0.7 ms, matrix size = 96 × 84, field
of view = 384 × 336 mm2, slice thickness = 8mm,
bandwidth = 48 kHz, number of slices = 24, FA= 5° and
acquisition time = 2 s.

129Xe diffusion‐weighted imaging (DWI) was employed
to assess the lung morphology with the following para-
meters: TR/TE= 13.9/10.9 ms, matrix size = 64 × 64, field
of view = 384 × 384mm2, slice thickness= 30mm,
bandwidth= 16 kHz, number of slices = 4, FA= 9° and
acquisition time = 8.8 s. The parameters for bipolar
diffusion-weighted gradients include ramp time
τ= 0.3 ms, duration time δ= 3.7 ms, diffusion time Δ =
5ms, b= 0, 10, 20, 30, and 40 s/cm2. 129Xe DWI was
undersampled by a factor of two for each b value, and
compressed sensing was used for undersampled recon-
struction [28].
Chemical shift saturation recovery (CSSR) was used to

assess the gas-transfer function with the following para-
meters: bandwidth = 10 kHz, data points = 512, acqui-
sition time = 5.3 s, and 21 exchange times ranging from
5ms to 700 ms.

Data processing
Ventilation defects were segmented using a hierarchical
k‐means clustering method. Ventilation defect percent
(VDP) was quantified by normalizing the ventilation
defect volumes to the thoracic cavity provided by the
inherently registered 1H FLASH images, as previously
described [29, 30]. The signal intensities of ventilation
images were classified into five clusters ranging from
signal void to hyperintense signals that were labeled in

Fig. 1 The flow chart of subject recruitment. Ninety of all the 133
enrolled subjects completed the examinations and were divided into four
groups according to age, smoking history, and pathology
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red, yellow, green, aqua, and blue, as shown in Fig. 2.
The DWI data was used to calculate ADC for each slice
and the whole lung after segmentation and calibration of
the signal attenuation from RF excitation [28]. Mor-
phological parameters, including alveolar sleeve depth
(h) and mean airspace chord length (Lm), were obtained
using a cylindrical model [31]. For CSSR data, signal
amplitudes of TP and RBC on each exchange time were
extracted. Gas-transfer parameters, including total sep-
tal wall thickness (d), barrier thickness (δ), and hema-
tocrit (Hct) were obtained by fitting the TP and RBC
signals to the model of Xenon exchange (MOXE) using a
nonlinear least squares method [32]. The ratio of xenon
signal from red blood cells and interstitial tissue/plasma
(RBC/TP) at the exchange time of 250 ms was also cal-
culated [33, 34].

Statistical analysis
Data was tested for normality using the
Kolmogorov–Smirnova normality test before further
analysis. The parameters derived from PFTs and 129Xe
MRI/MRS were compared using two‐tailed t-tests or
Wilcoxon rank-sum tests when appropriate. The corre-
lation between the parameters measured by 129Xe
MRI/MRS and age was evaluated using Spearman corre-
lation coefficients (ρ). Age dependence with PFTs and MR
characteristics was determined by univariate linear
regression. p < 0.05 was considered statistically significant.

Results
Demographics and PFTs measurements
Ninety subjects, including 20 healthy young subjects
(33.3 ± 7.5 y.o.), 20 age-matched control subjects

Fig. 2 The typical ventilation maps, ADC maps and dissolved xenon recovery curves from the HY (25 y.o.), AMC (59 y.o.), AS (59 y.o.) and COPD (63 y.o.)
subjects, respectively. In ventilation maps, no signal (ventilation defect), hypointense, middle intense, middle high intense, and hyperintense signal were
marked as red, yellow, green, aqua, and blue, respectively. ADC, apparent diffusion coefficient; a.u., arbitrary unit
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(60.1 ± 11.0 y.o.), 28 asymptomatic smokers
(58.1 ± 7.7 y.o.), and 22 COPD patients (61.7 ± 10.4 y.o.),
were included for final analysis. The subjects from the AS
and COPD groups have a mean smoking history of 34.3
pack-years (13–92 pack-years) and 42.1 pack-years
(20–120 pack-years), respectively. No significant differ-
ences were observed in age between the groups of AMC
and AS (p= 0.492), AS and COPD (p= 0.159), and AMC
and COPD (p= 0.614). The measured FEV1/FVC was ≥
0.7 for all the subjects in the HY, AMC and AS groups,
and < 0.7 for the COPD group. FEV1/FVC were
0.82 ± 0.09, 0.80 ± 0.05, 0.77 ± 0.07, and 0.59 ± 0.14 for
the HY, AMC, AS, and COPD groups, respectively. There
were significant differences in FEV1/FVC between the
groups of AS and COPD (p < 0.001) and the groups of
AMC and COPD (p < 0.001). Table 1 shows the demo-
graphics and PFT measures for the 90 participants.

Representative 129Xe MR measurements
Figure 2 shows representative 129Xe ventilation images,
ADC maps, and dissolved 129Xe recovery curves for a
healthy young subject (male, 25 years old), an age-
matched subject (female, 59 years old), an asymptomatic
smoking subject (male, 59 years old), and a COPD patient
(male, 63 years old). As shown in Fig. 2, the ventilation
defect volumes were increased for the subjects in the
AMC, AS, and COPD groups compared with the HY
subject. ADC maps were homogenous and comparable for

the HY, AMC, and AS subjects but heterogeneous for the
COPD patient.

Comparison of HY and AMC groups
The comparison of the 129XeMRI/MRS parameters between
HY and AMC groups was shown in Fig. 3. The VDP values
were 1.3% and 2.5% in the HY and AMC groups, respec-
tively, indicating a significant difference (p= 0.035). The
microstructural parameters obtained from 129Xe measure-
ments showed a significant difference in alveolar sleeve
depth measurement h between the two groups (p= 0.003),
but no significant differences were found in Lm and ADC
measurements. In the gas-transfer function, a significant
difference was observed in RBC/TP ratios (p= 0.002), which
were 0.42 ± 0.11 for the young group and 0.30 ± 0.08 for the
AMC group. However, no significant difference was detec-
ted in total septal wall thickness d (p= 0.790). These results
were summarized in Table 1.
The relationships between age and 129Xe MR mea-

surements are depicted in Fig. 4 for all the subjects in the
HY and AMC groups. The measured h, HCT, and
RBC/TP were negatively correlated with age with
ρ=−0.65 (p < 0.001), −0.71 (p < 0.001), and −0.76
(p < 0.001), respectively. There were positive correlations
between age and VDP (ρ= 0.49, p= 0.013) and δ
(ρ= 0.59, p < 0.001). However, there were no significant
correlations between age and Lm (ρ= 0.21, p= 0.195),
ADC (ρ= 0.25, ρ= 0.125), and d (ρ= 0.14, p= 0.444).

Table 1 The demographics, PFTs and HP 129Xe MR results for all the subjects

Parameter Mean ± standard deviation Significant differences (p value)

HY (n= 20) AMC (n= 20) AS (n= 28) COPD (n= 22) HY-AMC AMC-AS AMC-COPD AS-COPD

Demographics

Sex 10 M/10 F 4 M/16 F 25 M/3 F 15 M/7 F / / / /

Smoking (pack years) 0 0 34.3 ± 18.4 42.1 ± 22.7 / / / /

Age (years) 33.3 ± 7.5 60.1 ± 11.0 58.1 ± 7.7 61.7 ± 10.4 < 0.001 0.492 0.614 0.159

Pulmonary function tests

FEV1/FVC 0.82 ± 0.09 0.80 ± 0.05 0.77 ± 0.07 0.59 ± 0.14 0.569 0.066 < 0.001 < 0.001

Ventilation

VDP (%) 1.3 ± 1.0 2.5 ± 1.4 4.3 ± 1.7 11.4 ± 7.2 0.035 0.020 < 0.001 0.003

Lung morphometry parameters

h (μm) 194 ± 8 181 ± 17 183 ± 12 156 ± 22 0.003 0.896 < 0.001 < 0.001

Lm (μm) 211 ± 21 220 ± 25 233 ± 30 355 ± 85 0.369 0.144 < 0.001 < 0.001

ADC (cm2/s) 0.034 ± 0.003 0.035 ± 0.003 0.036 ± 0.004 0.048 ± 0.008 0.299 0.175 < 0.001 < 0.001

Gas-transfer function

d (μm) 9.9 ± 0.7 10.0 ± 0.9 10.9 ± 1.8 12.1 ± 0.7 0.790 0.048 < 0.001 0.008

δ (μm) 1.0 ± 0.3 1.4 ± 0.3 1.4 ± 0.5 1.5 ± 0.4 0.002 0.911 0.259 0.257

Hct 0.22 ± 0.04 0.17 ± 0.04 0.16 ± 0.04 0.14 ± 0.03 0.002 0.309 0.011 0.113

RBC/TP 0.43 ± 0.11 0.31 ± 0.08 0.27 ± 0.07 0.23 ± 0.05 0.002 0.116 0.001 0.035

M male, F female, h alveolar sleeve depth, Lm, mean airspace chord length, d total septal wall thickness, δ barrier thickness, Hct blood hematocrit
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Comparison of AMC and AS groups
As depicted in Fig. 3, a significant difference (p= 0.020)
was observed in the VDP measurements between the
AMC and AS groups, with values were 2.5% and 4.3%,
respectively. No substantial differences were identified in
the microstructural parameters provided by 129Xe mea-
surements across the groups (p= 0.144 for Lm, p= 0.896
for h, and p= 0.175 for ADC). In terms of the gas-transfer
function, a significant difference was noted in the total
septal wall thickness (d) between the AMC and AS groups
(p= 0.048). Meanwhile, no significant differences were
observed in RBC/TP ratios (p= 0.116), barrier thickness δ
(p= 0.911), and blood hematocrit Hct (p= 0.309).

Comparison of AMC and COPD groups
The measured VDP values were 2.5% and 11.4% for the
AMC and COPD groups, respectively, demonstrating a
significant difference (p < 0.001). In comparison to the
AMC group, the COPD group exhibited higher Lm and
ADC measurements, with significant differences
(p < 0.001 for both Lm and ADC), while the h

measurement was lower, also showing a significant dif-
ference (p < 0.001). The gas-transfer function revealed
RBC/TP ratios of 0.30 ± 0.08 and 0.22 ± 0.06 for the
AMC and COPD groups, respectively, indicating a sig-
nificant difference (p= 0.001). Additionally, a notable
difference was observed in the total septal wall thickness
(d) between the groups. These results were summarized
in Table 1.

Comparison of AS and COPD groups
A significant difference (p= 0.003) was identified
between the AS and COPD groups in terms of VDP
measurement, with values of 4.3% and 11.4%, respec-
tively. Furthermore, significant differences were

Fig. 3 Physiological parameters of the four groups measured with 129Xe
MRI/MRS. The bar graphs displayed the average and standard deviation of
these physiological parameter values. Asterisks indicate significant
differences between two cohorts as determined by two‐tailed t-tests or
Wilcoxon rank-sum tests. * p < 0.05, ** p < 0.01. VDP, ventilation defects
percent; h, alveolar sleeve depth; Lm, mean airspace chord length; d, total
septal wall thickness; δ, barrier thickness; RBC/TP, the ratio of xenon signal
from red blood cells and interstitial tissue/plasma. Due to significant age
disparities, the comparisons between the HY and AS groups, as well as
between the HY and COPD groups, were not presented

Fig. 4 The correlation between the age and the physiological parameters
measured with 129Xe MR in the healthy group (HY and AMC groups).
Significant correlations were found between the age and the measured
VDP, alveolar sleeve depth (h), Hct, barrier thickness (δ), and ratio of xenon
signal from RBC/TP. The lines represent univariate linear fits with 95%
confidence intervals (shaded). Lm, mean airspace chord length, d total
septal wall thickness
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observed in Lm, h, and ADC measurements between the
two groups (p < 0.001 for Lm, p < 0.001 for h, and
p < 0.001 for ADC). The ADC map for the COPD sub-
jects displayed visible heterogeneity across the lung,
indicating enlarged airspaces. In relation to the gas-
transfer function, the RBC/TP ratios were found to be
0.27 ± 0.07 in the AS group and 0.23 ± 0.05 in the COPD
group, presenting a significant difference (p= 0.035).
Additionally, there was a significant difference in total
septal wall thickness d between the two groups
(p= 0.008). These results were summarized in Table 1.

Radar plots of FEV1/FVC and 129Xe MR features for
different groups
Figure 5 shows the radar plots of FEV1/FVC and 129Xe
MRI/MRS features for different groups to characterize the
influences of aging, smoking, and COPD. For the AMC
group, the main discrepancies were VDP and RBC/TP
compared with the HY group. Compared with the AMC
group, only VDP and d were predominantly different for
the AS subjects. Compared with the AS group, all the
parameters were statistically and significantly different for
the COPD patients.

Fig. 5 Radar plots to display the primary PFTs and 129Xe MR signatures associated with different groups. The mean values of the markers in each group
are plotted on one of the six radial directions, including FEV1/FVC, VDP, ADC, mean airspace chord length (Lm), total septal wall thickness (d), and ratio of
xenon signal from RBC/TP
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Discussion
In this study, we employed hyperpolarized 129Xe MR to
comprehensively assess the pulmonary physiological
changes caused by aging, cigarette smoking, and COPD.
PFTs and 129Xe MR ventilation, microstructure, and gas-
transfer function were measured and compared for 90
subjects with different pulmonary pathologies. Results
indicate that pulmonary physiological changes caused by
different risk factors are various and worsen progressively
when these risk factors are accumulated. These findings
might be helpful for identifying pulmonary injuries caused
by various factors.
The 129Xe MR measurements showed that aging is a

significant factor contributing to physiological changes in
the lung, even for elderly subjects with normal FEV1/FVC.
Compared with the HY volunteers, the AMC subjects had
significantly higher VDP and lower RBC/TP consistent
with previous studies [35, 36]. Compared with the HY
group, the reduced alveolar sleeve depth (h) in the AMC
group may be explained by the age-related pulmonary
structure remodeling processes [23]. Moreover, we also
found significant differences between the HY and AMC
groups in the gas-transfer functional parameters (δ and
Hct). Although ADC and Lm are increased with age due to
the enlargement of alveoli during the human ontogeny
[37], no significant differences were observed between the
HY and AMC groups in this study. This might be
attributed to the fundamental structure of alveoli that
typically remains relatively stable once adulthood is
reached [38, 39]. Our results suggest that h was more
sensitive to aging than Lm and ADC.
Cigarette smoking represents a major contributor to

cellular damage and subsequent pulmonary structural and
functional impairment. Significant differences in gas-
transfer function were observed between the AS and
AMC groups. Although the morphometric parameters
were comparable between these two groups, VDP was
greater with statistical significance for the AS group. This
might be attributed to smoking-induced lung damage,
including airway inflammation and emphysema, as pre-
viously reported [40]. In addition, we observed higher d in
the AS group, which might be caused by the swelling of
the septal walls in the processes of inflammatory or per-
manent remodeling that involves the synthesis of addi-
tional connective tissues [12].
Compared with the AS group, subjects in the COPD

group exhibited more severe physiological injuries. Apart
from the previously reported lower FEV1/FVC, higher ADC
and d values [12], we found significantly higher VDP and
Lm and lower h in the COPD group versus the AS group. In
addition, the COPD patients tended to have a higher d and
lower RBC/TP relative to the AS subjects, probably due to
the exacerbation of inflammatory processes [22].

Previous studies investigated individual risk factors,
such as age, smoking, or COPD, utilizing subset mea-
surements of ventilation, microstructure, and gas-transfer
function [12, 35, 41]. However, the impact of these risk
factors on various physiological parameters derived from
all three measurements within the same cohort remains
unknown. In contrast to previous studies, we simulta-
neously investigated the cumulative effects of aging,
cigarette smoking, and COPD on lung function, utilizing a
series of comprehensive experiments including ventila-
tion, microstructure, and gas-transfer function. Conse-
quently, we were able to simultaneously and thoroughly
evaluate the physiological alterations associated with risk
factors impacting ventilation, microstructure, and gas-
transfer function within identical cohorts. For example,
our findings revealed that VDP, h, Hct, and RBC/TP
derived from 129Xe MR measurements exhibited sensi-
tivity to both age and COPD. However, Lm, ADC, and d
demonstrated sensitivity solely to the factor of COPD,
which could provide more information when considering
the aging effect to COPD progression. Additionally, we
evaluated the influence of these risk factors when accu-
mulated using radar plots, and observe increased d in the
AS group compared with the AMC group with further
increase in the COPD group. Our study comprehensively
investigated various lung physiological effects induced by
age, smoking, and COPD, and compare the discrepancies
of lung ventilation, microstructure, and gas-transfer
function induced by different risk factors in a single
integrated investigation, which was previously not
available.
Our study was limited in several ways. First, carbon

monoxide diffusion capacity (DLCO), an important clinical
indicator of pulmonary diffusing capacity, was not included
in this study for the limited function of spirometry. As an
exploratory study, we used a relatively small dataset of
90 subjects with a limited diversity of lung conditions.
Gender matching and sample size calculation were also not
specifically considered in this study, as they have been done
in previous studies [23, 42–44]. A larger gender-matched
population with diverse lung pathologies will be considered
to minimize the biases in further studies. In addition, here
we employed 129Xe MRS analysis to evaluate the gas-
transfer abnormalities globally and gas-transfer imaging
may be included for regional and potentially more sensitive
assessment of lung injury. These limitations represent our
research directions in the future.

Conclusions
In this study, the influences of aging, cigarette smoking,
and disease (COPD) on the changes of pulmonary phy-
siology were comprehensively assessed using 129Xe MR.
The measured pulmonary structural and functional
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changes caused by different risk factors vary substantially
and worsen progressively when these factors are accu-
mulated. These results may help in identifying the
underlying causes of lung physiological changes and
diagnosing COPD at different age stages.

Abbreviations
ADC Apparent diffusion coefficient
AMC Age-matched control
AS Asymptomatic smokers
COPD Chronic obstructive pulmonary disease
CSSR Chemical shift saturation recovery
CT Computed tomography
d Total septal wall thickness
DWI Diffusion‐weighted imaging
FEV1 Forced expiratory volume in the first second
FRC Functional residual capacity
FVC Forced vital capacity
h Alveolar sleeve depth
Hct Blood hematocrit
HP Hyperpolarized
HY Healthy young
Lm Mean airspace chord length
PFTs Pulmonary function tests
RBC Red blood cell
RBC/TP Ratio of xenon signal from red blood cells and interstitial tissue/

plasma
TP Tissue/plasma
VDP Ventilation defects percent
δ Barrier thickness
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