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MAJOR PAPER

Relationship between Pulmonary Gas Exchange Function and Brain
Uptake Dynamics Investigated with Hyperpolarized 129Xe

MR Imaging and Spectroscopy in a Murine Model of Chronic
Obstructive Pulmonary Disease

Atsuomi Kimura1* , Akihiro Shimokawa1, Neil J. Stewart2 , Hirohiko Imai3,
and Hideaki Fujiwara1

Purpose: Chronic obstructive pulmonary disease (COPD) is a complex multisystem disease associated
with comorbidities outside the lungs. The aim of this study was to measure changes in metrics of
pulmonary gas exchange function and brain tissue metabolism in a mouse model of COPD using
hyperpolarized 129Xe (HP 129Xe) MRI/MR spectroscopy (MRS) and investigate the relationship between
the metrics of lung and brain.

Methods: COPD phenotypes were induced in 15 mice by 6-week administration of cigarette smoke
extract (CSE) and lipopolysaccharide (LPS). A separate negative control (NC) group was formed of 6
mice administered with saline for 6 weeks. After these 6-week administrations, the pulmonary gas
exchange function parameter fD (%) and the rate constant, α (s−1), which are composed of the cerebral
blood flow Fi and the longitudinal relaxation rate 1/T1i in brain tissue, were evaluated by HP 129Xe MRI/
MRS.

Results: The fD of CSE-LPS mice was significantly lower than that of NC mice, which was in parallel with
an increase in bronchial wall thickness. The α in the CSE-LPS mice decreased with the decrease of fD in
contrast to the trend in the NC mice. To further elucidate the opposed trend, the contribution of T1i was
separately determined by measuring Fi. The T1i in the CSE-LPS mice was found to correlate negatively with
fD as opposed to the positive trend in the NC mice. The opposite trend in T1i between CSE-LPS and NC
mice suggests hypoxia in the brain, which is induced by the impaired oxygen uptake as indicated by the
reduced fD.

Conclusion: This study demonstrates the feasibility of using HP 129Xe MRI/MRS to study pathological
mechanisms of brain dysfunction in comorbidities with COPD.

Keywords: brain uptake dynamics, hyperpolarized 129Xe, murine chronic obstructive pulmonary disease,
pulmonary gas exchange function

Introduction

Chronic obstructive pulmonary disease (COPD) is a com-
plex multisystem disease associated with a number of extra-
pulmonary manifestations including cardiovascular, metabolic,
bone, and psychiatric diseases and brain dysfunction.1–14

COPD is mainly characterized by pulmonary functional
change: in particular, chronic progressive airflow obstruction
which causes hypoxia. Decreased oxygen transport to the brain
resulting from the hypoxia can lead to brain dysfunction
because the brain is highly sensitive to low oxygen supply.
Therefore, insights into the effects of COPD-induced pulmon-
ary functional change on brain tissue metabolism may help to
elucidate the pathogenic mechanism of brain comorbidities.

1Department of Medical Physics and Engineering, Area of Medical Imaging
Technology and Science, Division of Health Sciences, Graduate School of
Medicine, Osaka University, Suita, Osaka, Japan
2POLARIS, Division of Clinical Medicine, School of Medicine and Population
Health, Faculty of Health, University of Sheffield, Sheffield, United Kingdom
3Division of Systems Informatics, Department of Systems Science, Graduate
School of Informatics, Kyoto University, Kyoto, Kyoto, Japan

*Corresponding author: Department of Medical Physics and Engineering, Area of
Medical Imaging Technology and Science, Division of Health Sciences, Graduate
School of Medicine, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871,
Japan. Phone: +81-6-6879-2578, E-mail: kimura@sahs.med.osaka-u.ac.jp

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives
International License.

©2024 Japanese Society for Magnetic Resonance in Medicine

Received: March 11, 2024 | Accepted: April 23, 2024

Magn Reson Med Sci
doi:10.2463/mrms.mp.2024-0030 Published Online: June 6, 2024

Magnetic Resonance in Medical Sciences 1

http://orcid.org/0000-0001-5702-276X
http://orcid.org/0000-0001-8358-394X
http://orcid.org/0000-0002-9720-3546


However, despite a few reports, for e.g. damage to brain
structure,4–9 change in cerebral blood volume,10 and change
in cerebral blood flow,11–14 investigations of the relationship
between change in the lung function and brain tissue metabo-
lism induced by COPD has been limited so far, in large part
due to the lack of suitable methodology.

Hyperpolarized 129Xe (HP 129Xe) MRI and MRS are
powerful tools for pulmonary function and brain tissue meta-
bolism analyses.15,16 Once HP 129Xe is inhaled into the
alveolar air space, it partially dissolves in lung tissues and
red blood cells with well-separated peaks in chemical shift,
allowing the evaluation of gas exchange as well as ventila-
tion function of the lung. In addition, after HP 129Xe dis-
solves into pulmonary blood, it is transported to the brain and
shows characteristic uptake and washout dynamics. By ana-
lyzing the brain uptake dynamics of HP 129Xe, it is possible
to determine unique brain tissue metabolism metrics such as
longitudinal relaxation time in the brain tissue (T1i) as well as
global and regional cerebral blood flow (gCBF/rCBF).17–20

Since T1i is related to important physiological parameters
such as the level of oxygenation,21 it is a suitable metric to
evaluate the relationship between pulmonary function and
brain tissue metabolism.

To make the most of these properties of HP 129Xe, we
have developed a preclinical HP 129Xe MRI/MRS system
with custom-built flow-mode polarization apparatus to pro-
duce HP 129Xe and gas delivery and MR acquisition metho-
dology to evaluate the pulmonary gas exchange and brain
tissue metabolism metrics of HP 129Xe.17,22–24 Building on
our previous studies, in the present study, we attempted to
investigate the relationship between pulmonary function and
brain tissue metabolism in COPD. Specifically, we measured
changes in pulmonary gas exchange function and brain tissue
metabolism for the same mice in a mouse model of COPD
using HP 129Xe MRI/MRS and investigated the relationship
between such metrics.

Materials and Methods

HP 129Xe uptake model
From HP 129Xe MRI and MRS measurements, a set of para-
meters of the pulmonary gas exchange function, fD (%), and
the brain uptake metric of α (s−1) composed of gCBF and
the longitudinal relaxation rate in brain tissue (1/T1i) was
evaluated as described below. The metric fD represents the
fractional depolarization of HP gaseous-phase 129Xe magne-
tization due to diffusion of Xe from the alveoli to the lung
tissue and blood within a given exchange time (Tex), derived
from the xenon polarization transfer contrast method.25 The
rate constant, α, in brain tissue can be evaluated by measuring
the saturation recovery of HP 129Xe magnetization dissolved
in the brain tissue.23 By substituting Fi measured by 1H MRI
using a pulsed arterial spin labeling (ASL) technique into α,
T1i is separately determined.17 The relationship between these
parameters can be expressed as follows.

Under continuous flow condition, the concentration of HP
129Xe within the alveoli reaches a steady state and is repre-
sented as a constant, CA. The HP 129Xe in the alveoli dis-
solves into pulmonary blood and the concentration of HP
129Xe in the arterial blood, Ca, that reaches the brain tissue is
expressed as Eq. (1):

Ca ¼ λCAe
�ti=T1B (1)

where λ is the partition coefficient of HP 129Xe between
pulmonary blood and gas, ti is the time required for blood
to reach the brain tissue, and T1B is the longitudinal relaxa-
tion time of HP 129Xe in the blood.23,26

After complete saturation, the HP 129Xe magnetization in
the brain tissue recovers according to its concentration Ci(τ)
of HP 129Xe in the brain depending on the recovery period, τ.
The change of Ci is expressed as Eq. (2) from Fick’s
principle:

dCi τð Þ
dt

¼ FiCa � Fi

λi
þ 1

T1i

� �
Ci (2)

where λi is the partition coefficient between brain tissue and
blood. The time-dependent recovery of the signal amplitude
of the dissolved-phase HP 129Xe, S(τ), can be derived by
solving Eq. (2) for the initial condition as Ci(0) = 0 and
analyzed according to Eq. (3):

S τð Þ ¼ ηCi τð Þ ¼ β
α

1� e�ατð Þ (3)

with α ¼ Fi

λi
þ 1

T1i
, β ¼ ηFiλCAe�ti=T1B ,

where η is a parameter that normalizes the concentration of
HP 129Xe in the brain to the nuclear magnetic resonance
(NMR) signal amplitude. When Tex � L2=Ddissπ2, where L
is the alveolar septum thickness and Ddiss is the diffusion
coefficient of HP 129Xe dissolved in the alveolar septum, the
λ term can be expressed using fD as follows:

fD
VA

2Vs
! λ (4)

where VA is the alveolar gas-space volume and Vs is the
alveolar septum volume.27 As is apparent from Eqs. (3) and
(4), the saturation recovery of HP 129Xe dissolved in the
brain tissue depends not only on α but also on fD.

Animal Preparation
All experiments complied with the National Institute of
Health’s Guide for the Care and Use of Laboratory Animals
and the Animal Care Guidelines of Osaka University.

A total of twenty one mice – mean age 5 weeks, male,
type ddY (Japan SLC, Hamamatsu, Japan) – were divided
into two groups: a negative control (NC) group (N = 6 mice)
and a CSE-LPS group treated with cigarette smoke extract
and lipopolysaccharide (LPS) to induce COPD (N = 15
mice).28 A 20 μL solution of CSE created by bubbling
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tobacco smoke (Lark Milds: tar 9 mg, nicotine 0.8mg; Philip
Morris International, New York, NY, USA) into saline (~10
cigarettes per 22 mL) was intra-tracheally administered to
each mouse of the CSE-LPS group on five consecutive days
within 1 week and repeated on a weekly basis over 6 weeks.
On each 5th day, a 20 μL solution of LPS (0.4 mg/kg, Sigma-
Aldrich, St. Louis, MO, USA), in saline was intra-tracheally
administered once per week over a period of 6 weeks. Saline
was administered intra-tracheally to the NC mice following
the same schedule as that of the CSE-LPS treated mice. The
survival rates of the whole 6 weeks procedure were 100% for
the NC group and 87% for the CSE-LPS group (13 out of 15
mice survived).

MR measurements of NC and CSE-LPS groups were
performed at 6 weeks after commencing the administration
of CSE-LPS, as described below. Prior to MR experiments,
mice were anaesthetized with 2% isoflurane (Isoflu®,
Dainippon Sumitomo Pharmaceutical, Osaka, Japan) and
positioned in a custom-built probe for insertion into the
magnet.24 A home-built mouth mask was affixed to the
head of the animal for delivery of xenon and oxygen and
removal of exhaust gases. A pressure sensor (AD
Instruments, Dunedin, New Zealand) was positioned just
below the diaphragm to record the respiratory pattern.
Warm water was flowed through a rubber tube placed on
the abdomen of the mouse to maintain body temperature.

Continuous-flow type production of HP 129Xe
High-purity xenon gas (over 99.995%) with 129Xe in its
natural abundance, 26.4%, nitrogen and oxygen were pur-
chased from Air Liquide Japan (Tokyo, Japan).

HP 129Xe was produced by spin-exchange optical
pumping method using a home-built continuous-flow type
apparatus.24 The gas mixture containing HP 129Xe was
delivered to the mouse placed in an NMR probe through
the mask attached to the head. In the mask, O2 was mixed
with the Xe/N2 gas mixture at a rate of 12 mL/min just
before inhalation. The mouse inhaled a 56:24:20 volume
mixture of Xe:N2:O2 gases spontaneously.

MRI and MRS
MRI and MRS were carried out after the complete six-week
course of NC and CSE-LPS procedures. Immediately before
all MR measurements, mice were anesthetized with 2% iso-
flurane, and non-invasive respiratory-gated imaging was
performed without tracheal intubation.

All MR measurements were performed on an Agilent
Unity INOVA 400WB spectrometer (Agilent Technologies,
Santa Clara, CA, USA) with a 9.4T vertical magnet (Oxford
Instruments, Oxford, UK) and a Highland L-500 Gradient
Amp system (Highland Technology, San Francisco, CA,
USA). A self-shielded imaging probe with Litz coil, switch-
able to 129Xe and 1H frequencies, of 32 mm diameter and 15
mm length (Clear Bore DSI-1117; Doty Scientific,
Columbia, SC, USA) was used.

Assessment of pulmonary gas exchange function
The chest of the mouse was fixed at the center of RF coil,
then the pulmonary function of gas exchange metric fD (%)
was assessed from HP 129Xe MR images acquired using a
balanced steady-state free precession (bSSFP) sequence as
described previously.24 Eq. (4) holds when Tex � L2=Ddissπ2

as mentioned above. By substituting L = 4.7 μm and Ddiss =
3.3x10−6cm2/s,29 Tex must be larger than 7 ms. Therefore, Tex
was set at 80 ms in this study. A parametric map of fD of each
mouse was calculated by pixel-by-pixel analysis in
MATLAB (The MathWorks, Natick, MA, USA). The map
was then averaged to obtain a whole lung fD value. The
measurement was repeated three times, and the obtained fD
values were averaged.

Acquisition parameters of HP 129Xe images were as fol-
lows: 1000 μs Gaussian-shaped RF pulse of flip angle θ =
40°; acquisition bandwidth, 88 kHz; TR/TE = 3.6 ms/1.8 ms;
echo train length, 8; number of shots, 4; number of averages,
8; coronal slice thickness, 20 mm; matrix, 64 × 32 with an
FOV of 80 × 25 mm2. Acquisition was commenced after
confirming a steady state signal by monitoring 129Xe MR
spectra obtained by the application of an 8° hard RF pulse
with an interval of 2s.

Measurements of HP 129Xe uptake dynamics in the
brain
Immediately after the measurement of fD, uptake dynamics
of HP 129Xe in the brain were measured according to the
saturation recovery method as previously reported.23 Briefly,
the position of the mouse was changed and the head was set
at the center of RF coil. After starting the supply of HP 129Xe
to the masked-mouse under a controlled-flow condition,
reference NMR spectra were acquired to confirm the steady
state of the concentration of HP 129Xe magnetization dis-
solved in the mouse brain. Then, the HP 129Xe magnetization
in the brain was destroyed by applying a chemical-shift
selective 90° RF pulse at the center of the dissolved-phase
HP 129Xe signal in the brain (196 ppm). After a variable
recovery period of τ during which the dissolved-phase HP
129Xe signal arises again from HP 129Xe magnetization that
freshly diffuses into the brain from arterial blood, a hard 90°
RF pulse was applied to observe the recovered dissolved-
phase HP 129Xe signal. The saturation recovery pulse
sequence was applied repeatedly with varying τ (0.0, 0.3,
0.6, 1.2, 2.4, 4.8, 9.6, and 19.2 [s]). By nonlinear least-square
fitting of the observed signal amplitudes of dissolved-phase
HP 129Xe to Eq. (3), we can derive the rate constant, α (s-1),
that characterizes signal dynamics of HP 129Xe in the brain.
The measurement was repeated three times, and the obtained
α values were averaged.

Typical measurement conditions were: spectral band width
of 50,000Hz; number of data points of 32,768; 1000 μs
Gaussian-shaped RF pulse and 300 μs hard pulse of flip
angle 90° for destroying and observing the dissolved-phase
HP129Xe signal, respectively; number of averages, 8: TR of
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0.5s. The data were multiplied by a Lorentzian window func-
tion. The spectral assignment was performed by referring to
literature data.30 Chemical shifts were referenced to the 129Xe
gas signal from the mask at 0 ppm.

Perfusion MRI
Immediately after completion of the HP 129Xe MR mea-
surement of uptake dynamics in the brain, gCBF (Fi) was
assessed by 1H MRI as previously reported17 for all 6
mice in the NC group and 6 of 13 mice in the CSE-LPS
group. In brief, a pulsed arterial spin labeling technique
based on a presaturated flow-sensitive alternating inversion
recovery (presat-FAIR) with a bSSFP sequence was
adopted to assess Fi. The excitation train consisted of a
preceding global saturation pulse (sinc pulse, duration = 2
ms) followed by a slice-selective or non-slice-selective
inversion pulse (frequency offset corrected inversion inver-
sion pulse, duration 5 ms). The presaturation and inversion
pulses were separated by a recovery time of 3.4s.
Following the inversion time, TI, of 1.7s which is the
time interval between the inversion pulse and the image
acquisition, the bSSFP pulse sequence was started. Fi was
quantitatively assessed based on tissue magnetization dif-
ferences between two images acquired with selective
inversion and non-selective inversion.31,32 The tissue mag-
netization differences between the two images acquired
with the selective inversion (Mss) and the non-selective
inversion (Mns) ΔM(TI) can be written as

ΔM TIð Þ ¼ MSS �Mns

¼ 2M0α0
Fi
λ � exp �TI=T1appð Þ�exp �TI=T1að Þ

1
T1a

� 1
T1app

�

ð1� exp �τ=T1að ÞÞ
(5)

where M0 is the magnetization at equilibrium; α0 is the inver-
sion efficiency (α0 = 1 for a perfect inversion); λ is the blood/
tissue partition coefficient; and Fi is the CBF (measured in mL
of blood per 100g of tissue per min, mL/100 g/min). T1a is the
longitudinal relaxation time of blood and T1app is the apparent
longitudinal tissue relaxation time (1/T1app = 1/T1 + Fi/λ,
where T1 is the longitudinal relaxation time of tissue).

Imaging parameters with bSSFP were as follows: 100 kHz
spectral band width; a 1000 μs Gaussian-shaped RF pulse; θ =
60°; TR/TE = 4.2 ms/2.1 ms; number of averages = 8; axial
slice of 1.0 mm thickness; matrix = 128 × 128; an FOV =
19.2 × 19.2 mm2; number of shots = 8; and shot interval =
2.27s. Images with selective inversion were acquired, fol-
lowed by image acquisition with nonselective inversion.
T1app values were evaluated by a slice-selective saturation
recovery method (axial slice of 1.0 mm thickness) with 6
values of τ (τ = 0.63, 0.9, 1.3, 2.0, 4.0, and 10s). In the T1app

measurements, the bSSFP pulse sequence was also applied
to acquire images, where the imaging parameters were iden-
tical to those mentioned above except number of averages = 2,

echo train length = 64, and number of shots = 2. T1app maps
were obtained by pixel-by-pixel analysis using least-squares
fitting based on standard exponential saturation recovery.
Then, CBF maps were obtained by solving Eq. (5) with
the acquired data. In the analysis, λ was assumed to be
0.9 mL/g,33 and T1a was set to 2.1s,32 and α0 was set to 1.
CBF values were evaluated by averaging over the whole brain
where ROIs were set at the whole brain.

Histology
After perfusion, MRI measurements were completed, the 6
mice in the NC group and the 6 mice in the CSE-LPS group
that underwent perfusion imaging were killed with a lethal
dose of carbon dioxide gas. Lungs were extracted, immersed
in 10% formalin at 25 cmH2O and processed for histology by
staining with hematoxylin and eosin (H&E). Coronal H&E-
stained lung images were obtained from each mouse. All
digital images were processed using ImageJ (National
Institutes of Health, Bethesda, MD, USA). The bronchial
wall thickness (h) and mean linear intercept (MLI) were
evaluated as previously reported.24

Statistical Analysis
Statistical analysis was performed by Student’s t test to
identify significant differences between the NC and CSE-
LPS groups. All data are presented as mean± standard
deviation, and differences in functional parameters were
considered significant at the P <0.05 level. Finally, we ana-
lyzed the correlation among the parameters obtained in NC
and CSE-LPS mice using simple regression analysis;
P <0.05 was considered statistically significant.

Results

Figure 1 diagrammatically illustrates the relationship between
pulmonary gas exchange (fD) and brain uptake metrics (α and
Fi) measured based on the HP 129Xe uptake model. The
representative fD and Fi maps and saturation recovery spectra
to derive α are shown.

Figures 2a and 2b show representative fDmaps of the lung
and saturation recovery spectroscopy of HP 129Xe signal in
the brain of NC and CSE-LPS mice, respectively. The fD of
the CSE-LPS group was significantly decreased compared
with that of the NC group as described below. Although the
SNR of HP 129Xe spectroscopy in CSE-LPS mice (20.9±
8.4) trended to decrease compared to that of NC mice (27.9
± 7.3), there was no significant difference in the SNR
between CSE-LPS and NC mice (P = 0.10) (see also Fig.
S1 for another example of saturation recovery spectra). In the
dissolved-phase spectra in the brain, a single dominant peak
was consistently observed at around 196 ppm for both of the
CSE-LPS and NC mice and attributed to the signal originat-
ing from HP 129Xe dissolved in the brain parenchyma.17,30 A
weak peak at around 188 ppm was identified as 129Xe dis-
solved in non-brain tissue. The origin of the shoulder peak
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Fig. 1 Relationship between pulmonary gas exchange (fD) and brain uptake function (α and Fi) measured based on the HP 129Xe uptake
model. HP 129Xe, hyperpolarized 129Xe.

Fig. 2 Example fDmaps evaluated by HP 129Xe MRI (a) and profiles of saturation recovery of HP 129Xe in brain (b) of NC and CSE-LPS mice.
The fD values were 6.9% for NC mouse and 4.4% for CSE-LPS mouse, respectively. CSE-LPS, cigarette smoke extract and lipopolysacchar-
ide; HP 129Xe, hyperpolarized 129Xe; NC, negative control.
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around 202 ppm is still unknown although it may be attrib-
uted to 129Xe dissolved in blood.34 The intensity of the peak
around 196 ppm was used to derive the α value.

Tables 1 and 2 lists the experimentally determined metrics
of fD, α, and Fi of NC and CSE-LPS groups, respectively. T1i

was calculated by substituting α and Fi into Eq. (3), in which
λi was evaluated as 0.76 based on the method described in
Ref. 35 with hematocrit of 47% and temperature of 37°C.
The average fD value of the CSE-LPS group (fD, CS&LPS = 4.4
± 0.8%) was significantly reduced (P < 0.01) compared
with that of the NC group (fD, NC = 6.3± 0.5%) whereas
there were no significant differences in α, Fi and T1i values
between the CSE-LPS and NC groups. Figure 3 shows com-
parison of fD, α, Fi, and T1i between the CSE-LPS and NC
mice obtained from Tables 1 and 2.

Figure 4a shows representative histological microphoto-
graphs obtained from the lungs of NC and CSE-LPS mice.
Figure 4b shows the boxplots of bronchial wall thickness (h)
of the NC and CSE-LPS mice. The bronchial wall of CSE-LPS
group was significantly thickened (hCSE&LPS = 16.3± 2.0 μm)
compared with that of NC group (hNC = 10.2± 1.4 μm) by the
6weeks CSE-LPS administration procedure (P < 0.01). There
was no significant difference in MLI between the CSE-LPS
(MLICSE-LPS = 40.9± 3.7 μm) and NC (MLINC = 40.6± 3.9
μm) mice. Figure 4c shows the correlation between bronchial
wall thickness and pulmonary gas exchange function (fD(%)) of
the NC and CSE-LPS mice.

Figures 5–7 summarizes the correlations between pulmon-
ary gas exchange (fD) and brain uptake metrics (α, Fi, and T1i),
respectively. Figure S2 in the supporting information shows

the correlations between brain uptake parameters; α, Fi, and
T1i. While significant correlations exist between the para-
meters obtained from CSE-LPS mice, it is not the case for
NC mice.

Discussion

COPD phenotype induced by CSE and LPS
Previously, we reported that combined administration of
cigarette smoke (CS) and LPS could induce a COPD pheno-
type in mice; confirmed by bronchial wall thickening after 6
weeks administration and emphysema after 10 weeks
administration.24 Similarly, in the present study, bronchial
wall thickening was confirmed to be induced by the com-
bined administration of CSE and LPS for 6 weeks (Figs. 4a

Table 2 Experimentally determined metrics of fD, α, Fi, and T1i of
CSE-LPS mice*

CSE-LPS

Mouse fD (%) α (s−1) Fi
(mL/100 g/min) T1i (s)

1 6.0 (1.0) 0.144
(0.031) 235 10.8

2 4.7 (1.0) 0.109
(0.004) 213 16.1

3 4.4 (0.9) 0.101
(0.009) 197 17.2

4 3.3 (0.9) 0.092
(0.021) 189 19.7

5 3.5 (0.7) 0.096
(0.010) 180 17.7

6 4.0 (0.9) 0.101
(0.021) 196 17.2

7 4.7 (0.6) 0.109
(0.024)

8 4.7 (0.7) 0.112
(0.011)

9 5.2 (1.0) 0.122
(0.025)

10 4.6 (0.8) 0.131
(0.019)

11 3.3 (0.6) 0.105
(0.026)

12 4.2 (0.9) 0.107
(0.031)

13 4.9 (0.9) 0.121
(0.016)

Mean(SD) 4.4 (0.8) 0.112
(0.015) 203 (20) 16.0

(3.7)

*Values of fD and α represent the mean± SD for measurements
repeated three times. CSE-LPS, cigarette smoke extract and lipopoly-
saccharide; NC, negative control; SD, standard diviation.

Table 1 Experimentally determined metrics of fD, α, Fi, and T1i of
NC mice*

NC

Mouse fD (%) α (s−1) Fi
(mL/100 g/min) T1i (s)

1 5.5 (1.1) 0.119
(0.023) 178 12.5

2 6.1 (1.0) 0.110
(0.023) 179 14.1

3 6.4 (1.0) 0.111
(0.017) 220 15.9

4 6.9 (0.8) 0.103
(0.033) 182 15.9

5 6.0 (0.7) 0.119
(0.013) 193 13.0

6 6.8 (1.1) 0.096
(0.013) 197 18.9

Mean (SD) 6.3 (0.5) 0.110
(0.009) 192 (16) 15.1 (2.4)

*Values of fD and α represent the mean± SD for measurements
repeated three times. NC, negative control; SD, standard diviation.
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and 4b), resulting in air flow obstruction and decreased gas
exchange function (Figs. 2a and 3a). The bronchial wall
thickening was negatively correlated with the pulmonary
gas exchange function (fD (%)), indicating that the fD
decreased as the symptoms became severe (Fig. 4c). The
use of CSE has also been reported to develop a mouse
model of tobacco addiction36 and is likely more appropriate
than the use of CS for investigating the effects of CS on the
brain.

Characteristics of brain functional parameters of HP
129Xe
By evaluating the metrics of pulmonary gas exchange
function, fD (%), the rate constant, α (s−1), and gCBF,
Fi (ml/100 g tissue/min), in the brain using MRI/MRS,
the relationship between lung function and the intracerebral
dynamics of HP 129Xe could be investigated (Fig. 1). No
significant difference in α was observed between the CSE-
LPS mice and the NC mice, whereas there was a significant
difference in fD (Figs. 2b and 3b, Tables 1 and 2).

Here, it should be noted that α is a composite parameter
composed of Fi and T1i, and its interpretation is not straight
forward. Therefore, Fi was measured independently using
perfusion MRI to derive T1i in this study. As a result, for
the NC mice, a strong negative correlation was observed
between T1i and α while no correlations were found between
Fi and α and Fi and T1i (Figure S2). That is, for the NC mice,
the change of α is dependent on the change of T1i while it is
independent on the change of Fi. On the other hand, for the
CSE-LPS mice, strong correlations were found between all

parameters (Fi and α, T1i and α, and Fi and T1i). In other
words, certain changes occur in the lung and brain metrics in
a certain direction in the CSE-LPS mice. Since T1i changes
depending on blood oxygen saturation and oxygen concen-
tration in brain tissue,37–39 the above results suggest that
changes in oxygen concentration resulting from Fi change
due to the COPD pathology could also be detected.

Interrelation of fD and α
Despite the significant decrease of fD in the CSE-LPS group
compared to that in the NC group, no significant difference
was observed in α as mentioned above. Therefore, the corre-
lation between fD and α was investigated. As a result, oppos-
ing trends were observed in the NC and CSE-LPS groups
(Fig. 5). That is, a negative correlation was observed between
fD and α in the NC group; by contrast, a positive correlation
was observed in the CSE-LPS group. In Fig. 5, for many
individual mice in the CSE-LPS group, α was similar to that
of the NC group although fD was significantly reduced.
However, 4 out of 13 mice in the CSE-LPS group showed
significantly higher α values than the NC mice, and corre-
spondingly the fD values of these mice were not significantly
lower than those of the NC group. Therefore, this is sugges-
tive that α was increased in mild COPD and decreased in
severe COPD as lung function declines further.

Insights into mode of propagation of dysfunction
from lung to brain
From these preliminary results, the meaning of α of the CSE-
LPS mice is shown to be different from that of the NC mice.

Fig. 3 Box plots of comparison of fD (a), α (b), Fi (c), and T1i (d) between CSE-LPS and NC mice (**: P < 0.01). CSE-LPS, cigarette smoke
extract and lipopolysaccharide; NC, negative control.
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As mentioned above, the α value is apparently increased in
the mild COPD onset but then ultimately decreased as the
lung function declined further due to severe symptoms. To
further support this hypothesis, we investigated the relation-
ship between fD and Fi and fD and T1i. A positive correlation
was observed between fD and Fi in CSE-LPS group, while no
correlation was observed in the NC group (Fig. 6). Regarding
the relationship between fD and T1i, inverse relationships

were observed in the CSE-LPS group and the NC group
(Fig. 7). That is, a negative correlation was observed in the
CSE-LPS group, whereas a positive correlation was
observed in the NC group. These observations suggest a
possible difference in oxygen metabolism between the
CSE-LPS group and the NC group. In other words, when
fD increased in the NC group, oxygen uptake in the lungs
might also increase, resulting in a possible concurrent increase

Fig. 4 Representative examples of histology slides obtained from NC and CSE-LPS mice (a), box plots of comparison of bronchial wall
thickness (h) of the NC and CSE-LPS mice (b) (**: P < 0.01), and correlation between the bronchial wall thickness (h) and fD (r2 = 0.81
and P < 0.01). CSE-LPS, cigarette smoke extract and lipopolysaccharide; NC, negative control.
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of oxygenated blood. Due to the longer T1 of
129Xe dissolved

in oxygenated blood (5.3s) than that in deoxygenated blood
(1.2s),40 T1i is considered to be prolonged (Fig. 7). For our
data, Fi did not corelate with fD as a surrogate of oxygen uptake
(Fig. 6). Reproducibility of FAIR measurements has been
reported to be 1.8% intra-subject error and 15% inter-subject
error for renal perfusion quantification.41 Therefore, the dis-
tribution of Fi of NC mice in the present study is likely some-
what attributable to inter mouse biological variability.

In contrast, when fD increased in the CSE-LPS group, Fi
also increased (Fig. 6), and the increase of Fi led to short-
ening of T1i (Figure S2c). In other words, in the mild COPD
with larger fD, Fi could be increased (this is supported by two
reports14,42 that mild COPD patients had significantly higher
or preserved cerebral blood flow compared to healthy sub-
jects). Nevertheless, oxygen uptake in the lung might not
change exactly as indicated by fD so that T1i could be shor-
tened as a result of increased deoxygenated blood. On the

other hand, in the severe COPD where fD was reduced, Fi
was also reduced (Fig. 6). This observation is supported by a
report that moderate-to-severe COPD patients had signifi-
cantly decreased cerebral blood flow compared to healthy
subjects.14 In addition, it has been reported that in healthy
subjects, the cerebral blood flow increased with short-term
hypoxic challenge (20 mins) and decreased with long-term
hypoxic challenge (2 hr and 10 hr) due to prolonged
hypoxia.43,44 There is also a report that cerebral blood flow
decreased in hypoxemic COPD patients.11 Therefore, we can
propose that Fi of the CSE-LPS mice decreased at this stage
due to long-term smoking effect45 (Fig. 6), as such the brain
tissue became hypoxic although it remains to be seen how
the balance between oxygenated and deoxygenated blood
changes in severe COPD.46 When the brain tissue became
hypoxic, the oxygen concentration in the brain tissue
decreased, likely resulting in a decrease in the effect of
paramagnetic relaxation brought about by oxygen molecules

Fig. 5 Relationship between α and fD of NC and CSE-LPS groups. Correlation: r2 = 0.71 and P < 0.01 for the CSE-LPS mice, r2 = 0.79
and P < 0.01 for the NC mice. CSE-LPS, cigarette smoke extract and lipopolysaccharide; NC, negative control.

Fig. 6 Relationship between Fi and fD of NC and CSE-LPS groups. Correlation: r2 = 0.93 and P < 0.01 for the CSE-LPS mice, r2 = 0.09 and
P > 0.05 for the NC mice. CSE-LPS, cigarette smoke extract and lipopolysaccharide; NC, negative control.
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and a prolongation of T1i. This is supported by a report that
the direct interaction between oxygen molecules and HP
129Xe in blood foam shortened the T1 of HP 129Xe due to
paramagnetism of oxygen.47 Furthermore, in this report, the
effect of paramagnetism of oxygen molecules was more
dominant than that of the relaxation caused by deoxygenated
blood. Therefore, we can propose that in the present study, a
decrease in the concentration of oxygen in brain tissue pro-
longed T1i of HP

129Xe diffused into brain tissue (Fig. 7)
while the relative contribution of deoxygenated blood to the
T1i was small.

Consideration of other factors which influence brain
uptake dynamics of HP 129Xe
In Eqs. (3) and (4), brain uptake dynamics of HP 129Xe
depends not only on fD but also on VA/VS. As there was no
difference in MLI between the CSE-LPS and NC mice, α is
unlikely dependent on VA/VS in the present study. Another
factor that can influence α is the partition coefficient λi,
which is assumed constant. Xe is fat-soluble and is a tracer
that freely diffuses into the brain tissue. Therefore, it is
considered that a change in the partition coefficient would
not occur unless the brain volume is significantly changed,
that is, the brain tissue is significantly destroyed, or the
brain composition is altered. Although changes in brain
structure and tissue such as a decrease in gray and white
matter volume due to COPD have been reported,4–9,48,49 it
is unlikely that the partition coefficient changed in this
study.

Limitations
A major limitation of our work is the low number of data-
points that were available for 1H ASL for comparison with
our 129Xe measurements, which constrains the interpretation
of the correlation analyses in Figs. 6 and 7. In addition, the

relationship between pulmonary gas exchange function and
PaO2 was not investigated. In fact, there are a few reports
that PaO2 was correlated with regional volume change
induced in brain atrophy.8,9 Accordingly, it is challenging
to explain the exact mechanisms of the change in cerebral
oxygen metabolism due to lung damage in the COPD model
mice. Direct measurements of PaO2 and HP 129Xe MRI/
MRS would help to further clarify our hypothesis that the α
and T1i change reflecting cerebral oxygen metabolism
change induced in the propagation of dysfunction from
early phase to the chronic phase of the lung pathology.

Conclusion

By measuring pulmonary gas exchange function and brain
uptake metrics using HP 129Xe MRI/MRS, the relationship
between lung function and brain tissue metabolism in a
mouse model of COPD was investigated. In particular, we
have derived the longitudinal relaxation time, T1i, of HP
129Xe in the brain tissue from the rate constant, α, of HP
129Xe in the brain and the gCBF, and used it as a metric
of brain tissue metabolism. In this CSE-LPS mouse model
of COPD, by analyzing the interrelation between lung
function and brain tissue metabolism, we have obtained
preliminary insights into changes in cerebral oxygen meta-
bolism during the transition from mild to severe pathology.
In the future, this method may be useful in elucidating the
pathogenic mechanism of brain dysfunction in comorbid-
ities of COPD.
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