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Detection of Smoke-Induced Pulmonary Lesions
by Hyperpolarized 129Xe Diffusion Kurtosis
Imaging in Rat Models
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Purpose: To demonstrate that hyperpolarized (HP) xenon dif-
fusion kurtosis imaging (DKI) is able to detect smoke-induced

pulmonary lesions in rat models.
Methods: Multi-b DKI with hyperpolarized xenon was used for
the first time in five smoke-exposed rats and five healthy rats.

Additionally, DKI with b values of up to 80 s/cm2 were used in
two healthy rats to probe the critical b value (a limit beyond
which the DKI cannot describe the non-Gaussian diffusion).

Results: The mean apparent diffusion coefficient (Dapp) and
diffusion kurtosis (Kapp) extracted by the DKI model revealed

significant changes in the smoke-exposed rats compared with
those in the control group (P¼0.027 and 0.039, respectively),
exhibiting strong correlations with mean linear intercept (Lm)

from the histology. Although the maximum b value was
increased to 80 s/cm2, the DKI could still describe the non-

Gaussian diffusion (R2>0.97).
Conclusion: DKI with hyperpolarized xenon exhibited sensitiv-
ity in the detection of pulmonary lesions induced by smoke,

including moderate emphysema and small airway diseases.
The critical b value was rarely exceeded in DKI of the lungs

due to the limited gradient strength of the MRI scanner used
in our study. Magn Reson Med 78:1891–1899, 2016. VC 2016
International Society for Magnetic Resonance in Medicine.
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INTRODUCTION

Exposure to cigarette smoke is an established cause of
chronic obstructive pulmonary disease (COPD) (1), lung

cancer (2), and cardiovascular disease (3) in cigarette smok-

ers. However, the causal relationship between exposure to

smoke and the development of COPD remains unclear (4).
COPD, which is characterized by a persistent airflow

limitation caused by a mixture of small airway diseases

and parenchymal destruction, is currently the fourth-

leading cause of death among adults worldwide (5). The

most common diagnostic tools for COPD are pulmonary

function tests. However, pulmonary function tests can

only assess global pulmonary function and cannot provide

the localized regions of abnormality. Moreover, they are

insensitive for detecting small airway diseases (6,7), which

could miss the early detection of lung diseases. High-

resolution computed tomography (CT) has also been used

to detect diseased areas of the lungs with COPD due to

abnormal x-ray attenuation, but the precise separation of

fully expanded normal lung from mild emphysema using

CT remains a subject of debate (8). Importantly, the use of

CT in longitudinal studies has been limited because of

exposure to ionizing radiation.
Preclinical and Clinical ImagingHyperpolarized (HP)

gas (3He or 129Xe) MRI is an emerging method to detect

pulmonary disease in vivo without ionizing radiation

(9–11). With the technology of laser polarization, the noble

gas MR signal can be amplified 10,000 to 100,000 times

more than the thermally polarized gas MR signal (11,12).

When inhaling the polarized noble gas into the lung, MR

images of the lung airspace can be obtained. Initial suc-

cessful application of the method to detect pulmonary dis-

ease has been demonstrated by imaging in the absence or

presence of gas (density imaging), thus showing ventila-

tion defects in the lung (13–15). However, this technique

was insensitive to the microstructural changes in the lung

due to the limited spatial resolution, especially using
129Xe, which has a smaller gyromagnetic ratio and is more

difficult to be polarized than 3He. Hyperpolarized gas dif-

fusion MRI of the lungs has shown remarkable sensitivity

to pulmonary microstructural changes (16,17). Initially,

the apparent diffusion coefficients (ADCs) of HP gas in the

lung were measured to reflect the changes in the pulmo-

nary microstructure at the alveolar level through the tradi-

tional Gaussian diffusion equation (16–19)

ADC ¼ ð�1=bÞlnðS=S0Þ; [1]

where b is the factor of diffusion sense, S is the image

with diffusion gradient, and S0 is the image without
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diffusion gradient. However, the microstructure of the
lung is quite complex. In humans, there are 14 genera-
tions of airways prior to the terminal bronchioles, and
another nine inside the acini (20). Meanwhile, diffusion of
HP gas is very fast. In the homogeneous and unrestricted
spaces, the diffusion coefficients are 0.88 cm2/s for highly
diluted helium gas and 0.14 cm2/s for diluted xenon gas
(21), which will diffuse over average distances of approxi-
mately 0.9 mm (helium) and 0.4 mm (xenon), over the 5 ms
diffusion time. In comparison, the diameters of the
respiratory bronchioles and alveoli are a few hundred
micrometers in humans (20,21) and tens of micrometers in
rodents (22,23). The diffusion of HP gas in the lung
has exhibited restricted and anisotropic behavior at the
alveolar level, resulting in a substantial deviation from a
Gaussian phase distribution. This deviation is manifested
through nonexponential signal decay with increasing b
values—that is, the diffusion of HP gas in the lung has
been shown to be non-Gaussian (7,20,24).

Diffusion kurtosis imaging (DKI) has been established as a
powerful proton MRI technique to describe non-Gaussian
diffusion, which uses kurtosis, a general dimensionless met-
ric, to quantify the non-Gaussian characteristics of
spin-bearing particle diffusion processes (25). Non-Gaussian
behavior is usually associated with complex tissues and
exists where structure barriers are present, such as cell mem-
branes, organelles, or pulmonary alveoli. In this way, DKI
provides a method of detecting these complex tissues or
structures. The non-Gaussian diffusion was first discovered
in nonimaging NMR investigations by Tanner and Stejskal
(26) in 1968. Jensen et al. (27) first suggested the definition of
diffusional kurtosis and extracted the kurtosis from the char-
acteristic signal attenuation with multi-b value diffusion-
weighted MRI in 2005. The original applications of DKI in
human tissue focused mainly on brain imaging (28,29). In
recent years, DKI technology has been studied widely and
has been highly developed, extending from studies of the
brain to other tissues, such as the bladder (30), kidney (31),
and prostate (32). Trampel et al. (7) also used DKI measure-
ment of hyperpolarized 3He in healthy human subjects and
one patient with symptoms suggestive of small airway dis-
ease. The results demonstrated that DKI could well describe
the non-Gaussian distribution of HP 3He diffusion in the
human lung. The ADC in the patient was similar to that in
the normal controls, but the diffusion kurtosis was markedly
reduced. This finding suggested that HP 3He DKI might be
useful and more sensitive to changes in larger bronchioles
and bronchi than traditional ADC measurement (7). Howev-
er, the limited supply and extremely low natural abundance
(�0.0137%) of 3He have prevented it from being applied
extensively. In contrast, the supply of 129Xe is nearly uncon-
strained on the earth, and it has a much higher natural isoto-
pic abundance of �26.4% (10). Therefore, xenon is uniquely
suitable for potential clinical applications in the future. To
our knowledge, lung study with HP 129Xe DKI has so far not
been reported. In addition, Jacob et al. (24) reported previ-
ously that there existed a critical b value or an approximate
limit beyond which the kurtosis approach no longer
described the non-Gaussian nature of HP 3He diffusion in
the lung, but in vivo experiments were lacking.

In this study, eight b values (4, 8, 12, 16, 20, 24, 28, and
32 s/cm2) for DKI were used to describe the non-Gaussian

HP xenon diffusion in the lungs of five rats exposed to cig-
arette smoke and five healthy rats. The diffusion coeffi-

cient and the diffusion kurtosis in the lung parenchyma
were all extracted to detect the pulmonary characteristics
of rats exposed to cigarette smoke. The relationships
between the parameters extracted from DKI and the pul-

monary microstructure were analyzed, whereas the histo-
logical morphology was obtained to help analyze the DKI
results. In addition, a much larger b value of up to 80 s/cm2

HP xenon DKI was used in another two healthy rats to study

the critical b value in the lung parenchyma.

METHODS

129Xe Polarization and Delivery

With spin-exchange optical pumping processing, enriched

xenon gas (86% 129Xe) was polarized to �10% with a
home-built polarizer. The gas mixture consisted of 1%
xenon, 10% N2, and the balance of 4He. First, the HP gas
was polarized, and then cryogenically concentrated and

stored as a solid using liquid nitrogen (33–36). Before
being delivered into the lungs of the rats, the solid xenon
was warmed into a gas phase and expanded into a Tedlar
bag, which was rapidly connected to a home-built ventila-

tor. In this experiment, almost 200 mL of HP xenon gas
could be obtained in 40 minutes at a flow rate of 0.5 L/m.

Animal Preparation

All of the animals handling procedures were approved

by the institutional animal studies committee. Twelve
male Wistar rats (280 6 30 g) were used in the study. The
rats were randomly divided into the following two
groups: the experimental group and the healthy group.

The experimental group included five rats in which a

lung injury model was induced by cigarette smoke for 6
months according to the method described by Bai et al. (37).
In brief, the rats received the smoke in a cigarette smoke
exposure device (PAB-S200, BLLC, Beijing, China) twice

every day. For each exposure, 10 cigarettes were used to
produce smoke for 1 hour, and the interval between smoke
exposures was 4 hours. Single cigarette contained 12 mg of
tar and 0.8 mg of nicotine. The other seven rats in the

healthy group received nothing except daily food and
water. Five rats were used as controls for the experimental
group, and the other two rats were used in the second part
of the experiment to study the critical b value for HP xenon

DKI. Before MRI examination, each rat was anesthetized
with 5.0% isoflurane (Keyuan Pharmaceutical, Shandong,
China) and was intubated with a 14-guage endotracheal
tube, which was tied to the trachea. After intubation, the rat

was ventilated using a custom-built ventilator. During the
experiment, the rat was alternatively ventilated with oxy-
gen and HP xenon as shown in Figure 1. The polarization of
HP xenon in a Tedlar bag always decreases due to longitudi-

nal relaxation (T1� 25 min), therefore, the MRI acquisition
must be accomplished as soon as possible to minimize sig-
nal loss. The total experimental time for a DKI acquisition
(i.e., ventilating the rat with pure oxygen and HP xenon)

was approximately 80 s. To increase the pulmonary oxygen
reservoir for the rats’ safety (38), the pure oxygen was used
for a short time. For the oxygen, the breathing rate was 50
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breaths/min with an inspiratory time of 400 ms and an expi-

ratory time of 800 ms. The peak inspiratory pressure was

approximately 10 cm H2O, with inspiratory capacity of

approximately 2.2 mL per breath. After 5 min, the concen-

tration of isoflurane was decreased to 3% for maintenance.

For the HP xenon, the breath rate was almost 14 per minute,

with an inspiratory time of 500 ms, a breath-hold time of

3000 ms, and an expiratory time of 1000 ms. The peak

inspiratory pressure was 12 cm H2O to avoid the low peak

inspiratory pressure regime (<10 cm H2O) where the diffu-

sion was strongly dependent on lung compliance (39). The

inspiratory capacity was approximately 2.5 mL per breath.

The MRI acquisitions were triggered to be finished during

the breath-holding of xenon as shown in Figure 1. After the

acquisitions, the rats were ventilated with oxygen again.

MRI

All 2D images were acquired using a 7 T animal MRI

scanner (Bruker Bio Spec 70/20 USR) equipped with a

high-performance gradient coil (G¼ 444.75 mT/m, ramp

time¼ 0.123 ms). A custom-built double-tuned birdcage

radio frequency coil with a diameter of 5.5 cm was used

in the experiment, which was operated at 298.69 MHz

(1H) and 83.07 MHz (129Xe).
The MRI protocol was based on gradient-echo

sequence, including an adjustable bipolar diffusion

gradient in the frequency-encoding direction (21). The b

values were given by (21,40)

b ¼ g2G2 d2D� d

3
þ t d2 � 2Ddþ Dt � 7

6
dtþ 8

15
t2

� �
;

�
[2]

where g is the gyromagnetic ratio of 129Xe, G is the

strength of the diffusion gradient, t is the ramp time of the

gradient, d is the gradient pulse width, and D is the diffu-

sion time. In our experiment, d¼ 0.8 ms, D¼ 1.2 ms, and

t¼0.123 ms. For D¼ 1.2 ms, the characteristic diffusion

length was 120 mm, which is larger than the average alveo-

lar length (70 mm) of healthy rats (40). The 1-ms block exci-

tation radiofrequency (RF) pulse without slice-selection

was used, and the excitation bandwidth was 1280 Hz,

which ensured a minimal excitation bandwidth to cover

the signals of 129Xe dissolved in lung tissue and blood.

The first part of the experiment used eight b values (4, 8,

12, 16, 20, 24, 28, and 32 s/cm2) for DKI to detect the pul-

monary characteristics of cigarette smoke–exposed rats.

The corresponding imaging parameters were as follows:

field of view¼ 5�5 cm; matrix size¼ 96� 96; echo

time¼ 3.842 ms; pulse repetition time¼ 9.904 ms;

bandwidth¼50 kHz; and a flip angle of 9.5 �. The second

part, the experiment used DKI with 14 b values (4, 8, 12,

16, 20, 24, 28, 32, 40, 48, 56, 64, 72, and 80 s/cm2) to study

the critical b values in two healthy rats. Due to the limita-

tions of the maximum gradient strength, the diffusion time

D increased to 2.5 ms to achieve the maximum b value of

80 s/cm2, whereas to ensure the images’ signal-to-noise

ratio (SNR), the matrix was decreased to 48� 48. The echo

time was 4.854 ms, and the pulse repetition time was

10.234 ms. The other parameters were kept the same with

those in the first part of the experiment.
In the multi-b HP xenon diffusion experiments, except

for the diffusion gradient strength, many other factors,

such as T1 relaxation, dissolution of gas into tissue and

blood of lungs (41), and RF pulse, would affect the dif-

ference in signal between different b values (19). Most

notably, no observable recovery of longitudinal magneti-

zation occurred after RF pulses. To reduce these effects,

three interleaved 2D gradient-echo samplings without

and with diffusion weighting were acquired for a given

line of k-spaces (42,43). Accordingly, for each b value,

three images were obtained (i.e., two images without dif-

fusion gradient and one image with diffusion gradient).

Image Processing and Analysis

Image processing and analysis were completed with

MATLAB software (MathWorks, Natick, Massachusetts,

USA). To ensure data reliability and accuracy, the origi-

nal k-space data was used in the subsequent analysis.
All of the images were generated from MRI k-space using

2D discrete Fourier transform. To reduce the noise and

improve the SNR of the images, all of the images were first

processed with Gaussian filtering. The two images without

diffusion gradients were averaged as a reference image.

Then the reference image was used to generate a lung bina-

ry mask without background noise by Otsu segmentation

(44), which is a common algorithm for image segmentation.

The Otsu was also deemed the maximum variance between

clusters based on the gray level. After that, the resulting

binary mask was applied to the source images with diffu-

sion gradients. According to the DKI relationship between

the signal S and b values (7,27),

S ¼ S�0 exp �bDapp þ
1

6
b2D2

appKapp

� �
; [3]

where S0 is the signal in the absence of the diffusion gra-

dient, Dapp is an estimate for the diffusion coefficient, and

Kapp is an estimate for the diffusion kurtosis. The Dapp

and Kapp could be extracted by fitting the S/S0 with

different b values using a nonlinear least squares algorithm

on a pixel-by-pixel basis for all of the rats.
In this way, the Dapp maps and Kapp maps were acquired

for all of the rats. The seed-growing algorithm was used to

segment the main tracheas and the parenchyma of the Dapp

maps because the Dapp in the main tracheas were much

larger than those in the parenchyma. Furthermore, the

obtained masks were also used to segment Kapp maps.

Finally, the mean Dapp and Kapp values from the parenchy-

ma were computed.

FIG. 1. Schematic diagram showing the experimental process,
including ventilation and MRI sequence. Note the time to trigger
the MRI acquisition when the rats were mechanically ventilated

with xenon breath-hold (red arrow).
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Quantitative Histology

After the MRI experiments, the rats were exsanguinated

quickly by cuts in two sides of the femoral artery. To pre-

vent the lung collapse when opening the thorax, the main

tracheal was ligated (45). The simple tracheal ligation fix-

ation method has been demonstrated to provide optimal

lung fixation revealing the natural physiological state

without apparent artifacts (45). The lungs were then

extracted surgically. The extracted lungs were rinsed

immediately three times with normal saline and then

were preserved in a 10% paraformaldehyde solution

(Sinopharm, Shanghai, China) for at least 24 h to be fixed.

Finally, the extracted lungs were paraffin-embedded and

sliced into hematoxylin and eosin–stained histological

sections. Each lung yielded six histological sections from

different regions, and each section was 10 mm thick.
The stained histological sections were coded and exam-

ined with a microscope (Nikon Eclipse Ts 100, Nikon,

Tokyo, Japan), and one image per section was acquired

from areas that did not contain large airways. Imaging-Pro

Plus (Media Cybernetics, Rockville, Maryland, USA) soft-

ware was used to calculate the mean linear intercept (Lm)

with the traditional method (40,46). Because the different

images were acquired on different section directions, the

vertical Lm was also calculated to reduce random error.

The final Lm was the mean value of the horizontal and

vertical Lm, as shown in Figure 2.

Statistical Analysis

Statistical analyses were performed by using SPSS software

(IBM, Armonk, New York, USA). F-variance test were used

to demonstrate whether the variances of the corresponding

parameters between the experimental group and the control

group were homogeneity, and F values>0.05 were consid-

ered statistically homogeneous. Afterward, an unpaired

two-tailed t test was used to compare the cigarette smoke–

exposed group and the control group, and the correspond-

ing P values were calculated. P values< 0.05 were consid-

ered statistically significant. Moreover, the Pearson’s

correlation coefficients between the parameters extracted

by DKI and the histological morphometric parameter were

calculated, which were used to evaluate the relationships

between the diffusion measurement and the lung

microstructure.

RESULTS

Figure 3 shows three representative images (96�96)
generated from the MRI k-space using two-dimensional
discrete Fourier transform in one breath-hold. Figure 3a
and 3c are the images without the diffusion gradients.
Figure 3b is the image with b¼ 32 s/cm2, which required
nearly 80% of the maximum strength of the gradient.
Due to the diffusion of the xenon atoms in the lungs, the
b image is much darker than the a and c images. The
SNR in the b image is still 103, which was calculated by
the equation SNR¼Ms/s, where Ms is the mean value of
the image signal and s is the standard deviation of the
background noise distribution (47).

Figure 4 shows the DKI model and monoexponential
model fitting curves from a representative healthy rat
and a smoke-exposed rat. Due to the non-Gaussian
nature of xenon diffusion in the lungs, the points obvi-
ously deviated from the monoexponential curve. The
R2> 0.9 in the DKI fitting demonstrated that the DKI
model could describe the non-Gaussian diffusion of
xenon in the pulmonary parenchyma very well.

Table 1 lists the Lm from histology and the overall mean
Dapp values and Kapp values from pulmonary parenchyma
of the five smoke-exposed rats and five healthy rats. The
Dapp and Kapp from the parenchyma both showed signifi-
cant changes in the smoke-exposed rats compared with
those in the control rats (P¼ 0.027 and P¼ 0.039 for Dapp

and Kapp, respectively), reflecting the changes in the pul-
monary microstructure due to smoke for 6 months in the
smoke-exposed rats. The Lm from the histology also
showed a significant difference (P¼ 0.013), which demon-
strated mild emphysema in the smoke-exposed rats. Two
representative images of histological sections from a
healthy rat and a smoke-exposed rat are shown in Figure 5,
which reflect the moderate enlargement of the alveolar air-
space in the smoke-exposed rat. Furthermore, the Lm from
histology showed a strong correlation with the Dapp

(r¼ 0.81) and Kapp (r¼�0.79), indicating that the significant
change of Dapp and Kapp were related to the emphysema in
the smoke-exposed rats.

Figure 6 shows the representative maps of Dapp (Fig. 6a, 6b)
and Kapp (Fig. 6c, 6d) from a smoke-exposed rat (Fig. 6b, 6d)
and a healthy rat (Fig. 6a, 6c). The corresponding histograms
were also shown under the maps. The Dapp map and the Kapp

map in the smoke-exposed rat showed obvious differences

FIG. 2. Representative binary images
overlapped by the horizontal and

vertical grid lines, which were used to
count the Lm with Image-Pro Plus
software.
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compared with that in the healthy rat. Furthermore, the Dapp

histogram in the smoke-exposed rat exhibited a much broader
distribution in comparison with that in the healthy rat.

Figure 7 shows the linear correlation fittings between
the Dapp and the Lm from histology (Fig. 7a) and between
the Kapp and the Lm from histology (Fig. 7b). Note that
all of the dots are between the two dashed lines, which
represent 95% confidence intervals for the fit. The
correlation coefficients are given in Table 1. The results
demonstrated that the Dapp and Kapp from xenon diffu-
sion in the lungs were highly related to pulmonary
morphology.

Figure 8 displays the fitting curve of normalized signal
intensities versus b values in the second part of the
experiment, which studied the critical b value in the lung
parenchyma. Although the maximum b value increased to
80 s/cm2 and the maximum diffusion gradient strength
increased to nearly 375 mT/m, the DKI model also could
describe the non-Gaussian diffusion of xenon in the pulmo-
nary parenchyma very well (R2> 0.97).

DISCUSSION

Pulmonary Lesions Detection with DKI

In this study, the DKI model was used for the first time in
HP xenon diffusion pulmonary MRI, and it was demon-
strated to be very suitable for the description of the non-
Gaussian diffusion of HP xenon, which was manifested
through nonexponential signal decay with the increasing
b values in the lungs of rats. Furthermore, the Dapp and
Kapp values in the smoke-exposed rats both showed signifi-
cant changes compared with those in the healthy rats,
which indicated that the DKI model with HP xenon diffu-
sion pulmonary MRI was sensitive to detect the pulmo-
nary parenchymal changes induced by cigarette smoke. In
the second part of the experiment, although the maximum
b value increased to 80 s/cm2 and the maximum gradient
strength was nearly 375 mT/m, the DKI model was still
very good for fitting the nonexponential signal decay in

FIG. 3. Three interleaved 2D gradient
echo images in one breath-hold. (a)
First image with b¼0 s/cm2. (b)

Second image with b¼32 s/cm2; the
strength of the diffusion gradient almost

reached 80% of the maximum gradient
strength. The SNR in the image is 103.
(c) Third image with b¼0 s/cm2.

FIG. 4. Using the mean values of the whole pulmonary parenchy-

ma, signal intensity versus b values were plotted, with the solid
lines fit to a DKI model for a healthy rat (black line, R2¼0.9723)
and a smoke-exposed rat (red line, R2¼0.9669). The dotted lines

fit to a monoexponential model for the healthy rat (black line) and
the smoke-exposed rat (red line). Note the deviation from the

monoexponential curves.

Table 1
Mean Dapp and Kapp Values in the Parenchyma and Lm Values
with Corresponding Statistical Data

Dapp (cm2/s) Kapp Lm (mm)a

Smoke-

exposed
rats

0.0355 1.0340 45.68
0.0335 1.1260 41.27

0.0348 1.0819 45.85
0.0330 1.1327 38.22

0.0313 1.1312 43.70
Mean 0.0336 6 0.0016 1.1011 6 0.043 42.94 6 3.22

Control rats

0.0326 1.1685 36.80

0.0271 1.2503 31.37
0.0303 1.2383 38.71
0.0313 1.1112 37.19

0.0310 1.1431 38.96
Mean 0.0304 6 0.0021 1.1823 6 0.0603 36.61 6 3.07

bF value 0.066 1.239 0.175
cP value 0.027 0.039 0.013

dPearson’s

correlation
coefficient

0.81 �0.79 1

aFrom histological analysis.
bF values were acquired using an F-variance test to demonstrate
whether the variances of the corresponding parameters were homo-

geneous between the smoke-exposed rats and the healthy rats.
cP values were acquired using an unpaired two-tailed t test to demon-

strate whether a significant difference existed in the corresponding
parameters between the smoke-exposed rats and the healthy rats.
dPearson’s correlation coefficients were calculated to test the corre-

lations of the corresponding parameters obtained by HP xenon DKI
in the lungs with the Lm from histology.
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the other two rats (R2>0.97). This finding indicated that

limit of the critical b value for HP xenon DKI in the lungs

could be ignored due to the limitation of maximum gradi-

ent strength.

Relation Between DKI and Microstructure

The traditional proton DKI can be useful to characterize tis-

sue microstructure and its topological rearrangement and

complexity (48). However, the microstructure of lung is

very complex. In the branches model of lung airways, the

airway tree begins at the trachea and leads through bronchi

and bronchioles to the terminal bronchiole that feeds each

acinus, the major gas exchange unit in the lung (20). All

these structure’s lesions will lead to the change of pulmo-

nary complexity, which will increase or decrease the Kapp

values. In this study, the Kapp showed a strong correlation

with the Lm from histology, which is the clinical reference

standard to evaluate the alveoli or alveolar sac. This finding

indicated that the kurtosis was highly related to the status

of the alveoli or alveolar sac. The enlargement of the

alveolar airspace would significantly reduce the complexity

of pulmonary microstructures, resulting in decreased Kapp

values in the smoke-exposed rats. In addition, the small air-

ways are defined as those less than 2 mm in diameter and a

major site of pathology in many lung diseases (49). It con-

tained a portion of the conducting airways as well as all the

acinar airways. The prolonged smoke was associated with

progressive pathological changes in the airway disease,

such as luminal occlusion by mucus, smooth muscle hyper-

trophy, reduction in luminal diameter from inflammatory

infiltrates, or airway wall thickening (50,51), which could

increase the complexity of the pulmonary parenchyma. It

would reduce the difference of Kapp values between the

smoke-exposed rats and the healthy rats. It may be was the

reason that the difference of Dapp (P¼ 0.027) between the

smoke-exposed rats and the healthy rats was more signifi-

cant than that of Kapp (P¼ 0.039). Therefore, the Kapp was
also possibly related to the structure of small airways.

The traditional Dapp was relevant to the HP gas (3He or
129Xe) used in the experiment. Due to the heavier atomic

weight, the self-diffusion coefficient of pure xenon gas

FIG. 5. Representative images of
histological sections from a healthy
rat (a) and a smoke-exposed rat (b).

The magnification was�200. Note
the enlarged alveolar airspace in the

smoke-exposed rat due to mild
emphysema induced by 6 months
of smoke exposure.

FIG. 6. Representative pulmonary parenchymal Dapp maps (a, b) and Kapp maps (c, d) from a smoke exposed rat (b, d) and a healthy

rat (a, c). The corresponding histograms are also shown under the maps.
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(0.06 cm2/s) was nearly 30 times less than that of pure
helium gas (1.80 cm2/s) (21). Therefore, there was no com-
parability of the Dapp values obtained by the two different
HP gases. In contrast, the Kapp was regarded as a measure-
ment of the variability and intricacy of the tissue structure
(48), and it probably had little relation to the magnitude of
the intrinsic HP gas diffusivity. Therefore, due to the more
limited pulmonary airspace in rats than in humans, the
Kapp values in the control rats in our study with HP xenon
(1.1823 6 0.0603) were much larger than those in the
healthy subjects (0.3430 6 0.0290) in a previous study of
helium pulmonary DKI (7). The comparison of Kapp would
be possible even though different HP gas were used.

Valid Application of DKI

Jacob et al. (24) theoretically analyzed the conditions for
the valid application of the DKI approach and found that

they could be defined in terms of a critical b value bc, or
an approximate limit beyond which the DKI approach
would be not correct. In the second part of our experi-
ment, in order to study bc, the maximum b value was
increased to 80 s/cm2, and the corresponding gradient
strength was nearly 375 mT/m. The fitting results dem-
onstrated that the DKI was still applicable to describe
the non-Gaussian diffusion of HP xenon in the lungs of
rats (R2> 0.97). In fact, due to the limitation of the gradi-
ent strength in clinical studies, the maximum b value
applied in human studies is very limited according to
Equation [2]. Assuming a diffusion time of 5 ms and a
constant time of 5 ms for the gradient pulse, while ignor-
ing the gradient ramp time, the maximum b value is only
72 s/cm2 with a maximum gradient strength of 40 mT/m,
which can be achieved with a state-of-the-art human
MRI scanner (21). In this manner, the DKI model would
be completely valid.

Limits and Outlook

There are some limits in the current experiment. To
improve the image SNR, nonslice selection was used here.
The rats were lying down on the scanning bed during the
experiment. The gravitational effect of xenon gas and the
heterogeneity of the structure existed in the coronal direc-
tion, which probably affect the signal deviation from
monoexponential behavior and the measurement of Kapp

values. In future studies, the 3D or multislice 2D experi-
ments will be attempted in DKI measurements to reduce
these effects. Additionally, the histological sections were
acquired from the 2D flat structure of the pulmonary
parenchyma. The 2D plan images could not distinguish
the alveoli and small airways accurately. Therefore, it is
difficult to directly analyze the precise relationship
between the DKI and the specific microstructural features
(i.e., airways versus alveoli) observed in the histological
sections. In future studies, a high-resolution animal CT
could be used to obtain the 3D images of the global lungs,
which would be useful for the accurately analysis of the
results.

Yablonskiy and colleagues established quantitative rela-
tionships between lung morphology and HP gas diffusion
MRI according to a simplified lung model (i.e., alveolar-
covered acinar airways model). The morphological

FIG. 7. Linear correlation fittings with Dapp versus the Lm from histology (a) and Kapp versus the Lm from histology (b). Solid lines repre-
sent linear regression lines, and dashed lines represent 95% confidence intervals for the fit.

FIG. 8. Signal intensities versus b values were plotted in the sec-

ond part of the experiment. The signal intensities were normalized
from the pulmonary parenchyma in the two healthy rats. The solid
lines were obtained by DKI model fit, while the dotted lines were

obtained by the monoexponential model. Note the excellent fitting
degree of the solid lines. The R2 values were 0.9718 (red solid

line) and 0.9774 (black solid line).
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parameters, such as the R (outer airway length), r (inter air-

way length), and h (depth of the alveolar) can be extracted

in vivo with hyperpolarized gas multi-b diffusion MRI

(20,21,52,53). However, the Kapp was not related to spe-

cific physiological parameters, although the DKI model

could well describe the non-Gaussian diffusion of HP

xenon in the lungs. Future studies will focus on the

precisely quantitative relationship between the DKI and

the microstructure. Compared with 3He, 129Xe has a lower

gyromagnetic ratio (g¼�11.7 MHz/T for 129Xe, g¼�32.4

MHz/T for 3He) and a slower diffusion rate (9,21). More-

over, it is more difficult to be polarized. All of these factors

lead to a lower image SNR on the HP xenon diffusion MRI,

and it is very difficult to obtain thin slice pulmonary

images. Thus, it is necessary to obtain higher xenon spin

polarization. In future experiments, closely coupled multi-

channel receive arrays (54) and parallel imaging techni-

ques could also be adopted, and the newly presented HP

gas MRI methods could also be combined (47,55,56) to

acquire high image SNR and resolution. It will be possible

for HP xenon DKI to detect the local changes in the pulmo-

nary microstructure accurately and noninvasively.

CONCLUSION

In conclusion, the HP xenon diffusion in the lungs has

shown a non-Gaussian characteristic due to the complex

pulmonary microstructure, and the traditional ADC cal-

culation by a single b value was no longer accurate to

describe the diffusion, especially for large b values. In

this study, it was demonstrated for the first time that the

DKI model could describe the non-Gaussian diffusion of

HP xenon in the lungs of rats very well (R2> 0.9). More-

over, the Dapp and Kapp parameters extracted by DKI

showed significant changes in the five smoke-exposed

rats compared with those in the control group, and his-

tology revealed strong correlations with the Lm. It sug-

gested that the DKI with hyperpolarized xenon was

proper and sensitive to detect the pulmonary lesions

induced by smoke, including the diseases of moderate

emphysema and small airways. The measurement of

Kapp values was probably independent of the HP gas

(3He or 129Xe) used in the experiment and highly related

to the tissue microstructure, mainly the complexity or

restriction. In the second part of the experiment, the DKI

model still fitted the nonexponential signal decay very

well (R2> 0.97), although the maximum b value was

increased to 80 s/cm2. It manifested that the critical b

values would be hardly exceeded due to the limited gra-

dient strength of the present MRI scanner. Future studies

will focus on exploring the precisely quantitative rela-

tionships between DKI and the pulmonary morphology,

as well as the detection and accurate location of early

pulmonary changes induced by smoke with hyperpolar-

ized xenon DKI MRI.
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