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Purpose: The quantitative assessment of impaired lung motions and their association with the clinical charac
teristics of COPD patients is challenging. The aim of this study was to measure respiratory kinetics, including
asynchronous movements, and to analyze the relationship between lung area and other clinical parameters.
Materials and methods: This study enrolled 10 normal control participants and 21 COPD patients who underwent
dynamic MRI and pulmonary function testing (PFT). The imaging program was implemented using MATLAB®.
Each lung area was detected semi-automatically on a coronal image (imaging level at the aortic valve) from the
inspiratory phase to the expiratory phase. The Dice index of the manual measurements was calculated, with the
relationship between lung area ratio and other clinical parameters, including PFTs then evaluated. The asyn
chronous movements of the diaphragm were also evaluated using a sagittal image.
Results: The Dice index for the lung region using the manual and semi-automatic extraction methods was high
(Dice index = 0.97 ± 0.03). A significant correlation was observed between the time corrected lung area ratio
and percentage of forced expiratory volume in 1 s (FEV1%pred) and residual volume percentage (RV%pred) (r =
− 0.54, p = 0.01, r = 0.50, p = 0.03, respectively). The correlation coefficient between each point of the dia
phragm in the group with visible see-saw like movements was significantly lower than that in the group without
see-saw like movements (value = − 0.36 vs 0.95, p = 0.001).
Conclusion: Semi-automated extraction of lung area from Cine MRI might be useful for detecting impaired res
piratory kinetics in patients with COPD.

1. Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by

persistent and progressive airflow obstruction and an abnormal in
flammatory response to toxic particles and gases, mainly from smoking
[1]. COPD is expected to become the third-leading cause of death

Abbreviations: BMI, body mass index; CAT, chronic obstructive pulmonary disease assessment test; COPD, chronic obstructive pulmonary disease; DLCO, carbon
monoxide diffusing capacity of the lung; FEV1, forced expiratory volume in 1 s; FEV1/FVC, forced expiratory volume in 1 s per forced vital capacity; FLASH, fast low
angle shot; FOV, field of view; FRC, functional residual capacity; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Pulmonary Obstructive Lung Disease;
HASTE, Half Fourier Acquisition Single-shot Turbo spin Echo; ICC, intraclass correlation coefficient; ICS, inhaled corticosteroid; LAA, low attenuation area; LABA,
long-acting β-2 agonist; LAMA, long-acting muscarinic antagonists; LAV, low attenuation volume; LV, lung volume; MDCT, multi-detector row computed tomog
raphy; MRI, magnetic resonance imaging; PFT, pulmonary function testing; RV, residual volume; RV/TLC, residual volume per total lung capacity; SSFP, steady-state
free precession; TLA, total lung area; TLC, total lung capacity; UTE, ultrashort echo time.
* Corresponding author.
E-mail addresses: h.sato1980@gmail.com (H. Sato), chumito_03@yahoo.co.jp (N. Kawata), romanholiday52@yahoo.co.jp (A. Shimada), yuma1360@gmail.com
(Y. Iwao), yechen@chiba-u.jp (C. Ye), masuda.yoshitada@hospital.chiba-u.jp (Y. Masuda), haneishi@faculty.chiba-u.jp (H. Haneishi), tatsumi@faculty.chiba-u.jp
(K. Tatsumi), suzutaku@chiba-u.jp (T. Suzuki).
https://doi.org/10.1016/j.ejro.2022.100442
Received 4 June 2022; Received in revised form 19 September 2022; Accepted 26 September 2022
Available online 29 September 2022
2352-0477/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).

H. Sato et al.

European Journal of Radiology Open 9 (2022) 100442

globally by 2030 and there is a serious concern about the economic
healthcare burden associated with the disease [2,3].
Currently, the diagnosis and severity of COPD are assessed physio
logically using pulmonary function tests. Recent advances in imaging
equipment such as computed tomography (CT) and image analysis
methods have revealed morphological features of COPD that could not
be captured by respiratory function tests [4–7]. However, static image
analysis during breath-hold using chest x-rays or chest CT has been the
method mainly investigated. The main focus of these earlier studies was
on the relationship between the imaging indices obtained from static
images and disease severity and phenotypes [8–10]. Heterogeneity is
present in respiration between the left and right lungs and the dia
phragm (i.e., loss of simultaneity and asynchronous movements) in
patients with COPD. As the disease progresses, it causes hyperinflation
of the lungs and deformation of the airways and thorax, thereby
contributing to a decreased thoracic motion with respiratory muscle
weakness and malnutrition [11,12]. There are only a small number of
studies that have evaluated dynamic respiratory abnormalities, with
reports on chest dynamics using chest dynamics X-rays [13] and chest
4D-CT [14]. However, due to technical problems and to avoid ionizing
radiation, analyses of the diaphragm and the lungs have been limited,
and it remains difficult to evaluate the entire lung continuously.
On the other hand, magnetic resonance imaging (MRI) can evaluate
structural and functional abnormalities of the lung noninvasively [15].
It has recently become a practical tool in clinical practice. A few pre
vious studies have used MRI to continuously extract respiratory dy
namics to examine the relationships between physiological parameters
and disease characteristics [16]. In a recent study, we analyzed lung
dynamics using cine MRI in order to clarify the relationship of MRI
measurements with limited airflow and air trapping in patients with
severe COPD [17]. However, the manual methods used were
time-consuming and challenging for evaluating continuous lung move
ments. Several methods for extracting lung fields in MRI scans have been
reported, ranging from fully-automated to semi-automated methods
[18–20]. For example, semi-automatic segmentation of lungs and tu
mors [19] and semi-automated process to measure lung volumes have
been described [20]. In addition, MRI has a variety of sequences [21],
including Steady-state Free Precession (SSFP) [22], fast low angle shot
(FLASH) [23], Half Fourier Acquisition Single-shot Turbo spin Echo
(HASTE) [24,25], and a time-resolved T1-weighted 3D keyhole pulse
sequence [26]. An extraction algorithm tailored to each sequence is
required for analysis.
The aim of the current prospective study was to investigate the res
piratory dynamics of COPD patients using a combination of cine MRI
using the SSFP method and several analysis algorithms of a program
ming platform. We also used the same extraction algorithms to analyze
the asynchronous motions of the diaphragm using sagittal images.

obtained from all the participants.
2.2. Pulmonary function testing
A CHSTAC-8900 spirometer (Chest M1 Corp, Tokyo, Japan) was used
for PFT, based on the guidelines of the American Thoracic Society and
European Respiratory Society [28]. Total lung volume (LV) was deter
mined by the helium dilution method, while the diffusing capacities for
carbon monoxide (DLco) and alveolar ventilation were assessed by the
single-breath method. Forced vital capacity (FVC) and forced expiratory
volume in 1 s (FEV1) were measured, and their predicted values calcu
lated according to the guidelines of the Japanese Respiratory Society
[29].
2.2.1. MRI
A 1.5-T Ingenia CX/Achieva dStream Release 5 MR system (Philips
Medical Systems, Amsterdam, The Netherlands) with the patient
breathing normally was used for all the MRI studies. A balanced fastfield echo sequence was used in these studies (repetition time 1.84 ms,
echo time 0.71 ms, and flip angle 45◦ ). The field of view (FOV) was 384
mm and the matrix size was 192 × 192. The image slice thickness was
13.5 mm with an acquisition time of 121 ms per image. Coronal images
were obtained during normal breathing. Sagittal images of the right lung
and diaphragm were also obtained during normal breathing.
2.3. Semi-automated lung segmentation method
Sato H et al. demonstrated that cine MRI and several image pro
cessing algorithms of MATLAB® R2021b (The MathWorks, Inc, Natick,
USA) can be used to perform semi-automatic extraction of the lung [30].
As shown in Fig. 1, the steps used in this process were as follows.
Firstly, the maximum inspiratory image was selected from the timesequential images and the lung area segmented manually by a single
observer for use as a mask image (Fig. 1 (a)). Secondly, both the mask
and cine images were added to create a weighted cine image (Fig. 1 (b))
and the lung area then segmented using the K-means clustering tech
nique (Fig. 1 (c,d)). The number of clusters was set as eight in accor
dance with the K-means.
On the other hand, a manual pulmonary arteriovenous trace (Fig. 1
(e)) and making a mask image was performed, and the segmented image
and pulmonary arteriovenous mask image then added (Fig. 1 (f)).
Finally, the lungs were detected as a contiguous image region with
similar signal values using the flood-fill technique (Fig. 1 (g)). The
processing time with our method was 1 sec/slice.
In the proposed method, the lung area was first extracted manually
using one of the maximum inspiratory images. The lung area trace and
the pulmonary arteriovenous trace were extracted and used as the mask
images. After this task was completed, the following process was auto
matic: the thorax was segmented using the k-means method, and the
pixels with the continuity were extracted. Then, lung extraction was
performed automatically for continuous images.
Assuming that no lung area existed outside the lung contour mask
image at any time phase, additional processing was performed to in
crease the signal value outside the lung fields. Because the signal
strengths of the lung area and the pulmonary arteriovenous were
different, the signals of the pulmonary arteries and veins were lost
during segmentation using the k-means method. Then, the pulmonary
arteriovenous mask image was used to compensate for the lack of pul
monary arteriovenous area.

2. Methods
2.1. Participants
The study enrolled 21 patients diagnosed with COPD who underwent
chest dynamic MRI at our hospital between April 2011 and September
2019. Most of the participants in the present study had been investigated
in a previous study that had a different research objective [17]. All the
patients had a history of smoking. COPD was diagnosed according to the
criteria of the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) [3]. The patients underwent a COPD assessment test (CAT) [27],
pulmonary function testing (PFT), and multi-detector row computed
tomography (MDCT) imaging within 4 months of undergoing an MRI.
Patients were excluded if they had abnormal lung parenchymal lesions
other than emphysematous change or heart failure. The normal control
participants consisted of 10 healthy volunteers who underwent a PFT
and MRI. The study was approved by the ethics committee of our uni
versity (approval number: 857). Written, informed consent was

2.3.1. MRI measurements of the lung area ratio and lung area change ratio
MRI coronal images of the aortic valve level were selected to mea
sure the lung area. Sequential images of the most stable and frequent
respiratory phases from the maximum inspiratory phase to the next
inspiratory phase were obtained. The right and left lung areas of each
image were marked semi-automatically (Fig. 2a and b). The areas of the
2
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Fig. 1. Algorithm of the semi-automated lung segmentation program.

Fig. 2. Images of respiratory dynamics detected by the combination of MATLAB® and cine MRI in a COPD patient. Video images of the respiratory motion are
available in Supplementary Figure 1. a, Right coronal section. b, Left lung coronal section.
c, Right lung sagittal section Abbreviations: COPD, chronic obstructive pulmonary disease; MRI, magnetic resonance imaging.

lung segmented on each image were calculated automatically by the
program. The values of the measured right and left areas within the
markings were added together to obtain the total lung area, with the
expiratory lung area/inspiratory lung area calculated to obtain the lung
area ratio.
We also measured the times of the inspiratory and expiratory phases.
To assess the dynamic changes in the areas of the lung during a respi
ratory cycle, we measured lung areas in every slice from the start of
inspiration until the next inspiratory phase. We used the continuous
measurements of lung areas to determine the changes in lung areas

(motion speed) per 121 ms interval.
For the manual measurements, the MRI images were also analyzed
using ImageJ software (version 1.51j8, available at http://rsb.info.nih.
gov/ij/; National Institutes of Health, Bethesda, MD, USA). The evalu
ations of the Dice index between the program and the manual mea
surements were calculated.
2.4. Examination of the lung area ratio in the respiratory cycle
The lung area from inspiration to expiration was measured
3
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2.6. Statistical analysis

systematically. Since the time from inhalation to exhalation was
different for each patient, the time was normalized. The change in lung
area from inhalation to expiration was replotted with an approximate
curve, and the area of the middle of the cycle time from inspiratory to
expiratory was determined. The middle of the cycle time was deter
mined comprehensively by two respiratory physicians, taking into ac
count time, lung field area during inspiration and expiration, and
diaphragmatic displacement. The lung area ratio was calculated from
the lung areas at three representative points: inspiration, midpoint, and
expiration. The period from inspiration to the midpoint was defined as
the "first half," and the period from the midpoint to the exhalation as the
"second half.".

All the statistical analyses were performed using JMP Pro version
13.0 software (SAS Institute, Cary, NC, USA). Differences between the
two groups were evaluated by the Student’s t- test for parametric data or
the Mann-Whitney U test for data that did not pass the normality test
(Shapiro-Wilk test). The Pearson bivariate correlation coefficient was
calculated to evaluate the association between two variables for para
metric data, while the Spearman test was used to examine the associa
tions between nonparametric data. P values < 0.05 were considered
significant.
To examine the agreement of the calculated lung area in inspiratory
and expiratory images between the manual and semi-automatic
methods, the Dice index was calculated as follows:

2.5. Evaluation of the asynchronous movements of the diaphragm

Dice index = 2*| A∩B| / |A|+|B|

Evaluation of the asynchronous movements of the diaphragm using a
cine image of the sagittal section was also performed. Due to the po
tential influence of artifacts from the heart and gastrointestinal tract in
images of the left lung, the right lung was evaluated in this study. The
length of the diaphragm in the anterior-posterior direction in the expi
ratory image was calculated (Fig. 3a). The measured distance was then
divided into six equal parts (i.e., seven points). The second point was
defined as the “front side point”, the fourth as the “middle point”, and
the sixth as the “rear side point” (Fig. 3b-d).
The midpoint from the apex of the lung to the diaphragm was used as
the common y-coordinate.
For each point, the distance from the midpoint of the y coordinate to
the diaphragm was then measured using an automatic segmentation
image. The signal intensity of the image was binarized as "1" in the lung
area and "0" outside of the lung area. The pixels of each of the time
phases were counted and the distance measured. The movement of the
diaphragm was quantitatively evaluated by plotting the distance on the
time axis.
The correlation coefficient of the movement of each of the three
points was calculated, followed by comparison of the coefficients be
tween the groups with or without the presence of the asynchronous
movements obtained by visual evaluation by two pulmonologists (AS
and NK).

A represents the area for manual extraction and B the area for semiautomatic extraction.
3. Results
3.1. Detection of motion of lung areas and the diaphragm
Examples of detected lung area using cine MRI and the semi
automated software are shown in Fig. 2a and b. Videos are shown in
Supplementary Figs. 1a and 1b. The right and left lungs were detected
separately.
Supplementary material related to this article can be found online at
doi:10.1016/j.ejro.2022.100442.
Examples of diaphragmatic motion on sagittal images are also shown
in Fig. 2c. Videos are shown in Supplementary Fig. 1c. The sagittal
images of the right lung showed the bizarre motion of the diaphragm
more clearly.
Supplementary material related to this article can be found online at
doi:10.1016/j.ejro.2022.100442.
3.2. Results of the Dice index
The Dice index between the semiautomated method and the manual
Fig. 3. Measurements of diaphragm movement
at three points. Note: The measured distance
was then divided into six equal parts (i.e., seven
points, from the red line to the blue line). The
vertical distance at three points of the dia
phragm was measured over the respiratory
cycle (location 1, front side; location 2, middle
point; location 3, rear side). The length of the
yellow line changes over time. The movement
of the diaphragm was calculated from the
length. Video images of the respiratory motion
are available in Supplementary Fig. 2a-c.
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method was excellent (Dice index = 0.97 ± 0.03). The area of lung
extraction was similar between the manual and semi-automatic mea
surements. The average measurement time with the manual method was
20.7 ± 6.7 min for each image series.

3.6. Asynchrony of the diaphragmatic movements
A sagittal image was used to evaluate the distance of the diaphragm
movement and asynchronous motion of the diaphragm (Fig. 3a-d).
Videos are shown in Supplementary Fig. 2a-2d. The distance of the
diaphragm at each point was not significantly different between the two
groups (Fig. 5a-c). Interestingly, the correlation coefficients of the
synchrony at each point (location 1 vs. location 2, location 1 vs. location
3, location 2 vs. location 3) in the COPD group were significantly lower
than those in the control group (p = 0.005, p = 0.001, p = 0.022,
respectively (Fig. 5d-f).
Supplementary material related to this article can be found online at
doi:10.1016/j.ejro.2022.100442.
The correlation coefficient for each point in the group with visible
see-saw like movements of the diaphragm (n = 13) was significantly
lower than those in the group without see-saw like movements of the
diaphragm (n = 18) (value = − 0.36 vs 0.95, p = 0.001) (Fig. 6).

3.3. Characteristics of the study participants
The demographics of the 10 normal participants and 21 COPD pa
tients are shown in Table 1. These demographics have been described
previously [17]. Compared to the normal volunteers, the COPD patients
were significantly older, had significantly lower FEV1, and a higher re
sidual volume per total lung capacity (RV/TLC). The majority of COPD
patients were classified as GOLD stage III to IV (severe to very-severe)
disease. All the COPD patients underwent bronchodilator therapy
(long-acting muscarinic antagonists (LAMA), n = 1, LAMA+ long-acting
β-2 agonizts (LABA), n = 5, LAMA+ inhaled corticosteroids (ICS),
n = 1, LABA+ICS, n = 1, LAMA+LABA+ICS, n = 13).

4. Discussion
3.4. Change in lung area during free breathing

The main findings of the present study were as follows: 1) We
combined cine MRI and several image processing algorithms of a pro
gramming language to perform semi-automatic extraction of the lungs.
This allowed us to extract the lung area with the same accuracy as
manual extraction. 2) In the process from inhalation to expiration, the
rate of area change in the first half was larger than that observed in the
second half. This indicated that the rate of change in the lung field due to
free-breathing was not constant. In addition, the rate of change of lung
area was significantly lower in COPD patients than that measured in the
normal controls. 3) In the sagittal plane using Cine MRI, the same lung
field extraction method was performed to evaluate diaphragmatic mo
tion. The presence of an asynchronous diaphragmatic motion was
evaluated quantitatively in the COPD patients.
In the current study, we used a semi-automatic program to extract
the lung fields from Cine MRI [31]. This showed that the program
extracted the lung field region with the same level of accuracy as ach
ieved by the conventional manual extraction.
For segmentation of lungs using thoracic cine MRI, automatic and
semi-automatic extraction methods using 3D region growing [32], a
combination of confidence-connectedness and fuzzy-connectedness al
gorithms [33], and an atlas-based estimation [34] have been reported.
On the other hand, there are no reports on lung field segmentation using
cine MRI and the k-means method. Conventionally, MRI images of the
head [35,36] and mammary gland [37] have been segmented using the
k-means method. The k-means method is now used for segmenting MRI
images because the number of clusters is usually determined according
to each region in the human body [38]. For example, the head region is
assigned to four groups: white matter (WM), grey matter (GM), cere
brospinal fluid (CSF), and tumor lesions, while the mammary gland is
also divided into three or four clusters.
Determination of the number of clusters is essential when adapting to
a chest MRI. Compared to other organs, the chest region has more
complicated structures with various signal intensities on the image. In
addition, the k-means method is an unsupervised algorithm that assigns
each voxel to a cluster (e.g., adipose tissue) based on its grey-scale in
tensity and distribution. In the presence of image signal inhomogeneity
or artifacts, the method may not perform correct segmentation as ach
ieved using the other algorithms [39]. We addressed these concerns by
first manually extracting the lung fields of the inspiratory image, which
we determined to be the mask image. By adding this mask image to the
cine image, we could stably segment the cine image by setting the
number of clusters to eight because of the difference in signal intensity
between the cine image and the lung fields.
We propose that the imaging sequence is also essential for lung field
segmentation in the chest MRI. There are numerous reports of imaging
using the 3D GRE (FLASH) [32] and UTE [40] methods. These methods

The lung area ratio in the first half was significantly higher in both
normal subjects and COPD patients (Fig. 4). In the COPD patients, the
change in the lung area ratio from the first half to the second half was
significantly lower compared to that observed in the normal subjects.
(COPD 0.962±0⋅02, vs Normal 0.932±0⋅02, p = 0.006)⋅

3.5. The correlation between lung area ratio and physiological parameters
As shown in Table 2, the lung area ratio in the first half of the res
piratory cycle showed a significant inverse correlation with FEV1%pred,
FEV1/FVC, and a significant positive correlation with RV%pred
(r = − 0.54, p = 0.01, r = − 0.50, p = 0.01, and r = 0.50, p = 0.03,
respectively).
Supplementary Table 1 shows the correlation between PFTs and the
lung area ratio in the second half of the respiratory cycle, while Sup
plementary Table 2 shows the correlation between PFTs and the lung
area ratio (expiration/inspiration).
Table 1
Demographic data of the 31 study subjects.

Age (yr)
Male sex (%)
BMI (kg/m2)
GOLD classification
(I/II/III/IV)
Pulmonary function test
FVC %predicted (%)
FEV1 (L)
FEV1%predicted (%)
FEV1/FVC (%)
FRC %predicted (%)
RV %predicted (%)
RV/TLC (%)
DLco/VA %predicted
(%)

Normal
(n = 10)

COPD (n = 21)

P-value

31.9 ± 1.5
100
21.5 ± 1.2

68.1 ± 9.1
90.4
19.6 ± 3.0
0 (0%) / 1 (4.8%) /
6 (28.6%) / 14
(66.7%)

< 0.0001

102.2 ± 14.5
4.23 ± 0.4
99.9 ± 11.5
87.0 ± 6.3
120.9 ± 15.2
123.9 ± 38.0
27.9 ± 7.8
114.9 ± 11.4

75.4 ± 22.4
0.89 ± 0.3
32.8 ± 11.2
35.3 ± 7.0
126.1 ± 26.6
150.2 ± 38.2
51.8 ± 9.0
51.9 ± 22.1

0.003
< 0.0001
< 0.0001
< 0.0001
0.59
0.098
< 0.0001
< 0.0001

0.076

Note: Data are expressed as mean ± standard deviation.
Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass
index; GOLD, COPD assessment test; FVC, forced vital capacity; FEV1.0, forced
expiratory volume in 1 s; FRC, functional residual capacity; RV, residual volume;
TLC, total lung capacity; DLco/VA, diffusing capacity for carbon monoxide per
liter of lung volume; LV, lung volume.
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Fig. 4. Comparisons of the rate of change between from the inspiration peak to the midpoint and from the midpoint to the expiration peak. Note: The change in rate
was compared between the inspiration peak to the midpoint and from the midpoint to the expiration peak using the Wilcoxon signed-rank test. The thick horizontal
bars at the sides of each graph show the median, while the thin horizontal bars at the sides of each graph show the interquartile range.

change in the first half and pulmonary function was significant
compared to the lung area ratio obtained from the second half. Evalu
ating the change at the first half of exhalation could add essential in
formation about respiratory dynamics to the conventional method, such
as evaluating the change in the area between the two points of inspi
ration and expiration.
The same program was used to evaluate asynchronous movements
from cine images of sagittal sections. The distance of the diaphragm at
each point was not significantly different between the two groups.
However, interestingly there was a decrease in the simultaneity of the
diaphragm at each point in the COPD group. Iwasawa et al. evaluated
the change in lung area and the flatness of the diaphragm using inspi
ratory and expiratory MRI images in order to assess asynchronous
movements in patients with COPD [16]. In the current study, we
quantitatively evaluated the simultaneity of motions at multiple points
of the diaphragm and showed that the correlation coefficients were
significantly decreased in cases with visual evidence of asynchronous
movements. In order to diagnose the presence of asynchronous move
ments it might be helpful to carry out quantitative assessment to eval
uate the asynchrony of bizarre movements. This indicates that it is
difficult to make similar evaluations with other modalities.
The present study proposed a semi-automated lung field extraction
method and performed continuous lung area extraction and quantitative
evaluation. The assessment will be useful for evaluating the patho
physiology of COPD and determining the effects of personalized treat
ment, comprehensive respiratory rehabilitation and surgical
interventions in the near future [43].

Table 2
Correlation between the MRI lung area ratio (at the point of the first half of the
respiratory cycle) and physiological parameters in COPD patients.
Correlation coefficient
Pulmonary function test

r

P-value

FEV1 (L)
FEV1%predicted (%)
FEV1/FVC (%)
FRC %predicted (%)
RV %predicted (%)
RV/TLC

-0.31
-0.54
-0.50
0.23
0.50
0.37

NS
0.01
0.01
NS
0.03
NS

Note: Data are expressed as mean ± standard deviation.
Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced
expiratory volume in 1 s; FRC, functional residual capacity; RV, residual volume;
TLC, total lung capacity, NS, not significant.

have excellent spatial resolutions. On the other hand, the SSFP method
has an excellent temporal resolution [41]. In the current study, we used
the SSFP method to image cine MRI. The SSFP method is a sequence
susceptible to magnetic changes, with artifacts often appearing at the
boundaries of the lung fields and the four corners of the image. Our
method reduced the effect of magnetic susceptibility by increasing the
signal intensity in the periphery of the lung field, which allowed us to
perform accurate segmentation.
The lung area change rate in the first and second half of expiration
was predominantly greater in the first half. During the expiratory cycle,
the change in lung area did not vary at a constant rate but was more
prominent in the first half and more gradual in the second half. These
results were seen in both normal subjects and the COPD patients. In a
recent report using dynamic chest radiography under forced breathing,
the diaphragmatic changes during expiration were not constant [42].
The present study showed that the change in lung field area under
free-breathing was also not constant. The magnitude of the rate of
change itself was significantly smaller in the COPD patients. Regarding
the relationship with disease severity, the correlation between the area

4.1. Limitations
This study had several limitations. First, the semi-automatic extrac
tion was a verification of only SSFP sequence images, and it is necessary
to examine whether other sequences can be applied to dynamic analysis.
Second, only the right side of the sagittal section was analyzed. The left
side was not analyzed because of the potential influence of artifacts
6
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Fig. 5. Comparisons of the distance of the diaphragm and asynchrony of the diaphragm between the normal subjects and patients with COPD. Note: Upper row:
Comparisons of the distance of the diaphragm at each point. Lower row: Comparisons of the simultaneity of diaphragmatic movements at each point. The values
show the correlation coefficient. 1 represents a positive correlation, 0 the least correlated, and − 1 a negative correlation.

associated with cardiac motion and banding from the gastrointestinal
tract, and should therefore be examined in future studies. Third,
regarding the correlation with respiratory function, our data was ob
tained from a small number of participants recruited from a single
institution. Most patients had severe to very severe COPD. Therefore,
these preliminary results should be confirmed in a larger patient cohort
covering all stages of age-matched COPD.
5. Conclusion
Semi-automated extraction of lung area from Cine MRI allowed
quantitative assessment of changes in lung area and asynchrony of the
diaphragm over the respiratory cycle. Parameters using cine MRI can
provide essential information that reflects respiratory kinetics in COPD
patients.
Funding Statement
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Fig. 6. Comparisons of asynchrony of the diaphragm between patients with
and without see-saw like movements of the diaphragm. Note: The positions
were measured at the front and rear sides. The value shows the correlation
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[24] T. Böttger, K. Grunewald, M. Schöbinger, et al., Implementation and evaluation of
a new workflow for registration and segmentation of pulmonary MRI data for
regional lung perfusion assessment, Phys. Med. Biol. 52 (5) (2007) 1261–1275.
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