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Abstract

Kinetic information is crucial when evaluating certain pulmonary diseases. When
a dynamic Flat-Panel Detector (FPD) can be used for a chest examination, Kinetic
information can be obtained simply and cost-effectively. The purpose of this study
was to develop methods for analyzing respiratory Kinetics, such as movement of the
diaphragm and lung structures, and the respiratory changes in X-ray translucency in
local lung fields. Postero-anterior dynamic chest radiographs during respiration were
obtained with a modified FPD, which provided dynamic chest radiographs at a rate of 3
frames per second. Image registration for correction of physical motion was followed
by measurement of the distance from the lung apex to the diaphragm. Next, we used a
cross-correlation technique to measure the vectors of respiratory movement in specific
lung areas. Finally, the average pixel value for a given local area was calculated by
tracing the same local area in the lung field. This method of analysis was used for six
healthy volunteers and one emphysema patient.  The results reported here represent the
initial stage in the development of a method that may constitute a new method for
diagnosing certain pulmonary diseases, such as chronic obstructive pulmonary disease,

fibroid lung, and pneumonia. A clinical evaluation of our method is now in progress.
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Introduction

Pulmonary diseases are increasing worldwide against a background of an aging
society, worsening air pollution, and widespread cigarette smoking. For example,
chronic obstructive pulmonary disease (COPD) occupies fourth place in causes of death

in the United States, and eighth place in Japan." ?

COPD occurs primarily in the
elderly and needs long-term treatment; thus, a means to control this disease at low cost
is urgently needed. One potential tool for managing pulmonary disease is chest
radiography using large field dynamic flat-panel detectors (FPDs). With these devices,
it is now possible to obtain dynamic chest radiographs during respiration. Dynamic
chest radiography could provide several benefits. First, it could provide information
about the movement of the diaphragm and lung regions, making it possible to evaluate
the function of each lung separately. Second, it could measure reductions in
diaphragmatic excursion, which are associated with pulmonary diseases such as phrenic
nerve numbness and restrictive pulmonary disease. Third, it could be used to evaluate
patients considering lung volume reduction surgery (LVRS) and monitor their
postoperative recovery. For example, a patient with bulla but without reduction of
diaphragmatic excursion is considered contraindicative for LVRS, because the aim of
LVRS is to restore diaphragmatic movement. Fourth, it can detect changes in X-ray
translucency during respiration, which are related to the level of air ventilation -- areas
with decreased ventilation may be bullous or fibrotic. For these reasons, we have
embarked upon the development of an imaging technique using a dynamic FPD and a
computerized system for quantitative analysis of respiratory kinetics on dynamic chest
radiographs.

Many investigators have tried to obtain data on respiratory Kkinetics using
conventional methods, involving various Kkinds of image-based examinations.
Kymography is a conventional method for obtaining two-dimensional Kkinetic

information.® *

This type of radiography did not come into general clinical use due to
the development of other diagnostic examinations. Chest radiography using a
large-field image intensifier (I.1.) was also tested for use in clinical practice.>® The

usefulness of this approach has been suggested in several reports, but it has not been



adopted for clinical use because of distortion in the I.1., its low spatial resolution and the
presence of large amounts of veiling glare and structural mottle.” On the other hand,
with a three-dimensional approach to kinetic information, dynamic MRI can provide
respiratory functional data about the diaphragm and the rib cage.®°® Dynamic CT can
also be used for analyzing respiratory changes in local lung CT values and movement of

lung masses.'® ™

These respiratory Kinetic data are reportedly useful for diagnosing
COPD, for making decisions pertaining to LVRS, and for observing postoperative
progress.  Investigators have reported on the use of dynamic CT for the assessment of
invasion of lung cancer into the mediastinum and chest wall.***®> However, none of
these diagnostic approaches has come into practical use because of low-level throughput
and poor cost performance. However, when a dynamic FPD is used for chest
examination, the kinetic information can be obtained simply and cost-effectively. In
this study, we investigated methods for analyzing the movement of the diaphragm, the
movement of structures within the lung, and respiratory changes in x-ray translucency.

This study therefore represents the initial stage in the development of a potential new

method for diagnosing pulmonary diseases.



Materials and Methods
Data Acquisition

Fluoroscopic posteroanterior (PA) chest images of six healthy volunteers and a
patient with emphysema during respiration were obtained with a modified FPD
(CXDI-22, Canon Co., Ltd., Tokyo, Japan). The exposures were taken at 120 kV, 80
mA, 3.2 msec, and 3 frames per second, and source image distance (SID) was 2.0 m.
The total number of frames was 30 frames over 10 seconds. The matrix size was 2688
X 2688 pixels, the pixel size was 160 um, and the gray-level range of the images was
4096. The entrance surface dose, measured in air without backscattering, was
approximately 0.4 mGy, which was 150% of that obtained with conventional PA chest
radiography using a Fuji Computed Radiography system (Fuji Medical Systems Co.,
Ltd., Tokyo, Japan) at our hospital. For this study, approval by the institutional review
board and informed consent from the patient were obtained. An experienced
radiologist confirmed that the chest radiographs of the volunteers were normal. The
patient with emphysema was diagnosed by CT examination and respiratory functional

test.

Image Analysis
Analysis was performed on a personal computer (Operating system: Windows
2000 ; Microsoft, USA) with software developed by us (Development environment:

C++Builder ; Borland, Scotts Valley, USA).

(1) Image registration and recognition of lung area

The overall schema of our analysis is illustrated in Fig. 1. First, image
registration for the correction of physical motion was performed in cases with physical
motion. The rib cage edges were detected by using the first derivative of the
horizontal image profile at three different levels, after which the center vertical lines
were determined through all frames. Dynamic chest radiographs after the second
frame were then shifted or rotated to match the center vertical lines with the one of the

first frame. Second, the lung area was determined by means of edge detection using
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the first derivative technique and iterative contour-smoothing algorithm shown in Fig.
2(a).** " Since the edges of the heart or gas in the stomach often interfere with
detection of the left hemidiaphragm edge, the more reliably identifiable right
hemidiaphragm edge is used as an index to determine the left hemidiaphragm, which,
however, may be adversely affected by an abnormal right hemidiaphragm. The overall
success rate for automatic lung recognition was 60 %. Some cases showed errors,
which was mainly due to the lack of a part of the lung area, so that manual corrections
were needed for some frames after the automatic detection. Therefore, when a result
of the automated lung detection was judged to be incorrect by a chest radiologist, we

corrected it manually.

(2) Measurement of diaphragmatic movement

The position of the hemidiaphragm and the lung apex was determined as shown in
Fig. 2(a)-(b), after which the distance from the lung apex to the hemidiaphragm was
measured as shown in Fig. 2(c). Dynamic chest radiographs were processed with a 7 x
7 Sobel filter to produce images with an enhanced edge. The points for measurement
decided in the first frame were traced after the second frame with the aid of the
sequential similarity detection algorithm (SSDA) using the ROI in the previous frame as
a template as shown in Fig. 2(d). The template was renewed every frame, so that
accurate tracking was readily achieved.’® The measured distance was also used to
determine the respiratory phase as shown in Fig. 3. Because the movement of the
diaphragm directly reflects the respiratory phase®, the respiratory phase was assumed

from the change in the distance.

(3) Analysis of lung structures’ movement

We measured the vectors of respiratory movement in all local lung areas using a
cross-correlation technique.”> The local area (100 x 100 pixels) in the frame being
examined was searched for the most similar local area in the previous frame. The size
of the local area was chosen to approximate the size of the intercostal space, since the

ribs are a major source of anatomical structure in the chest.** The size of the search
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area was 164 x 220 pixels, because of the respiratory property that the movement of
lung structures along the cephalocaudal axis is more extensive than along the horizontal
axis. The difference (D) between the previous local area, fy.1(xj+dx, yj+dy), and the

one being examined, f,(xi, y;), was expressed as follows:
D=> > If,(x.,y;)— f (X +dx,y; +dy) (1)
joi

-32<dx<32, -60<dy<60, 1<n<30,

0<i<100, 0<j<100

This means that the smaller D is, the more similar the two local areas in the frame
being examined and in the previous frame are. Assuming that the center coordinate of
the square local area in the frame being examined is [xe, ye] and that of the previous
frame is [xs, ys], the vector [vx, vy] is [(xe-xs), (ye-ys)]. Respiratory vectors from the
previous frame to the frame being examined were superimposed on the coordinates of
the latter, as shown in Fig. 4. The relationship between the respiratory phase and the
average magnitude of the vectors of movement in lung segmentation was then analyzed.
We divided each lung into three lung fields of equal area (upper, middle, and lower)
based on the number of pixels. For comparison of lung fields, the average magnitude
of the vector movement was obtained by dividing the sum of movement magnitudes by

the number of measurement points in a given lung field.

(4) Analysis of the respiratory changes in average pixel values in local areas

To examine the changes in pixel values, we manually located four regions of
interest (ROIs) on the upper and the lower lung fields in both lungs (Fig. 5a). For
accurate comparison among subjects, ROIs were placed in approximately the same
anatomic position in each subject. One side of the ROl was 100 pixels long, which
was about the same size as the intercostal space. The ROIs tracked the same local area
during respiration in the lung field and the average pixel value for a given ROI was
calculated by dividing total pixel values by the total number of pixels in that ROl. The
relationship between the respiratory phase and average pixel value for the ROI was

analyzed for one healthy volunteer and one emphysema patient by calculating the
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correlation coefficient [r :Z(x—i)(y—y)/\/Z(x-i)ZZ(y—y)2 ], where x is the

lung apex-diaphragm distance and y is the average pixel value within an ROl. The
relationship of average pixel value for the right and left ROl was also analyzed by

calculating the correlation coefficient

[r=Z(ry—r_y)(ly—W)/\/Z(ry—ﬁ)ZZ(ly—W)2 ], where ry is the average pixel

value within a right ROI and ly is that within a left ROI. For all of the patients, we
also measured how much the average pixel value within an ROI (y) changed during the
respiratory cycle. This was accomplished by calculating the difference between the
maximum value of y and the minimum value of y over the respiratory cycle. We refer
to this difference as the translucency change. The results were compared for the
healthy volunteers and the emphysema patient. Since we hypothesize that the lung
regions have different translucency changes, we also computed the Wilcoxon test
statistic, using the upper lung regions as one group and the lower lung regions as the
second group.

Low pixel values were related to dark areas in the images and this in turn was
related to a high X-ray translucency in this system. The pixel value was inversely
proportional to the logarithm of the incident exposure into the FPD. When the
difference between the maximum and minimum average pixel values during the
respiratory cycle in a certain area is twice that in another area, it means that the

variation of logarithm of relative exposure is twice as great.



Results
(1) Analysis of lung structures’ movement

Sequential chest radiographs with local vectors from the preceding frame to the
frame being examined are shown in Figs. 4(a)-(c). The arrows indicate the orientation
and magnitude of the movement from the previous frame. Figure 4(b) shows the
inspiratory phase and Fig. 4(c) the expiratory phase. The results make it possible to
understand the orientation and magnitude of the movement in quantitative terms. In
this example, the lung vectors in the inspiratory phase tended to be oriented downwards
and the vectors in the expiratory phase tended to be oriented upwards. However, the
vectors on the ribs during expiration (Fig. 4c) are pointing downwards or to the right,
whereas the vectors on the diaphragm and a few of the vectors in the lung field are
pointing upwards.

Figure 6 shows the changes in the average magnitude of the respiratory vectors in
all lung fields. The respiratory phase was determined from the diaphragm movement
shown in Fig. 3. These graphs clearly show that the movement of the lung markings
of the lower lung field was larger than that of the upper lung field in both lungs during
both inspiration and expiration. There were no remarkable differences between the

right and the left lung fields at the same cephalocaudal level.

(2) Analysis of the respiratory changes in average pixel values in local areas

Figure 5 shows the results for a healthy volunteer. Figures 5(b) and 5(c) show the
relationship between frame number and the average pixel value in the ROIs shown in
Fig. 5(a). The distance from the lung apex to the diaphragm was used as an effective
and simple index of the respiratory phase.

Average pixel values tended to decrease in the inspiratory phase but tended to
increase in the expiratory phase as shown in Figs. 5(b)-(c). This tendency was
observed in all of the subjects. The difference in average pixel values between the
right and left lung shown in Fig. 5(b) and (c) is caused by the difference in the portion
of the rib area included in the ROI.  Our results indicate that the average pixel value in

the right lung changes in synchronization with that in the left lung (Upper: r=0.94;
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lower: r=0.96). The average pixel value within an ROI changes regularly in
synchronization with the respiratory phase estimated from the level of the diaphragm
(Upper right: r=-0.90; upper left: r=-0.95; lower right: r=-0.93; lower left: r=-0.96).
The variation between a value at one given time and the value at the next time is shown
in Fig. 5(d) and Fig. 5(e), which also show this synchronization. The correlation was
negative since the pixel value was inversely proportional to the logarithm of the incident
exposure into the FPD.

Figure 7 shows the results for the emphysema patient. In the upper lung fields,
the difference between average pixel values of the ROIs in the two lungs was less than
50 (pixel value) during any respiratory phase (Fig. 7b). In the lower lung field,
however, the gradient of change in average pixel value in the left lung field with trapped
air was clearly more gentle than in the right lung field (Fig. 7c). Furthermore, average
pixel values do not follow the diaphragmatic movement as closely as those of the
healthy volunteer except for the right lower lung field (Upper right: r=-0.80; upper left:
r=-0.66, lower right: r=-0.99; lower left: r=-0.82). Figures 7(d) and (e) show that the
synchronization between the average pixel value in the lung ROIs and the movement of
the diaphragm decreased except for the right lower lung field.

Figures 8(a)-(c) show the difference between the maximum and minimum average
pixel values during the respiratory cycle in the upper and lower lung fields. In healthy
volunteers, no significant difference was seen between the right and left lungs as shown
in Figs. 8(a) and (b). However, the difference in average pixel values in the upper lung
field was less than that in the lower lung field (p < 0.01) as seen in Fig. 8(c). These
results confirmed the rule that, as the air volume in the lung increases, the X-ray
translucency also increases. On the other hand, in the emphysema patient, the
difference in average pixel values in the left lower lung field with trapped air was only
half of that in the right lower lung field. However, on an individual level differences
could be found for case #. 4 in Fig. 8b. Thus, it is necessary to accumulate respiratory

data to establish the criterion for abnormal respiratory kinetics.

-10 -



Discussion

For measuring diaphragmatic movement, the distance from the lung apex to the
diaphragm could be measured automatically and the results were used as an index of the
respiratory phase for analysis of both respiratory movement and of respiratory changes
in average pixel values in local areas. The clinical usefulness of image based kinetic
information regarding diaphragmatic movement has been reported by many
investigators.2® However, their dynamic images were obtained with dynamic MRI
and the measurements were performed manually, resulting in high cost and requiring a
long time. In contrast, imaging with dynamic FPD combined with our computer
analysis is expected to take only a few minutes. However, it is need to improve the
accuracy of automatic recognition of lung area throughout all frames, because our
methods dose not always provide complete lung recognition at present stage.

For the analysis of respiratory movement, our method made it possible to measure
the orientation and magnitude of movement in the lung fields. This method was
developed with a view to detecting irregular movements of lung vessels caused by
abnormal surroundings. However, the vectors obtained with our results could not
show the movement of lung vessels only because of noise, which caused movement in
different directions on the projected images. This is because lung markings for faint
shadows were washed out by the clear shadows of the ribs and heart. The impact of
this effect on our results in terms of the detection of abnormal movements cannot be
ignored. For example, the shadows of lung vessels invading into the pleura are
thought to move less than those of normal lung vessels, so that resulting errors would
interfere with detection of this kind of abnormality. We are now exploring ways to
improve the accuracy of vector measurement for lung markings. We think that
elimination of the shadows of the ribs by means of sequential dual-energy subtraction
technique using dynamic FPD is one of the solutions for this problem.

The analysis of the respiratory changes in average pixel values showed that our
results were consistent with well-known characteristics observed during respiration.
The respiratory change in X-ray translucency depends on how close the lung markings

are clustered together.?> Our results changed predictably due to the change in X-ray
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translucency resulting from the respiratory phase. The results of all healthy volunteers
showed the normal pattern of respiratory physiology, where pixel values decrease
during inspiration and increase during expiration. In addition, no remarkable
differences were seen in the changes in local pixel values between the two lungs. On
the other hand, analysis of the emphysema patient showed a large difference in the
process of change in the lower lung field of the right and left lung, although the left
diaphragm moved as dynamically as the right diaphragm. Furthermore, there was a
remarkable reduction in the difference between the maximum and minimum average
pixel values in the left lower lung field during the respiratory cycle. Such a reduction
seen on dynamic chest radiographs would be due to a large amount of trapped air which
was confirmed on the CT image. These results suggest that our method may constitute
a new way to detect trapped air on dynamic chest radiographs. However, since only
one case of emphysema and six healthy volunteers were analyzed in this study, a larger
number of subjects is needed to confirm the usefulness of this method in clinical
practice.

Our method is advantageous both in terms of cost and time. For example,
dynamic chest radiographs during respiration can be obtained in 10 seconds with the
same positioning as used for conventional chest radiography. Moreover, radiologists
can observe dynamic images on the monitor without the need for film. When the
functional test with a spirometer is used as a form of noninvasive examination, it cannot
provide information about the function of each lung separately. The main merit of our
dynamic study is therefore that it can evaluate the function of each lung separately and
use the images to analyze the process of change, from inspiration to expiration.
Furthermore, it should be noted that the absorbed dose with our method is up to 1.5
times that of conventional PA chest radiography using an FCR system employed at our
hospital.

However, our method is of limited accuracy because dynamic chest radiographs
are two-dimensional projections. Further, one-third of the lung vessels and bronchi
from the hilum of the lung are rarely visualized on radiographs.® Thus, these images

cannot be used to analyze the peripheral lung markings and the pulmonary alveoli. It
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is also true, however, that major variations are seen within healthy volunteers, partly
caused by breathing during imaging. There is also an urgent need to establish an
imaging protocol for retaining reproducibility of the results, which we plan to deal with
in the future.

In terms of pathologic physiology, the most important targets for this examination
are COPD, restrictive pulmonary disease, phrenic nerve numbness, and pulmonary
edema. In clinical trials now in progress, the results obtained with our method have
been useful in some cases. For diagnosis of the fibroid lung, the measurement of the
movement of the diaphragm and chest wall proved that, due to advanced fibrosis, the
patient could not perform abdominal respiration, which is achieved with the diaphragm,
but could perform thoracic respiration, which is achieved with the chest wall and costal
muscle. A reduction in the changes in local average pixel values was also observed.
For the analysis of interstitial pneumonia in a postoperative right lung, the results
showed that the function of the right lung was still inferior to that of the left lung in
terms of diaphragmatic movement. Such evaluations would not be possible from the
basis of findings on static images and the results of the respiratory functional test.
Furthermore, our method was very effective in a case of a bronchial asthma whose
respiratory function could not be examined with the respiratory functional test due to
the condition of the postoperative larynx.

Although this study may be useful for diagnosis based on chest examination results,
there is not enough clinical evidence to confirm its diagnostic effectiveness. Therefore,
we need (1) to analyze many types of abnormal subjects, (2) to accumulate many
quantified respiratory data, (3) to compare the diagnostic capability of our method with
that of other examination techniques, and (4) to identify and clarify the respiratory
Kinetics for each disease.

In this study, we developed a method for quantifying respiratory kinetics on
dynamic chest radiographs, and the analysis of the findings was applied to six healthy
volunteers and one case of emphysema. We demonstrated that our method could
quantify respiratory kinetics and the properties thereof for the dynamic chest. In

conclusion, our imaging technique and our method for quantitative kinetic analysis of
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dynamic chest images can easily provide additional diagnostic information, which could
not be obtained with conventional methods. Demonstrating its usefulness is an issue
for the future studies. Our eventual goal is to develop a computer-aided diagnostic

system that provides total respiratory Kinetic information for chest examinations.
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Legends for illustrations

Fig. 1 Overall schema of our analysis technique.

Fig. 2 The lung area was determined by means of edge detection using the first
derivative technique and iterative contour-smoothing algorithm.  The image
demonstrates the detection of the points of the hemidiaphragm and the lung apex used
for measuring diaphragmatic movement. (a) Hatched area shows the area of
analysis for a horizontal signature across a 1/8 section near the middle of the image.
Circles represent rib cage edge and mediastinum edge locations as estimated from the
first derivatives of the horizontal signature. Hatched areas show the area of
analysis for vertical signatures across a 1/8 section on the midpoint between the rib cage
edge and the mediastinum edge. Triangles represent the hemidiaphragmatic edge
locations as estimated from the first derivatives of the vertical signature. (b) The
position of the lung apex is determined as the highest point between the broken vertical
line and the solid vertical line. Squares represent the lung apex edge locations. (c)
Measurement place of the distance from the lung apex to the hemidiaphragm. (d) The
points on the lung apex and the hemidiaphragm are traced with the Sequential Similarity
Detection Algorithm (SSDA) technique after the second frame. Solid rectangles
represent ROIs and dotted rectangles the search areas. The size of ROIs is 100 x 100
for the lung apex and 100 x 120 for the diaphragm, and that of the search areas is 120 x
120 for the lung apex and 120 x 320 for the diaphragm.

Fig. 3 This graph shows the result of measuring movement of the right hemidiaphragm.
Hemidiaphragm movement based on the distance was used as an index of the
respiratory phase. When the distance from the lung apex to the diaphragm increased,
respiration was assumed to be the inspiratory phase, and when the distance decreased, it

was assumed to be the expiratory phase. The subject is #5 in Fig. 8.

Fig. 4 (a) Sequential images with local vectors. The small arrows represent local
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vectors indicating the orientation and magnitude of the movement from the previous
frame.  The area enclosed by the square in Fig. 4(a) is shown enlarged in (b) at the
beginning of inspiration from frame # 6 to frame # 7, and (c) halfway during expiration

from frame # 26 to frame # 27.

Fig. 5 Relationship between respiratory phase and average pixel value in the local lung
field: healthy volunteer. (a) Squares indicate ROIls for the measurement of average
pixel values in local areas. Average pixel value curves for (b) the upper lung field and
(c) the lower lung field. The distance from the lung apex to the diaphragm was used as
an index of the respiratory phase. Difference bar graphs for (d) the upper lung field

and (e) the lower lung field in the right lung. The subject is # 4 in Fig. 8.

Fig. 6 Averaged vector curves for (a) the upper, (b) the middle, and (c) the lower lung
fields. The data is the average for one case. The diaphragmatic movement of the
subject is demonstrated in Fig. 3. The average size of the movement vector in the
upper lung field was nearly constant regardless of respiratory phase. In the middle and
lower lung fields, changes in the average size of movement correspond to the

respiratory phase.

Fig. 7 Relationship between respiratory phase and average pixel values in the local lung
field: emphysema with large amount of trapped air in the lower lung field. (a) Squares
indicate ROIs for the measurement of average pixel values in local areas.  Trapped air
can be identified in the left lower lung field. Average pixel value curves for (b) the
upper lung field and (c) the lower lung field. The distance from the lung apex to the
diaphragm was used as an index of the respiratory phase. Difference bar graphs for (d)

the upper lung field and (e) the lower lung field in the right lung.

Fig. 8 Differences in the maximum and minimum average pixel values during a
respiratory cycle for six healthy volunteers and one emphysema patient in (a) the upper

lung field and (b) the lower lung field. Four additional measurements were performed
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in the four squares around each ROI as shown in the insert. The error bars indicate =
1SD of the difference between the maximum and minimum average pixel values during
a respiratory phase for all five squares ( = the ROI and the four squares around the ROI).
(c) Comparison of the average differences between the upper and lower lung fields in

six healthy volunteers. Case # 4 is shown in Fig. 6 and case # 5 in Fig. 3.
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