Quantitative Kinetic Analysis of Lung Nodules Using the Temporal
Subtraction Technique in Dynamic Chest Radiographies Performed
with a Flat Panel Detector
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Early detection and treatment of lung cancer is one of
the most effective means of reducing cancer mortality,
and to this end, chest X-ray radiography has been widely
used as a screening method. A related technique based
on the development of computer analysis and a flat
panel detector (FPD) has enabled the functional evalua-
tion of respiratory kinetics in the chest and is expected
to be introduced into clinical practice in the near future.
In this study, we developed a computer analysis
algorithm to detect lung nodules and to evaluate
quantitative kinetics. Breathing chest radiographs
obtained by modified FPD and breath synchronization
utilizing diaphragmatic analysis of vector movement
were converted into four static images by sequential
temporal subtraction processing, morphological en-
hancement processing, kinetic visualization processing,
and lung region detection processing. An artificial neural
network analyzed these density patterns to detect the
true nodules and draw their kinetic tracks. Both the
algorithm performance and the evaluation of clinical
effectiveness of seven normal patients and simulated
nodules showed sufficient detecting capability and
kinetic imaging function without significant differences.
Our technique can quantitatively evaluate the kinetic
range of nodules and is effective in detecting a nodule
on a breathing chest radiograph. Moreover, the applica-
tion of this technique is expected to extend computer-
aided diagnosis systems and facilitate the development
of an automatic planning system for radiation therapy.
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INTRODUCTION

L ung cancer morbidity and mortality are
increasing in Japan, and this disease was the
leading cause of cancer death among Japanese
males in 2005." Early detection and treatment of
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lung cancer is an effective factor in the reduction
in mortality and is likely to improve the prognostic
survival rate. Regular health checkups are useful in
achieving early detection, and chest X-ray radiog-
raphy is widely applied as the standard inspection
procedure because of its convenience, cost perfor-
mance, and extensive range of diagnostic regions.

In 2003, a new radiographic protocol was
developed using flat-panel detector (FPD) to ob-
serve chest respiratory kinetics and is expected to
be available for clinical practice in the near
future.” This modality is based on radiography of
a set of continuous respiratory kinetics from deep
inspiration to deep expiration. As it uses computer
analysis, this breathing chest radiography approach
offers advantages that are not available with
conventional X-ray imaging, including time-
sequential information, diaphragm kinetics, ventila-
tor function, and evaluation of pulmonary blood
flow dynamics.*”’ The exposure dose is approxi-
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QUANTITATIVE KINETICS OF LUNG NODULES

mately 1.5 times that of regular chest X-rays;
however, this is justified when considering the
additional information that the radiograph provides.
Computer-aided diagnosis is currently being de-
veloped to improve the accuracy of lung cancer
imaging, and the outcome is expected to contribute to
diagnostic imaging.®” One such technique involves
temporal subtraction, which improves the diagnostic
accuracy as the time series change of nodules can be
emphasized.'”'" The aims of the present study were
to develop a nodule detection method for breathing
chest radiography that could be evaluated for
quantitative kinetics by computer analysis using a
temporal subtraction technique and to evaluate its
clinical effectiveness via a simulation experiment.

MATERIALS AND METHODS

Data Acquisition

The respiratory dynamic chest radiographs used
in this study were acquired using a modified FPD
system (CXDI-40G, Canon, Tokyo, Japan), which
was installed at Kanazawa University, Kanazawa,
Japan, with the following conditions: 110 kV,
80 mA, 6.3 ms, and 3 frames per second. The
source—image distance was 2.0 m, and the total
number of frames for one dynamic radiographic
examination was 30. The matrix size was 1,344 x
1,344 pixels, and the gray-level range of the
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images was 4,096. Two images from each of eight
normal male patients (age range = 22-54 years)
were obtained, with an interval of about 2 h, to
acquire a total of 16 images (Fig. 1).

As the institutions concerned did not have ethics
committees at the time of the image data collection
(2002), the Declaration of Helsinki was observed,
and approval by the Institutional Review Board of
Kanazawa University and informed consent from
the patients were obtained.

Image Analysis

Analysis was performed on a personal computer
(Windows XP operating system, Microsoft, USA;
Pentium 4—3.0 GHz CPU, Intel, USA) with
software developed by the authors (Visual C++
6.0 development environment, Microsoft).

Analytical Algorithm

Figure 2 shows the analytical flow of the
system. The detection process consisted of three
analytical steps: the kinetic analysis step to analyze
the breath phase, the temporal subtraction step to
enhance potential nodules, and the nodule detec-
tion step associated with the deletion processing of
false positives.

Automatic computer analysis of previous and
current chest radiographs provided a static image on
which the nodule location and track were drawn.

Expiration phase (5 s.)

Inspiration phase (5 s.)

+ CANON Inc., modified FPD-system (CXDI-40G).
+ 110 kV, 80 mA, 6.3 ms, 3 frames/s, 10 s.

* 0.4 mGy.

* 1344 x 1344 matrix. 12 bit Grayscale.

+ 8 normal patient, 2 images (previous / current) / patient.

Fig 1. Protocol of breathing chest radiography.
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The resolution and gray-level range of the chest
radiograph were converted into 256 x 256 pixels and
8 bit, 256 grayscale, respectively, to shorten the
computation time required for image analysis.

Kinetic Analysis

In this step, the previous and current images of
the breath phase were synchronized to reduce the
impact of temporal subtraction artifacts that oc-
curred due to differences in breath phases. Syn-
chronization processing of the breath phase was
achieved by the detection and offset processing of
deep inspiration frame images from each chest
radiograph. The identification of these images was
made by diaphragmatic analysis of the vector
movement, which was detected by template
matching. For setting the template region, the
epiphrenal edge was detected by edge enhance-
ment processing using differential filters, and the
diaphragmatic midpoint was measured through a
central search for its island. The edge of the
diaphragm was detected from the synthetic images
of the edge enhanced by the Sobel filters in the x
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and y direction, respectively. At this time, the
diaphragm on the left side was excluded from the
target of detection because the detection of the edge
became unstable due to the overlap with the heart
shadow. The false-positive edges were deleted by a
rule-based method that used the area size as an
index because synthetic images include edges other
than the diaphragm. The region of the 32 x 32
matrix centered to the midpoint was applied as the
template (Fig. 3a). The vector movement was
detected by similarity evaluation compared with
the subsequent frame image. The template was
updated at each frame, and the vector movement
was detected from all of the frame images except
the last one.

Usually, the diaphragm moves downward dur-
ing expiration and upward during inspiration.
Therefore, the analysis of vector movement was
performed using a rule-based method for serial
changes of the up-and-down movements. This
identified the breath phase and the deep inspiration
frame image, and synchronization of the breath
phase for both the previous and current images
was undertaken (Fig. 3b).
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Fig 2. Overall schema of analysis technique.
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Fig 3. Optical flows in the diaphragm were detected to analyze movement (a), and the expiratory phase was determined using a rule-
based method (b). The respiratory phase between the previous and current images was synchronized.

Temporal Subtraction

This step was performed to generate four static
images from two chest radiographs using serial
temporal subtraction processing and image pro-
cessing with some filtering (Fig. 4).

Dynamic radiographs
Temporal
Subtraction |

e M)
Previous images

Current images

Visualization of movement

The following types of static image were
generated: a temporal subtraction product sum
image in which each temporal subtraction radio-
graph was obtained by the product sum; a
concentration index maximum intensity projection
(MIP) image, which involved concentration index

Static images

(- )
[ Subtraction image J

[ Kinetic image J

Segmentation
Lung field image J

N

. ~

Fig 4. Sequential temporal subtraction processing and image processing with some filtering convert two breathing chest radiographs

into four static images.
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filter processing'?> and MIP processing of the
temporal subtraction product sum image; a lung
region image, in which the lung region was
segmented; and a kinetic map image, which
visualized the local kinetics of chest radiographs.

The temporal subtraction product sum image
was obtained from the sum product of the temporal
subtraction radiographs generated by the nonlinear
image conversion associated with local and global
matching (that is, the warping technique)'® and by
sequential temporal subtraction processing. During
the latter process, independent difference processes
were continuously performed on images with the
breath phase synchronized in chronological or-
der.'” At this time, temporal subtraction processing
was only performed for the expiration phase
image. When there was a difference in the number
of images between the previous and current radio-
graphs, interpolation processing was performed for
the subject with fewer images.

Concentration index-filtering processing was
performed for the temporal subtraction radiograph
obtained in the previous step. This enhanced the
configuration of differences that appeared in the
temporal subtraction radiograph. Threshold pro-
cessing using the fixed threshold (the threshold
value was 128 for the present study) and MIP
processing enhanced the most distinctive pixel in
the difference region and compressed several
temporal subtraction radiographs into one static
image.

The lung area was segmented by means of edge
detection using the first derivative technique and
the iterative contour-smoothing algorithm.>''*

The kinetic map visualized exercise that was
carried out during the respiratory movement of

Input

Lung field image

[
[

Shape emphasis image

Kinetic image

Subtraction image
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each subregion compartmentalized in a reticular
pattern. The computer algorithm used to generate
this image was defined as a kinetic map algo-
rithm,"> which allowed the compression of the
breathing chest radiograph into a colored static
image, and the conversion of the “direction” and
“intensity” of the movement into “color” and
“density,” respectively. In our system, conversion
processing was only performed for the current
radiograph, and then its kinetic map was acquired.
The static image generated by this process was
defined as the “feature image” for the purposes of
our study.

Detection

In this step, the nodule shadow and its move-
ment track were detected by analysis of the four
static images obtained in the previous steps, using
an artificial neural network.'®™'® This had a three-
layer structure with four units in the input layer,
five units in the hidden layer, and one unit in the
output layer. We plan to collect a significant
amount of training data in the future and have
chosen the artificial neural network (ANN) detec-
tion module so that we can respond to the system
updates by revising the weighted coefficients
obtained from learning in an easy and flexible
manner.

The artificial neural network in this study used
the pixel density value at the same coordinate
within each image as an input signal and outputted
the potentiality of the true nodule as a density
value (Fig. 5). A higher density output occurred
when the pixel that was subjected to analysis had a
strong potential to be the true nodule. This analysis

Output

Fig 5. This ANN uses the pixel density value at the same coordinate of each image as an input signal and outputs the potentiality of

the true nodule as a density value.
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was performed for all of the pixels constituting the
image. Thus, the ANN was the module outputting
a single static grayscale image as an input signal
for four static images.

This study used a pair of chest radiographs from
a normal patient as training data, in order to
establish the artificial neural network system. A
simulated nodule that synchronized the respiratory
movement to the lower right lung region of the
current radiograph was added. Configuration of the
simulated nodule was circular, at 64 pixels in
diameter, and 3% random noise was added as 70
pixels for the maximum density (Fig. 6). Density
patterns of 2,400 types obtained from this chest
radiograph were used as training data to build the
artificial neural network.

Evaluation of our Algorithm

The performance of this system was evaluated
using seven normal patients with simulated nod-
ules moving in synchronization with their breath at
the lower right lung region. The detection rate of
the simulated nodule and the kinetic imaging
function were evaluated. The detection rate was
evaluated by free-response receiver operating
characteristic (FROC) analysis.'® > The number
of false positives per image and the true-positive
rate were evaluated using the island number at the
time point of binarization processing of ANN
output images by various threshold values.

The range of an enhanced region that appeared
on the temporal subtraction image was measured
manually, to evaluate a quantitative kinetic func-
tion of the nodule (Fig. 7). The difference between
the known kinetic amount and the results was
calculated as the detected error. The significance
of any difference was evaluated by paired ¢ test.

Simulated nodule

64 pixel

70 values
+ 3% random noise

Fig 6. A simulated nodule that synchronized the respiratory
movement to the lower right lung region of the current
radiograph was added.
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RESULTS

Detection Rate of Simulated Nodule

Figure 8a shows the FROC curve. The detection
rate varied between 28.6% and 100%, and the mean
number of false positives per image varied between
0 and 33.6. The transition of numbers of false
positives per images was generally altered at higher
levels. The performance considered the most effec-
tive was obtained with a detection rate of 71.4% and
a mean number of false positives of 1.85.

Kinetic Imaging Function of Nodules

Figure 8b shows the relationship in detection
errors of the kinetic imaging function from six
patients that were successfully detected from a
total of seven. The average absolute value of the
difference was 2.64 + 3.82 mm, and there were no
significant differences between the known and
measured amounts (p = 0.174).

Figure 9 shows the kinetics of simulated nodules
outputted by this system. Nodule tracks were
drawn at high-density regions corresponding to
the tracks of the simulated nodules.

DISCUSSION

We observed two patterns of failure in breath
phase synchronization: The first was in diaphrag-
matic detection, and the second was in the
detection of vector movement. An effective solu-
tion for the first problem was to employ the
detection algorithm developed by Powell et al.
for precise diaphragmatic detection.”® To improve
the detection accuracy for vector movement, it was
necessary to use a different algorithm, such as the
gradient method, instead of the template-matching
method currently employed in our system. As an
alternative to detecting respiratory kinetics by
analyzing vector movement, the serial analytical
method of the distance between the apex of the
lung and the diaphragm has previously been used
effectively by Tanaka et al.’

In temporal subtraction processing, the warping
processing was carried out to correct serial
morphological changes or posture changes be-
tween the current and previous images. This
process reduced temporal subtraction artifacts but
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Breathing radiograph
with simulated nodule
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Temporal subtraction image

Fig 7. The kinetic imaging function was evaluated by manually measuring the range of the movement.

also prolonged the time required for analysis. The
analysis time required for preprocessing and
outputting the final images was approximately
60 s. The warping process that used the template-
matching method accounted for 80% of this
period. The image reduction process using the

bicubic method was also a factor that delayed the
analysis time. The analysis time might be further
shortened by using high-performance hardware,
adopting the gradient method in the warping
process, and shifting to the linear method in the
image reduction process. However, it will be
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Fig 8. a Efficient nodule detection based on an initial result that has not been subject to false-positive deletion. b The average
absolute value of the difference was 2.64+3.82 mm, and there were no significant differences between the known and measured

amounts (p=0.174).
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previous
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Fig 9. Nodule movement tracks were visualized as a white region.

necessary to reconstruct and evaluate the system
because the current study did not cover the output
images. Future improvements will therefore be
necessary to shorten the analytical time and to
reduce the number of artifacts simultaneously.

We considered the ANN nodule detection
module of the present study to be highly effective,
based on the results of the FROC analysis.
Compared with other ANNSs, this ANN can build
a system with fewer learning samples. Commonly,
the ANNs used for computer-assisted diagnosis in
nodule detection utilize morphological or physical
mathematical indices of potential nodules as input
signals, such as concentration, dispersion, circular-
ity, and spectra. These networks also analyze the
pattern of such signals to output the ratio of truly
positive nodule candidates for malignancy as an
index, such as a percentage. Thus, large numbers of
sample images are required for training data.

The present study used the pixel density index
as a single input signal and could therefore acquire
a density pattern in accordance with the resolution
of the image as training data, even if there was
only one available sample image. This character-
istic is particularly effective for studies with fewer
data points, such as our own, or for establishing a
computer-aided diagnosis system for small numb-
ers of clinical cases.

Analyzing the density pattern of pixels from
four static images can therefore distinguish the

density pattern of moving nodules, as the pattern
of feature images drawn by moving nodules differs
from that of tissues other than nodules. In the
current study, the breathing chest radiograph was
separately converted into morphological, position-
al, and kinetic information using the feature image.
Nodules were then detected by comprehensively
analyzing the information. Consequently, it might
be possible for future studies to detect nodules
more effectively by employing a feature image that
differs from the one used in this study.

However, the current study did not use density
information from adjacent pixels. The information
from adjacent pixels relates directly to the target
pixel. Excellent results might be easily obtained if
the spatial relationship between pixels could be
used as an input signal. The issue of including this
information in analyses will be addressed in future
studies.

The number of false positives per image was
large; however, this problem appeared to be easily
rectified by simple deletion processing against
morphological characteristics, such as circularity
or size. This was because the nodule shadow
tended to form a vertically long elliptical island,
while the costal and clavicular shadows formed a
horizontally long elliptical island (Fig. 10). Infor-
mation about the spatial relationships between
pixels might be useful for solving this problem.
However, this algorithm has the advantages that
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True positive
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False positive

Fig 10. Shape characteristic of islands of true-positive and false-positive regions.

the response to the filtering in the previous process
can be evaluated independently from the spatial
relationship and that the existing false-positive
deletion process mentioned above is easily adapted
in the subsequent analytical process.

This study analyzed breathing chest images,
which can be obtained at a few institutes and in
rare instances. Additionally, only a small part of
the Tanaka report was on the clinical utility of
image analysis. This is therefore a relatively
unexplored field, and applications are expected to
be developed in the future. Regrettably, we could
not detect any actual tumor mass in the limited
time available. We predict that nodules can be
detected and the kinetics can be depicted more
easily using exemplary simulated nodules then
using actual nodules. Thus, for real images with
various morphologies and densities, the reproduc-
ibility might be reduced compared with the results
of the current study.

The amount of training data extracted from a
single case might be insufficient for a system
corresponding to various cases. Hence, there is a
requirement to improve the function by using
samples including many variations and performing
statistical classifications and analyses. This was a
pilot study for detecting nodules and depicting
kinetics targeting dynamic images. We intend to
collect data continuously in the future and to update
the system using a large amount of training data to
improve its reproducibility and detection capability.

The configuration of the ANN and the weighted
coefficient did not affect the reproducibility of the
algorithm alone because the input signals to the
ANN changed if the preprocessing methods and the
filtering parameters were altered. Therefore, these
parameters should be optimized simultaneously.

The treatment scheme for the radiation range in
lung cancer radiotherapy is defined as the planning
target volume (PTV) and is based on the internal
target volume (ITV), which includes subject-
moving errors influenced by breathing, heart beat,
and peristalsis, errors at the time of patient setup,
and errors caused by the treatment device.”* In the
lower lung region, the PTV is usually given as
ITV+10-20 mm. The nodule shadows drawn by
this system indicate the nodule moving range and
are consequently considered equivalent to the ITV.

The maximum and minimum absolute values of
the kinetic differences between the nodule track
and the known kinetic amount according to this
algorithm were 10.3 and 0.3 mm, respectively, and
the mean was 2.64+3.82 mm. In addition, there
were no significant differences between the known
amount and the measured amount. This suggests
that the algorithm correctly evaluated the kinetics
of the simulated nodule. Moreover, the ITV range
was assumed to be precisely drawn, which would
support the PTV decision. System expansion could
develop “the automatic PTV setting system,”
which sets the PTV by manual inputs of the
margin size against the ITV.
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In this system, breathing chest radiography was
performed on patients in an upright posture, which
contrasted with the supine position of patients
receiving radiation treatment. Any influence of
these postural differences and measures should be
examined in future studies.

CONCLUSION

Our technique accurately evaluated the kinetic
function of nodules and was effective in detecting
a nodule on a breathing chest radiograph. Appli-
cation of this technique is therefore expected to
extend computer-aided diagnosis systems and to
facilitate the development of an automatic plan-
ning system for radiation therapy.
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