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Abstract: We developed a functional digital radiography system that provides physiological and functional

information of the chest and/or joints using an X-ray flat-panel detector (FPD) system. During chest

examination, sequential chest radiographs are taken from inspiration to expiration in order to analyze

diaphragmatic movements. Pixel value changes in localized areas of the lung are then assessed to analyze

ventilation and circulation. For limb joints, such as the wrist, shoulder, and knee, sequential radiographs

during flexion and extension or rotational movement are considered, and movement angles are analyzed.

These imaging techniques and quantitative analyses are promising in screening examinations because

they provide physiological and functional information. The entrance surface dose for the detector is

approximately 1.9 mGy for chest examination, which is comparable to the dose limit recommended by the

International Atomic Energy Agency. Recent related studies are reviewed in this paper.
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Introduction

My colleagues and I have developed a screening examination
that provides kinetic data through the use of a dynamic
X-ray flat-panel detector (FPD) (Figure 1) in our laboratory.
This new examination is not based on conventional X-ray
fluoroscopy for diagnostic examinations but rather based on
functional dynamic radiography (fDR) with the “addition
of physiological and functional data that are subjected to
computer analysis,” which is similar to systems generally
used in initial examinations. Conventional screening
examinations (initial examinations) require subjects to
“hold their breath” and “keep still,” which results in only a
limited amount of diagnostic data being obtained. However,
considering major developments in image processing and
the digital radiography system, we believe that it is possible
to develop an innovative screening system that can provide
new diagnostic information. Hereby I provide an overview
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of the development of this screening system from the initial
stages as well as the results of currently ongoing clinical
trials. In addition, I provide a summary of reports by other
researchers that are related to this research.

Devices and image acquisition techniques
utilized

The following systems were used for X-ray imaging: (I) A
Canon FPD imaging system (CXDI series) was modified so
that it could take sequential images at either 7.5 frames/s
(fps) for 5 s or 3 fps for 10 s. The matrix size of the images
was 2,688x2,688, and the grayscale was 12 bit; (II) A Konica
Minolta Prototype FPD system was used to take sequential
images at a frame rate of 15 fps for 10 s; the matrix size of
the image was 1,024x1,024, and the grayscale was 16 bit.
The imaging parameters were set so that the radiation
exposure to subjects when obtaining dynamic chest
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Figure 1 Overview of functional dynamic radiography.

radiographs would not exceed that of conventional chest
X-rays (front + lateral). The entrance surface dose for the
detector is approximately 1.9 mGy, which is comparable to
the dose limit recommended by the International Atomic
Energy Agency (IAEA) for both front (0.4 mGy) and
lateral (1.5 mGy) projections (1,2). In addition, the imaging
parameters of the joints of extremities were set so that
exposure would not be two times higher than that what is
required for conventional X-ray imaging at those sites. For
instance, for hip joints, the entrance surface dose for the
detector is approximately 5.11 mGy, which is less than two
times the dose (8 mGy) required for conventional X-ray
imaging and the dose limit (10 mGy) recommended by the
TAEA (1,3). This study was conducted with the approval
of the Ethics Review Board of Kanazawa University. All
subjects were provided with full explanations of the study in
both written form and orally, and their written consent was
obtained.

Morphological analysis of the function of the

joints of extremities

When examining the joints of extremities, it is extremely
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Temporomandibular Joint

Cervical
spine

important to assess motor function. However, nearly all
current medical imaging makes use of initial diagnostic
imaging based on morphological data using static X-ray
images (front, lateral, under stress). Although diagnostic
examinations utilize CT and MRI to perform differential
diagnoses using 3D anatomical data of soft tissues such as
cartilages, tendons, and articular disks, in many cases, subjects
are instructed to keep still during the imaging process.

With the introduction of the FPD system, it would not
be an exaggeration to say that X-ray imaging has entered
the age of the X-ray digital camera and is not unlike a
consumer digital camera in convenience and usability.
Specifically, recording and performing functional analysis
of “movements” of great interest using dynamic imaging
as well as recording and assessing 3D “morphologies”
that are difficult to visualize (e.g., tomosynthesis) are no
longer technically difficult. Below are examples of kinetic
examinations and analytical methods performed using
dynamic FPD.

Initially, we developed a kinetic X-ray imaging technique
and a functional analysis method to quantitatively assess
the movement of the temporomandibular joint (TM])
(Figure 2) (4,5). This joint was chosen because of the
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Figure 2 Functional analysis of TM]J. (A) The TMJ condyle passes between the opened and closed mouth in lateral sequential radiographs. (B)

The velocities of the condyle in axial sequential radiographs. This graph indicates anomalies in right and left TMJ symmetries (4,5). TM],

temporomandibular joint.

high prevalence of TMJ disorders, particularly among
young individuals, and the lack of quantitative evaluation
in diagnosis and treatment in such cases (6). This system
is useful in TM] screening examinations and diagnostic
observations, and preoperative informed consent because
it is easy to understand anomalies on dynamic radiographs.
Although other studies have reported attempts to assess the
TM]J using tracking systems with optical markers and MRI
because these are considered as diagnostic examinations,
they are expensive, complex to use, and require a
long examination time; as a result, they have not been
successfully used in clinical practice (7,8).

Sakuda ez al. developed a sequential X-ray imaging
technique and a functional analysis technique for the
quantitative assessment of shoulder joint movement
(Figure 3) (9). During arm elevation, shoulder joint
movement displays a characteristic rhythm. Specifically, the
angle between the humerus and the scapula (glenohumeral
angle) and the angle between the scapula and the axis
of the thorax (scapulothoracic angle) are normally in a
fixed 2:1 ratio regardless of the angle of arm elevation
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(scapulohumeral rhythm: G/S). Changes in this rhythm are
useful in discovering abnormalities in the shoulder joint
and assessing severity. Therefore, this method is effective in
assisting therapeutic strategy determination and monitoring
therapeutic progress. The total exposure dose was almost
equivalent to that of the two projections in conventional
shoulder imaging (0.4 mGy) (9).

There are many reasons for performing orthopedic
assessments of shoulder kinetics, and the use of various
modalities has been reported. For example, in their study
on an X-ray TV system, Inman et /. reported that the field
of view (FOV) is narrow and that the analytical accuracy is
limited due to poor image quality (10). In their attempt to
perform highly accurate assessments using MRI, Roberts
et al. reported that because the procedure is time consuming
and expensive, it is not clinically practical (11). Although
sonographic imaging techniques are simple, because the
FOV is narrow, the ability to assess large joint kinetics is
limited (12). There have been multiple reports on methods
of measuring kinetics of joint from the surface of the body
using videometers and goniometers; however, these reports
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Figure 3 Relationship between the glenohumeral angle (G-angle) and the scapulothoracic angle (S-angle) (right upper), and the G-angle/

S-angle ratio (right lower) according to the arm angle (17-year-old man with thoracic outlet syndrome) (9).

are limited by their inability to directly assess and analyze
intra-articular structures (13-15).

Kawashima et /. developed a sequential X-ray
imaging technique and a functional analysis technique to
quantitatively assess wrist movement (Figure 4) (16). This
study elucidated that changes in the angle between the
radiocarpal joint and the midcarpal joint during palmar-
dorsiflexion of the wrist have a certain rhythm between
these two joints. Their technique can be used not only for
quantitative assessments as part of a screening examination
but also for pre- and postoperative assessments of recovery.
In dynamic imaging, the exposure dose was approximately
0.77 mGy, which is almost 3.5 times the dose for lateral
radiography of the wrist joint. Because of advances in FPD
technology, the exposure dose has decreased by half (16).

The importance of kinetic analysis of the wrist has
been reported in numerous studies, and in recent years,
the usefulness of 3D kinetic analysis using CT has been
recognized (17,18). However, considering subjects’
exposure to X-rays and the cost, it is difficult to utilize this
method as a screening examination in spite of the excellent
diagnostic examination. The ideal methodology would be to
use sequential X-ray images to first conduct an overview of
the kinetics and, if any abnormalities are found, to conduct
diagnostic examinations using CT and MRI.

In the field of orthopedics, sequential X-ray imaging has
already been shown to be extremely useful in the kinetic
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analysis of the lumbar and hip joints (3,19). Considering
the aging of society, these motor function examinations are
expected to be useful in the early assessment of locomotive
syndrome, prevention of overload during recreational
sports, and other types of simple orthopedic kinetic
screening examinations. Furthermore, there is the potential
for use in the examination of trauma patients in the fields of
emergency medicine and disaster medicine.

Analysis of the physiology and function of the
chest using density data

Frontal (anteroposterior) chest X-ray imaging is the
most important screening examination among all X-ray
examinations. This is because cardiopulmonary images
provide diagnostic data that allow an overview of a patient’s
general condition. When dynamically imaging the chest, at
first, sequential changes caused by respiratory movements,
such as movements of the diaphragm, bony thorax,
intrapulmonary structures, and cardiac walls, can be analyzed
and assessed morphologically. Imaging is done using nearly
the same method as conventional frontal chest X-rays,
and images a subject’s respiratory process in the order of
maximum inspiration to maximum expiration and again to
maximum inspiration are obtained. Based on these X-ray
images, the degree of diaphragmatic elevation and right-left
symmetry, among other parameters, can be analyzed, and as a
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Figure 4 Functional analysis of wrist. (A) Dynamic radiography and joint angle analysis; (B) relationship between the wrist angle and the

RL/CL angle (16). RL, radiolunate; CL, capitolunate.

result, useful diagnostic data can be obtained (20).

Tanaka ez 4l. elucidated that the most important discovery
during kinetic chest X-ray examinations is the fact that
changes in X-ray translucency (density of black and white)
at sites within the lung field during respiration are related to
the status of lung ventilation in those sites (2,21-23). When
examining density data in the lung field (sequential changes
in pixel values), for example, the case shown in Figure 5,
synchronized coronal CT images clearly show bilateral
bullous emphysema in the same locations and areas of loss
can be seen as changes in the density of sequential X-ray
images (lower two-stage sequential images). In normal cases,
such areas of loss and sites with irregular density changes
are not observed. In other words, in intrapulmonary sites
where there are no abnormalities in ventilation, density
changes are not seen. In normal intrapulmonary sites, X-ray
translucency increases during the inspiratory phase and
images become darker and translucency decreases during
the expiratory phase and images become lighter. This is
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because the density per unit volume of intrapulmonary
structures, such as blood vessels and bronchi, at any given
site decreases during the inspiratory phase and increases
during the expiratory phase.

For dynamic chest radiography, spatial and temporal
resolutions and exposure dose have to be balanced using
optimal system settings. The imaging rate should be greater
than 7.5 frames per second (fps) for an accurate evaluation
of cardiac function. For respiratory function, an imaging
rate lower than 7.5 fps is acceptable, considering the
exposure dose. The entrance surface dose for the detector
was approximately 1.9 mGy for 14 s imaging performed at
120 kV, 50 mA, 2.5 ms, 15 fps, and 2.0 m source-image
receptor distance. Digital image parameters were 2,688x2,688
matrix, 160 micron pixels, and 4,096 gray level (2).

The pulse component, which was originally thought
to have a negative influence on the analysis of respiration
kinetics, is now known to be related to heart rate, and
it was found that relative blood flow distribution could
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Figure 5 Sequential changes of X-ray translucency (representing pseudo-ventilation) during respiration in a padent with bullous emphysema (22).

be visualized, as shown in Figure 6. Specifically, it is now
known that minute changes in X-ray translucency that
occur when the blood that has entered the heart and lung
sites is expelled from those sites is reflected in translucency
data for target sites.

Currently, we are investigating examination and analysis
techniques for chest respiratory and circulatory dynamics in
animal (adult pigs) experiments, and we are using analytical
results to investigate the accuracy and reproducibility of
these techniques. We plan to release our results in the near
future. Currently, such fDR with computer analysis has
been developed only in our laboratory. Few other facilities
have initiated clinical trials in Japan since June 2017 using
dynamic X-ray imaging systems from Konica-Minolta, Inc.

Conclusions

We have developed an X-ray dynamic imaging technique
and a computer image analysis technique as a general initial
examination (screening examination) that is able to easily
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assess respiratory and circulatory physiology and dynamic
function. As a result of initial tests on a total of over 100
subjects, we found that additional diagnostic information,
such as air trapping in emphysema, anomalistic movement
of lung texture in fibrosis, pleural adhesions, and diaphragm
kinetics, which could not be obtained using conventional
screening examination techniques that rely on still images,
could be easily obtained with a relatively high degree of
accuracy (2,23). In particular, these results suggest that f{DR
is useful in monitoring respiratory and circulatory functions
in intensive care units during postoperative examinations
and emergency examinations using a portable dynamic
radiography system (2).

Identifying these techniques as a type of general
initial examination (screening examination) using kinetic
radiography will allow physicians to obtain more diagnostic
data than conventional screening examinations using a
method that is far simpler than that used in diagnostic
examinations (Figure 7), i.e., these techniques are cost-
effective and requires only two times the dose. For example,
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kinetic and functional data obtained using fDR can provide
beneficial diagnostic data that can be used to supplement
3D anatomical data obtained via CT and tissue anatomy
data obtained via MRI. Morphological data obtained via
X-ray static images are unable to predominate CT 3D data
on their own. When performing chest examinations, f{DR
provides site-specific pulmonary ventilation data that cannot
be provided by spirometry, which is the “gold standard”
for pulmonary ventilation assessments. Thus, fDR may be
an alternative to nuclear medicine, which provides spatial
ventilation and blood flow data.

In addition, fDR allows a great deal of temporal and
spatial freedom when performing general imaging. In
other words, fDR has a high tolerance for adjusting
patient positioning and X-ray projection, which have to
be strictly controlled when utilizing static imaging. We
believe that there is a high degree of latent potential for
the development of self-imaging and autonomous imaging
using radiography navigation systems.
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