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Radiotherapeutic outcomes have been significantly improved by high-precision radiation 
therapies, which offer highly accurate, direct X-radiation delivery to target tumors while 
minimizing damage to the surrounding normal tissue. However, respiration causes tumors to 
constantly shift their position inside the body, and the development of technology to deliver 
X-ray beams accurately and directly to these moving tumors has remained an issue. For this 
reason, we developed a dynamic tracking irradiation function. Mitsubishi Heavy Industries, Ltd. 
(MHI)’s MHI-TM2000 radiation therapy equipment is equipped with two pairs of kilovolt(kV) 
X-ray imaging systems and a gimbal mechanism. The system realizes dynamic tracking 
irradiation by identifying the exact location of the moving target tumor in real time, and 
adjusting the radiation direction according to real-time changes in the tumor location. 

  

 
 
|1. Introduction 

Radiotherapeutic technologies have progressed remarkably over the past 10 years, owing to 
the ceaseless efforts of healthcare professionals, as well as the advent of high precision, highly 
functional radiation therapy equipment, driven by the development of control and computing 
technologies.  

New radiation therapy techniques have been developed, such as stereotactic radiation therapy 
(SRT) and intensity-modulated radiation therapy (IMRT), in which X-radiation is delivered directly 
and accurately to the target tumor while minimizing damage to the surrounding normal tissue. 
These techniques have contributed to the improvement of treatment outcomes. 

Nevertheless, in spite of these accomplishments, the necessity remains for a new technology 
to deliver accurate and direct X-radiation to tumors that move when the patient breathes. At the 
same time, because of its therapeutic characteristics, high-precision radiation therapy requires 
healthcare professionals to master advanced and complicated techniques for pre-treatment 
equipment verification, accurate operation, and maintenance. Already facing a chronic worker 
shortage, healthcare professionals now have to deal with these additional burdens. 

To solve these problems, and make a social contribution toward overcoming cancer, 
Mitsubishi Heavy Industries, Ltd. (MHI) developed the MHI-TM20003, and has made it 
commercially available. This is a report on the MHI-TM2000 with a dynamic tracking irradiation 
function, for which marketing approval was obtained in May of 2010, in accordance with the 
Pharmaceutical Affairs Law of Japan. 

|2. Structure and features of the equipment 
MHI’s TM2000 radiation therapy equipment was developed for image-guided radiation 

therapy (IGRT), in which X-ray imaging and X-radiation treatment can be combined. The 
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following installed devices and structural features of the MHI-TM2000 were designed to realize 
accurate and direct X-ray irradiation of a target tumor that moves as the patient breathes (i.e., a 
dynamic tracking irradiation function) (Figure 1). 

 
Figure 1  Mechanical configuration of the MHI-TM2000 system 
 

A highly rigid, O-ring-shaped gantry was adopted as the body frame to minimize frame 
distortion and deformation. This allows users to deliver therapeutic X-ray beams with a high degree 
of accuracy from any direction to a target tumor positioned in the mechanical center (known as the 
isocenter) without moving the couch. 

Two pairs of kilovolt (kV) X-ray imaging systems, each consisting of a kilovolt (kV) X-ray 
generator and a flat-panel detector (FPD), are mounted on the gantry. The rotation of the gantry 
allows users to acquire high-quality three-dimensional still images from any angle, and identify the 
exact target position for X-ray irradiation. 

Cone-beam-computed tomography (CBCT) can also be performed immediately before 
treatment by rotating one of the two kilovolt (kV) X-ray imaging systems and producing a series of 
images, allowing the patient's position to be confirmed. 

The MHI-TM2000 is equipped with an image-processing algorithm to automatically 
calculate the patient offset from the desired position, based on the kilovolt (kV) X-ray images and 
CBCT images. The couch is movable with high precision in five axial directions, permitting the 
patient’s positioning offset to be accurately corrected. 

A swing device, known as a gimbal mechanism, is used in this system. The accelerator that 
emits the therapeutic X-rays is mounted on the gimbal mechanism, enabling the correction of even 
very small X-ray directional deviations caused by tiny mechanical deformations of the gantry, so 
that the radiation can be delivered with pinpoint accuracy. 

A compact C-band standing-wave accelerator, developed by MHI in conjunction with the 
Institute of Physical and Chemical Research (RIKEN) and the High Energy Accelerator Research 
Organization (KEK), was used in this radiotherapeutic system for the first time. The size of this 
compact accelerator is one third that of conventional units, and its weight has also been reduced. It 
was these small and lightweight characteristics that permitted the accelerator to be installed on the 
gimbal mechanism. 

A newly developed, high-speed-response, multi-leaf collimator (MLC) makes it possible for 
a therapeutic X-ray beam to be formed in accordance with the shape of the target tumor, enabling 
irradiation with an optimal pattern. An electronic portal imaging device (EPID) is also installed on 
the opposite side of the X-ray accelerator, allowing users to confirm and record the actual 
irradiation site via radiography with therapeutic X-rays. 

These devices and features were developed by fully incorporating MHI’s expertise, 
accumulated over many years, in areas including micro-positioning technology (as used in machine 
tools), image-processing technology (printing machines), system control technology (steel 
manufacturing machines), and technologies for developing and manufacturing large accelerators. 
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|3. Realization of the dynamic tracking irradiation function 
MHI developed the dynamic tracking irradiation function to deliver X-radiation precisely and 

directly to a target tumor that moves as the patient breathes, and obtained its marketing approval in 
May of 2010, in accordance with the Pharmaceutical Affairs Law of Japan. 

In conventional radiation therapies, X-radiation is often delivered to a moving target tumor 
by applying a slightly wider X-ray beam to cover the entire area in which the tumor is moving, or 
by applying an X-ray beam only when the moving target returns to the desired position. However, 
normal tissue is subjected to increased X-ray exposure in the former case, while the treatment time 
is prolonged in the latter case.    

With the MHI-TM2000, dynamic tracking irradiation can be performed, and X-radiation is 
accurately delivered only to the moving target tumor during a short treatment time, utilizing the 
two pairs of kilovolt (kV) X-ray systems and the gimbal mechanism. 

With dynamic tracking irradiation, radiation therapy is conducted according to the following 
procedure: 

(1) btain the sequential 3D positions of the moving target tumor, using the kilovolt (kV) X-ray 
imaging systems, 

(2) Adjust the direction of the therapeutic X-ray beam by tracking the tumor location 
continuously with the gimbal mechanism, and 

(3) Apply therapeutic X-radiation continuously until the desired dose is reached. 
In the above procedure, (1) can be completed via two different approaches, as shown in 

Figure 2 (tracking the tumor position based on a series of X-ray images acquired from two 
directions) and Figure 3 (tracking the tumor position based on respiration signals). In the former 
approach, two pairs of kilovolt (kV) X-ray imaging systems produce successive X-ray images 
inside the body, and the two-dimensional location of the tumor in each of these images is used to 
calculate the real-time three-dimensional location of the tumor. In the latter approach, the position 
of the tumor inside the body is estimated by using the high correlation between the tumor location 
and the respiration signals, including the vertical movement of the abdomen and chest. A 
correlation model is created from the patient’s respiration signals and corresponding tumor 
locations over a certain period of time prior to treatment. During treatment, the respiration signals 
are measured continuously, and with the help of the patient’s correlation model, the 
three-dimensional location of the tumor is calculated in real time. 

Figure 2  Tracking based on a series of X-ray images acquired from two directions  
Dynamic tracking irradiation is performed by identifying the tumor location with two pairs of kilovolt (kV) 
X-ray imaging systems. 
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Figure 3  Tracking based on respiration signals  
The real-time three-dimensional location of the tumor is calculated based on the patient's respiration signals, 
which are continuously measured during treatment, together with the patient’s correlation model between the 
tumor location and the respiration signals, created prior to treatment. 

|4. Labor-saving advantages of our high-precision radiation therapy
To achieve high-precision irradiation, the exact performance of the machine must be verified 

by performing a trial delivery of radiation before treatment. The MHI-TM2000 was designed to 
automate this pre-treatment verification, thus simplifying the procedure. 

Before treatment, the irradiation accuracy must be verified daily via trial delivery of 
therapeutic X-rays, in order to ensure that highly accurate irradiation occurs during the treatment. 
This verification is accomplished by using a steel sphere (1 cm in diameter) to confirm that the 
origin of the coordinates of each kilovolt (kV) X-ray system is positioned exactly at the center of 
the therapeutic X-ray beams (the isocenter). The sphere can be easily placed at the exact position of 
the isocenter, using the “patient positioning” function, and the therapeutic X-ray is automatically 
delivered from 12 directions, according to the execution sequence. 

The irradiation accuracy of the therapeutic X-ray beams is automatically verified by 
assessing the numerical values obtained by processing the EPID images (Figure 4), which also has 
a labor-saving effect by managing the machine’s performance. 

 
Figure 4  Pre-treatment inspection function to verify the mechanical and irradiation accuracy
The offset of the isocenter jig is automatically calculated based on the X-ray images obtained by the two pairs of 
kilovolt (kV) X-ray systems, and the couch is moved accordingly. The therapeutic X-ray is then delivered 
automatically from 12 directions, according to the execution sequence, and the offset between the isocenter jig
and the MV therapeutic X-ray beam is calculated based on the EPID images. 
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|5. Conclusion 
MHI has successfully developed a dynamic tracking irradiation function, making it possible 

for moving tumors to be treated accurately and directly during a short treatment time. We will 
continue to improve the MHI-TM2000 to achieve even more precise irradiation performance and 
offer more user-friendly functions, based on the feedback and opinions we receive from medical 
practitioners and hospitals. 
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