
  

  

Abstract—Precise and accurate dose delivery is critically 

important in external beam radiation therapy. In many cases 

target-volumes are stationary, but the problem arises when the 

tumors move significantly due to cardiac and respiratory 

motions.  This is a case for tumors in lung, esophagus, pancreas, 

liver, prostate, breast, and other organs in thoracic and 

abdominal regions. In the article we have described the Active 

Tracking and Dynamic Dose Delivery (ATDD) technique for 

real-time tumor motion compensation. In this approach, the 

robotic treatment table moves while delivering the radiation 

beam and compensates for breathing-induced tumor motion. 

Many parameters of the control system, such as patient mass or 

breathing pattern, are initially uncertain and may vary during 

the treatment. To solve these problems, feedforward adaptive 

control was adopted to minimize irradiation to healthy tissue 

and spare critical organs while ensuring prescribed radiation 

dose coverage to the target-volume. 

I. INTRODUCTION 

SING traditional treatment techniques, radiation 

oncologists have to contend with variations in tumor 

position during the treatment by treating a margin of healthy 

tissue around the tumor. Significant tumor motion, which can 

be up to 5cm, has been induced mostly by cardiac and 

respiratory motion [1-6]. Recently, several research groups 

are investigating various aspects of tumor tracking and 

developing tools to deliver a precise dose to moving target-

volume [5]-[17]. 

The latest reported research in the field of tumor tracking 

included fluoroscopic tumor tracking, error analysis using 

probability theory, prediction filter investigation and 

development of the different tracking algorithms. In [18] the 

accuracy of two-dimensional projection imaging methods in 

three-dimensional tumor motion monitoring was 

investigated. Geometric uncertainties were investigated as 

well. In [19] a method that can track a deforming lung tumor 

in fluoroscopic video using active shape models was 

presented. A fluoroscopic tumor tracking for image-guided 

lung cancer radiotherapy was proposed in [20]. In [21] 

authors performed 4D targeting error analysis represented by 
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a motion probability density function. In the article, the 

statistical fluctuations of tumor trajectory were described. In 

[22], the evaluation of the use of multi dimensional linear 

adaptive filters and support-vector regression to predict the 

motion of lung tumors tracked at 30 Hz was performed. To 

predict tumor motion during irregular breathing cycles, in 

[23] a novel adaptive acceleration-enhanced normalized least 

mean squares prediction filter with a breathing acceleration 

prediction was proposed. The performances of the filter were 

compared with both artificial neural network and AE-nLMS 

filters. Article [24] proposed an algorithm that utilizes the 

on-board portal imager of the treatment machine to track 

lung tumors. The general framework of correlation-based 

tumor position estimation that is applicable to various 

imaging configurations, where instant 3D target positions 

cannot be measured, was introduces in [25]. In [26] the 

authors developed algorithms for direct tumor tracking in 

rotational cone-beam projections and for reconstruction of 

phase-binned 3D tumor trajectories. This work shows the 

feasibility of a direct tumor-tracking technique for rotational 

images. A dynamics-based robotic approach to tumor motion 

prediction and tracking was described in [27]. The proposed 

system was evaluated using 4D-CT real patient data.  

The influence of the tumor tracking technique to the 

treatment outcome was analyzed in [28-29]. The purpose of 

the dosimetry studies was to investigate clinical benefits of 

tumor tracking and to evaluate changes of treatment volumes 

when the proposed tumor tracking technique is applied. The 

study includes the evaluation of dosimetric advantages of 

tumor motion tracking and the irradiation of normal lung and 

spinal cord. The dosimetric evaluation of tumor tracking was 

carried out on ten randomly selected patients who were 

scanned using a 4D-CT technique.  

It was observed that during respiratory cycle, a tumor 

volume was changed by up to 20cm
3
 depending on tumor 

size, location, and patient specific breathing pattern. The 3D 

tumor displacement for all investigated patients was more 

than 10 mm. Using the proposed active tracking technique it 

was found that for average tumor motion of 1.5cm the 

irradiated planning target volume (PTV) was 20-30% less 

which indicates a significant amount of healthy tissue to be 

spared. The average maximum dose was 110% of prescribed 

dose (PD) and the mean dose was 103.6% of PD. It was 

observed that average lung volumes that received absorbed 

doses of 5, 13, 20 and 30 gray (Gy), with tracking technique 

were about 17.4%, 19.3%, 18.3% and 22.7% lower than the 
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volumes without tracking, respectively. Calculating dose 

delivered it was concluded that approximately 20% of 

healthy lung received 4-8 Gy less dose when the tumor 

tracking technique was used. Spinal cord was the most 

important critical organ for the studied lung cases. Dose to 

the 5% of spinal cord (D5) with tracking technique was 

17.5% lower compared to that of without tracking. D5 of the 

spinal cord received approximately 0.5-11 Gy less dose 

when tumor tracking technique was used; wide variations 

were observed due to differences in prescribed dose, tumor 

location and size. Investigation whether patients could 

tolerate the motion of the robotic couch that compensates for 

breathing-induced tumor motion was recently performed 

[30]. The authors concluded that most patients tolerated 

compensatory couch motion and that motion sickness should 

not pose a problem in the investigation of different tumor 

tracking methods.  

Based on the clinical investigation, the importance of the 

efforts for developing the tracking techniques is 

understandable. Implementation of real-time tracking 

techniques can minimize irradiation to healthy tissues and 

improve sparing of critical organs. Consequently, quality of 

patient treatment potentially can be improved. 

II. SYSTEM DESCRIPTION 

The commercially available ELEKTA Precise Table
TM

 

robotic couch is capable of positioning the patient with high 

level of accuracy; however, currently it does not have 

provision for compensating the tumor movement due to 

respiratory and cardiac motion. In [17] and [27], we have 

proposed a closed-loop dynamic controller for adjusting the 

3 degree-of-freedom (DOF) robotic couch so that the tumor-

volume appears to be stationary to the radiation beam and 

the beam can be delivered close to 100% duty-cycle. 

Prediction of the tumor motion has been incorporated in the 

system. 

To apply the dynamic-based control of the system, we 

have developed dynamic equations-of-motion for the 

ELEKTA Precise Table
TM

, as in [17]. The treatment table is 

an integral part of the system for radiation therapy (Fig. 1). 

The treatment table consists of a 2DOF tabletop and 1DOF 

vertical lift. The tabletop can move in the horizontal plane 

(laterally and longitudinally) using two Maxon 24V motors 

with gearbox combination. The vertical motion is obtained 

using robust 70V Rockwell Automation motor. For all 

motors we use Model 755A Accu-Coder encoders which 

have been connected to the Advance Motion Controls 

amplifier for robust vertical motion motor and to the Galil 

DMC-4133 onboard amplifier for horizontal plane motion 

and controller for all 3DOF. The system has two independent 

power supplies: Galil PS300 for vertical motor and Advance 

Motion Controls AMC Z6A8 for horizontal motion motors. 

The controller contains the developed control algorithms to 

close the desired loop (for position and velocity). The 

amplifier represents the electrical power converter that 

drives the motor according to the controller reference 

signals. Described parts have been mounted on the 

commercially available ELEKTA Precise Table
TM

 robotic 

couch (Fig.2).  

The described system is in the integration phase. Before 

getting the experimental data using external radiation, it is of 

high importance to fully simulate the system behavior. The 

presented data are the simulation results. 

For computer simulation, we have considered several 

masses of the patients, such as 55, 85 and 150kg; mass of the 

tabletop is m=25kg, mass of the moving rods m1= m2 =50kg, 

mass of the vertical motor with the holder M=50kg, length of 

the rod L=8cm, a=b=3cm, and the lead of the thread 

h=0.01m. The sampling frequency is ν=5Hz, and total time 

of simulation t = 20sec. For the simulation, we have derived 

the general equations-of-motion for this system, [27]: 
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Fig. 1.  a) Robotic couch used for radiation therapy treatment -  

ELEKTA Precise TableTM, a) external isometric view; b) System 

model: vertical movement in s direction is achieved by motor 

installed in the holder A. Tabletop movement in ξ and η directions 

are achieved by two motors sitting under the tabletop 

 

a) 

b) 

 

 
Fig. 2.  ELEKTA Precise TableTM robotic treatment couch – 

experimental setup with reference coordinate system. 
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where ξ, η and s are generalized coordinates of motion, 

τ(.) is generalized torque for each axis. Other parameters 

from equation (1) are masses of moving parts and geometric 

characteristics of the system, as in (Fig1.b). 

III. TRACKING AND ADAPTIVE CONTROL 

In the following part, the two motion compensation 

techniques have been analyzed. The first is tumor tracking 

without knowing the tumor position in advance, and the 

second one is the adaptive contouring mode, when the 

trajectory is known before the treatment starts. 

For tumor tracking the controller should be placed in the 

position tracking mode to support changing the target 

volumes of an absolute position move during the treatment. 

The provision for mutual tracking exists. That option is 

useful in the case when there are two targets (i.e. lung tumor 

and moving lymph nodes). New targets may be moved in the 

same direction or the opposite direction of the current target 

position. The controller will then calculate a new trajectory 

based upon the new target and the acceleration, deceleration, 

and speed parameters that have been set. The controller has 

provision to update the position information at the rate of 

1msec. However, for the purpose of simulation, we have 

used a sampling frequency of 5Hz. The controller generates 

a profiled point at every other sample, and linearly 

interpolates one sample between each profiled point.  Based 

on the tumor velocity and position, the controller will either 

continue in the direction it is heading, change the direction it 

is moving, or decelerate to a stop. The position tracking 

mode is suitable in the case when the internal markers give 

the real-time position during the motion compensation and 

tracking and the proposed system is able to generate a 

robotic couch trajectory on the fly. The simulation of the 

robotic table position when the tumor position is not known 

in advance is given in Fig.3. 

The adaptive contour mode allows the user to generate 

custom profiles by updating the reference position at a 

specific time rate or to have a predefined tumor trajectory. 

This approach was analyzed in [17]. To obtain real patient 

data we have used 4D-computer tomography (CT) image 

technique. A 4D-CT device is able to acquire images during 

ten phases of breathing cycle and to calculate tumor centroid 

displacement for each of the ten phases with respect to the 

treatment isocenter.  

IV. RESULTS 

To compare previously proposed [17], [27] tracking using 

a PID controller with an adaptive control strategy, we have 

analyzed different system errors, as a result of different 

patient mass. We have analyzed errors in the vertical 

direction, due to the fact that the biggest influence of the 

load to the system accuracy was observed for the vertical 

motion. This fact can be confirmed by analyzing equation 

(1). Due to the fact that adaptive control has provision for 

the control parameters to be self-tuned, it was observed that 

variations in loads (i.e. patient mass) have less influence on 

the system error comparing to the PID controller. 

V. CONCLUSION AND FUTURE WORK 

Implementation of the proposed technique can potentially 

improve real-time tracking of the tumor-volume to deliver 

highly conformal precise radiation doses, while minimizing 

irradiation to healthy tissues and sparing critical organs. 

This, in turn, will potentially improve the quality of patient 

treatment by lowering the toxicity level and increasing 

survival rates. With this new technique, it will be possible to 

administer radiation doses to the tumor faster than 

 
Fig. 3.  Robotic table motion in the tracking mode. An internal 

marker gives the real-time position of the target volume and the 

system compensates the motion. 

 
Fig. 4.  Tracking error for the system when PID controller was used. 

for the different loads.  

 
Fig. 5.  Tracking error for the system when adaptive controller 

was used. for the different loads. 
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conventional methods like gating. 

In this study, we have analyzed the implementation of the 

control strategy in the clinical radiotherapy procedure. The 

closed-loop PID controller was compared with feedforward 

adaptive control to asses the influence of the different patient 

mass to the system accuracy. Adaptive control shows to be a 

suitable choice because of the variability in the payload on 

the system, i.e., the weight of the patient. Maximal tumor 

tracking errors for PID control were less than 1mm, and 

based on the results in [27] it will not compromise patient 

treatment, i.e. dosimetric coverage. For the adaptive control, 

maximal tracking errors were less than 0.7mm. The PID 

controller can be suitable as well, but in some cases, it is 

necessary to adjust the controller’s gains, depending on the 

patient weight.  

The future work is to be full system integration and 

rigorous mechanical and dosimetric tests using external 

beam radiation. 
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