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Abstract 

Purpose: The Vero4DRT system has the capability for dynamic tumor-tracking (DTT) 

stereotactic irradiation using a unique gimbaled x-ray head. The purposes of this study 

were to develop DTT conformal arc irradiation and to estimate its geometric and 

dosimetric accuracy. 

Methods: The gimbaled x-ray head, supported on an O-ring gantry, was moved in the 

pan and tilt directions during O-ring gantry rotation. To evaluate the mechanical 

accuracy, the gimbaled x-ray head was moved during the gantry rotating according to 

input command signals without a target tracking, and a machine log analysis was 

performed. The difference between a command and a measured position was calculated 

as mechanical error. To evaluate beam-positioning accuracy, a moving phantom, which 

had a steel ball fixed at the center, was driven based on a sinusoidal wave (amplitude 

[A]: 20 mm, time period [T]: 4 s), a patient breathing motion with a regular pattern (A: 

16 mm, average T: 4.5 s), and an irregular pattern (A: 7.2-23.0 mm, T: 2.3-10.0 s), and 

irradiated with DTT during gantry rotation. The beam-positioning error was evaluated 

as the difference between the centroid position of the irradiated field and the steel ball 

on images from an electronic portal imaging device. For dosimetric accuracy, dose 

distributions in static and moving targets were evaluated with DTT conformal arc 

irradiation. 

Results: The root mean squares (RMSs) of the mechanical error were up to 0.11 mm for 

pan motion and up to 0.14 mm for tilt motion. The RMSs of the beam-positioning error 

were within 0.23 mm for each pattern. The dose distribution in a moving phantom with 

tracking arc irradiation was in good agreement with that in static conditions. 

Conclusions: The gimbal positional accuracy was not degraded by gantry motion. As in 
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the case of a fixed port, the Vero4DRT system showed adequate accuracy of DTT 

conformal arc irradiation. 

 

Key words: Vero4DRT (MHI-TM2000), dynamic tumor-tracking (DTT) conformal arc 

irradiation, gimbaled x-ray head, gantry rotation, geometric and dosimetric accuracy. 
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I. INTRODUCTION 

Radiotherapy methods for dealing with organs with respiratory motion are available1,2. 

For example, to irradiate a more restricted area and reduce normal tissue toxicity, 

breath-hold, respiratory-gated, and dynamic tumor-tracking (DTT) radiotherapy have 

been developed3-5. These approaches can reduce the internal target volume, compared 

with conventional radiotherapy. In breath-hold radiotherapy, the treatment beam is 

delivered while the patient holds their breathing. Although breath-hold techniques 

include active control of breathing, and patient-mediated control, these depend on the 

ability of a patient to hold his/her breath and are burdensome2,3. In respiratory-gated 

radiotherapy, breathing motion is monitored and the treatment beam is delivered during 

a particular portion of the breathing cycle4. Respiratory-gated radiotherapy does not 

require breath-holding. However, treatment time is prolonged because the beam is not 

delivered continuously2. In contrast, DTT radiotherapy is an effective technique because 

the beam is delivered dynamically and locally to the target, following its motion5. The 

patient need not hold his/her breath. Treatment time is not extended and respiratory 

control is not required. To apply real-time target tracking, evaluation of the accuracy 

thereof is essential. 

We developed an innovative 4D image-guided radiotherapy (IGRT) system 

with DTT function, the “Vero4DRT” (MHI-TM2000; Mitsubishi Heavy Industries, Ltd., 

Japan, and BrainLAB, Feldkirchen, Germany), and used DTT stereotactic irradiation 

clinically in lung cancer patients since September 20115. The Vero4DRT features a 

gimbaled x-ray head. The tumor position can be monitored in real time using the 

orthogonal kV x-ray imaging system and traced using the gimbaled x-ray head. We 

previously explored the accuracy of DTT stereotactic irradiation using the Vero4DRT6. 
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In a fixed radiation field, the root mean square (RMS) value of the mechanical error was 

0.1–0.3 mm in the tilt direction [examples of the tilt direction are given in Fig.1 (a)]. 

Also, the dose distribution upon DTT stereotactic irradiation exhibited few 

motion-blurring effects7. In DTT, the radiation beam is aligned to a moving target using 

only the gimbal mechanism, and gimbal motion is controlled independently of other 

mechanical motion associated with routine radiation delivery (gantry rotation in 

conformal arc therapy and multileaf collimator [MLC] motion during 

intensity-modulated radiation therapy [IMRT]). Thus, gimbaled x-ray head-based DTT 

can be combined readily with other irradiation techniques, such as rotational-arc 

irradiation, IMRT, and volumetric-modulated arc therapy (VMAT)8. Rotational-arc 

radiotherapy is associated with shorter treatment times and higher-level dose 

conformities than is the use of multiple static beams9. Rotational-arc radiotherapy is 

required under some circumstances, for example to treat tumors of the lung, liver, and 

pancreas, which are subject to respiratory motion10-12. If the DTT technique can be 

applied to rotational-arc radiotherapy, the internal margin will be reduced. 

In this study, we developed the function of DTT conformal arc irradiation. In DTT 

conformal arc irradiation, the gimbaled x-ray head tracks the target, considering the 

positional relationship between the current gantry angle and the detected target position. 

We estimated the geometric and dosimetric accuracy of DTT conformal arc irradiation. 

II. MATERIALS AND METHODS 

II.A. Features of the Vero4DRT and dynamic tumor-tracking irradiation 

Figure 1(a) shows an overview of the Vero4DRT system. The gimbaled x-ray head has a 

compact 6-MV linear accelerator with a C-band klystron and system-specific multileaf 

collimator13. The O-ring gantry can rotate from –185° to +185° at a maximum speed of 
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7°/s. The motions of the gimbaled x-ray head and the O-ring gantry are independent. 

Using the gimbal mechanism, the x-ray head can rotate along two orthogonal axes (the 

pan and tilt directions) up to ±2.5 with a maximum rotational speed of 9°/s. On the 

isocenter plane, the beam can be swung up to ±41.9mm in each direction and can follow 

target motion at a speed of up to 150 mm/s. The pan and tilt rotation of the gimbaled 

x-ray head are controlled independently. This gimbal mechanism enables the function of 

tracing any trajectory of tumor motion. Indirect IR marker-based DTT (“IR Tracking”) 

with a static field is currently available for clinical applications [Fig. 1(b)]14. Implanted 

markers and IR markers are monitored with an orthogonal kV x-ray imaging subsystem 

and an IR camera, respectively. Target motion is predicted by a correlation model (4D 

model) between implanted fiducial markers close to the target and IR markers on the 

abdomen. The predicted target position was calculated by considering both the positions 

and vertical velocities of IR markers prior to beam delivery15. During treatment, the 

gimbaled x-ray head tracks the target, following the IR markers’ motion. 

In the present study, we assumed that IR Tracking was applied to control 

dynamic conformal arc fields. The methods of predicting target motion and detection of 

IR markers are identical when IR Tracking is employed with DTT using either a fixed 

radiation field or conformal arc irradiation. This is because prediction of the target 

position is calculated prior to beam delivery and is independent of the irradiation 

technique chosen. The difference between DTT multiple fixed field irradiation and DTT 

conformal arc irradiation is whether the gantry is rotating. Thus, the influences of gantry 

rotation on the geometric and dosimetric accuracy of DTT irradiation were evaluated. 
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Figure 1. 

(a) Geometric features of the Vero4DRT system. The O-ring gantry is structurally rigid 

and can be skewed ±60° around its vertical axis. (b) Target motion is predicted by a 

correlation model between implanted fiducial markers and IR markers. 
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II.B. Geometric and dosimetric verification of dynamic tumor-tracking conformal 

arc irradiation 

For the clinical application of DTT conformal arc irradiation, the geometric accuracy of 

gimbal mechanical motion and irradiated position were evaluated. Also, for dosimetric 

accuracy, the dose distribution delivered to a moving target with tracking irradiation 

was evaluated. 

 

II.B.1. Mechanical accuracy evaluation from log data 

The gimbaled x-ray head can move independently in the pan and tilt directions on 

receiving command signals. To investigate the mechanical accuracy, the difference 

between a command position and a measured position was evaluated. The gimbaled 

x-ray head was moved, based on a command sinusoidal wave as an input signal, while 

the gantry rotated from -180° to +180°. The gimbaled x-ray head was moved separately 

for the pan and tilt directions to verify the accuracy of gimbaled motion according to 

sinusoidal waves. Sinusoidal wave motion with nine patterns, based on peak-to-peak 

amplitude variation (A: 10, 20, and 40 mm), time period variation (T: 2, 3, 4, 5, and 6 s), 

and gantry rotation speed variation (4, 5, and 6°/s), were examined. These wave patterns 

are listed in Table 1. In the 3D coordinates of Figure 1(a), we assumed that sinusoidal 

waves moved in both the vertical and longitudinal directions to verify the extent of both 

pan and tilt rotations. Thus, the pan rotation constantly changed, depending on gantry 

angle. Log data, which included time, gantry angle, and gimbal position, were received 

at a sampling rate of 50 Hz. The gimbal position was measured using the outputs of 

rotary encoders of the pan and tilt servo13. These encoders are mechanically attached to 

the pan and tilt axes and show pan and tilt positions directly. The difference between the 
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commanded and measured positions of the gimbaled x-ray head (mechanical error) was 

calculated from stored data, including rotary encoder outputs. 

 

Table 1. Characteristics of command wave patterns. 

 Amplitude [mm] Time period [s] Gantry rotation speed [°/s] 

Case 1 20 4.0 5.0 

Case 2 10 4.0 5.0 

Case 3 40 4.0 5.0 

Case 4 20 2.0 5.0 

Case 5 20 3.0 5.0 

Case 6 20 5.0 5.0 

Case 7 20 6.0 5.0 

Case 8 20 4.0 4.0 

Case 9 20 4.0 6.0 

 

II.B.2. Beam-positioning accuracy of tracking conformal arc irradiation 

Figure 2(a) shows the experimental setup. A water-equivalent cube phantom (130 × 130 

× 130 mm3) with a 10-mm diameter steel ball fixed at the center of the phantom was 

placed on a motor-driven platform (QUASAR programmable respiratory motion 

platform; Modus Medical Devices Inc., London, Canada) and positioned at the isocenter, 

based on the cross point of the lasers. The cube phantom was positioned with high 

accuracy by image maching of the steel ball in the phantom using two sets of 

kV-imaging system ( spatial resolution: 0.2 [mm/pix]). Initially, to evaluate the 

positioning accuracy of conventional conformal arc therapy, conformal arc irradiation 

10 



Geometric and dosimetric accuracy of dynamic tumor-tracking conformal arc irradiation 

was performed with a static phantom (without DTT). Then, a target respiratory motion 

along the longitudinal direction of the couch was simulated using the motor-driven 

platform. The gimbaled x-ray head tracked the target motion while the gantry rotated 

-180° to +180° (gantry rotation speed: 6°/s). To evaluate the gimbaled x-ray head 

movement along the pan and tilt directions, the O-ring gantry was skewed 30° around 

its vertical axis. A laser displacement gauge (IL-300; Keyence Corp., Osaka, Japan), 

with a repeatability of 30 μm, was used toindependently measure the displacement of 

the moving phantom. The default position of the moving phantom was set as an original 

point of the Vero4DRT system. To evaluate only the influence of gantry rotation on 

beam-positioning accuracy, target motion was measured directly using the laser 

displacement gauge every 2 msec. The laser displacement signals were transmitted to 

the system controller as target positions, and the gimbaled x-ray head tracked the target 

accordingly. This isolated the error from other sources of imprecision, such as predictive 

errors of the 4D model. Although delays related to measurement with the laser 

displacement gauge or signal-flow times were included, their times were a few tens of 

msec and target displacements while the delay time were negligible, compared with the 

target motion speed.Three periodic patterns of a target motion were examined: (1) 

sinusoidal wave pattern (sinusoidal pattern; A: 20 mm, T: 4 s), (2) patient breathing 

motion with a regular pattern (regular pattern; A: approx. 16 mm, T: approx. 4.5 s), and 

(3) patient breathing motion with an irregular pattern (irregular pattern; A: 7.2-23.0 mm, 

T: 2.3-10.0 s). During arc irradiation, MV x-ray EPID images were recorded at rate of 

7.5 frames/s. Figure 2(b) shows an example of the MV x-ray image and Figure 2(c) 

shows a schematic diagram of the analysis method. The EPID has a pixel size of 0.18 

×0.18 mm2 at the isocenter level and an image size of 1024 × 1024 pixels. The 
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beam-positioning error was evaluated as the difference between the centroid position of 

the irradiated field (30 × 30 mm2) and the steel ball of the cube phantom on the EPID 

image. The centroid positions were identified from EPID images using in-house 

software16 featuring Winston-Lutz testing17. The accuracy of EPID image acquisition 

depends principally on the number of pixels in the image. 
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Figure 2. 

(a) Experimental set-up for evaluation of beam-positioning accuracy. The O-ring gantry 

was rotated 30° around its vertical axis. (b) MV x-ray image on the EPID. The x-axis 

represents the vertical and the lateral directions and the y-axis represents the 

longitudinal direction. (c) A schematic diagram of MV x-ray image analysis. The dot 

cross lines show the steel ball at the center and the dashed cross lines show the 

irradiated field center. 
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II.B.3. Dose-distribution characteristics 

A Gafchromic EBT3 film (Ashland ISP Advanced Materials, NJ, USA) was placed at 

the center of a water-equivalent phantom (the I’mRT phantom; IBA Dosimetry, 

Schwarzenbruck, Germany). This phantom was placed on the QUASAR motor-driven 

platform and positioned at the isocenter, based on the cross point of the lasers. The film 

was set in the sagittal plane. The dynamic conformal arc irradiation plan for pancreas 

cancer was used to irradiate the film. The total monitor unit was 221 MU and the gantry 

was rotated counterclockwise, from -134° to +136°. Film irradiation tests were 

performed under the following three conditions; (a) irradiation of a static phantom 

(static condition), (b) irradiation of a moving phantom with tracking (tracking 

condition), and (c) irradiation of a moving phantom without tracking (non-tracking 

condition). In the tracking and the non-tracking conditions, the phantom was moved, 

based on a sinusoidal wave (A: 20 mm, T: 4 s) along the longitudinal direction of the 

couch. Phantom motion was measured directly using a laser-displacement gauge. IR 

Tracking was not used to evaluate only the influence of DTT delivered via gantry 

rotation. Irradiated films were scanned using a flatbed scanner (ES-10000G; Epson 

Corp., Nagano, Japan) with a resolution of 150 dpi, and analyzed with dosimetry 

software (DD system, ver. 9.4; R’Tech Inc., Tokyo, Japan). Dose distributions delivered 

to the moving targets were compared to the results for the static target. 

 

III. RESULTS 

III.A. Mechanical accuracy evaluation from log data 

Figure 3 shows an example of command and measured positions of the gimbaled x-ray 

head for the (a) pan and (b) tilt directions (A: 20 mm, T: 4 s and gantry rotation speed: 

14 
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5°/s; case1). For the pan direction, note that the amplitude was maximum at gantry 

angles of -90° and +90°. The amplitude was at a minimum at gantry angles of -180°, 0°, 

and +180°. The command position in the pan direction changed constantly because 

lateral motion in the eye-view plane of the beam (which represents the vertical and the 

lateral directions in couch coordinates) depended on the gantry angle. For the tilt 

direction, the amplitude was always constant. 

The root mean squares (RMSs) of the mechanical error are shown in Table 2. The 

RMSs were up to 0.11 mm in the pan direction and up to 0.14 mm in the tilt direction. 

As the velocity of the gimbal motion increased that is, as the amplitude increased and as 

the time period decreased the mechanical error increased. In contrast, the gantry rotation 

speed did not affect the mechanical accuracy. 
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Figure 3. 

An example of a command and a measured position of the gimbaled x-ray head for the 

(a) pan and (b) tilt directions (Case 1; A: 20 mm, T: 4 s and gantry rotation speed: 5°/s). 

The left label shows the commanded and measured positions along the pan and tilt 

directions. The right label shows the mechanical error. Solid lines show the command 

position, dashed lines show the measured position, and dotted lines show the 

mechanical error. 
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Table 2. RMSs of mechanical errors for the pan and tilt directions. 

 
RMS of mechanical error [mm] 

Pan direction Tilt direction 

Case 1 0.06 0.11 

Case 2 0.04 0.10 

Case 3 0.11 0.14 

Case 4 0.11 0.14 

Case 5 0.08 0.13 

Case 6 0.05 0.11 

Case 7 0.05 0.11 

Case 8 0.06 0.11 

Case 9 0.06 0.11 

 

III.B. Beam-positioning accuracy of tracking conformal arc irradiation 

The RMS of the beam-positioning error in conformal arc irradiation to the static 

phantom without DTT was 0.18 mm. This RMS value reflects calculation errors made 

by the in-house software and cube phantom set-up error. Figure 4 shows an example 

beam-positioning analysis of DTT conformal arc irradiation for the moving target with a 

sinusoidal wave pattern. The centroid positions of the irradiated field and the steel ball 

showed good coincidence in both axes. The RMSs of the beam-positioning error were 

(1) 0.23 mm for the sinusoidal wave, (2) 0.23 mm for the patient regular wave, and (3) 

0.21 mm for the patient irregular wave motion. 
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Figure 4. 

Beam-positioning errors in the (a) pan and (b) tilt directions for the sinusoidal wave 

pattern(A: 20 mm, T: 4 s and gantry rotation speed: 6°/s). Solid lines show the centroid 

positions of the irradiated field, dashed lines show the centroid positions of the steel ball 

and dotted lines show the beam-positioning error. 
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III.C. Dose distribution characteristic 

Figure 5 shows isodose lines at the same scale, and dose profiles along vertical and 

longitudinal lines through the isocenter. Dose profiles were normalized at the isocenter. 

The lines show low-level dose broadening in the vertical direction, caused by irradiation 

during gantry rotation. Under tracking (b) and non-tracking (c) conditions, the phantom 

was moved longitudinally. The isodose lines of the moving target subject to DTT were 

very similar to the doses delivered to the static target. However, in the absence of DTT, 

the isodose lines were blurred by phantom motion. In the dose profile along the vertical 

direction (Fig. 5 (d)), noticeable differences between the conditions were not observed 

because the phantom was not moved in the vertical direction. Table 3 shows distances of 

95% and 20-80% dose points for each condition along the longitudinal direction. The 

static and tracking conditions showed comparable profiles (Fig. 5 (e)). 
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Figure 5. 

Isodose lines under (a) static, (b) tracking, and (c) non-tracking conditions, and the dose 

profiles along the (d) vertical and (e) longitudinal directions at the isocenter. The dose 

profile under the tracking condition (dashed line) showed good agreement with that 

under the static condition (solid line). Without tracking, the dose profile along the 

longitudinal direction was blurred by the target motion (dotted line). 
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Table 3. Distance 20-80% and 95% dose points. 

 
Distance between  

95% dose points [mm] 

Distance between  

20-80% dose points [mm]  

 Upper Lower 

Static 80.1 7.9 19.8 

Tracking 79.6 7.5 20.0 

Non-tracking 66.2 17.9 26.2 

 

IV. DISCUSSION 

The geometric accuracy of DTT conformal arc irradiation was evaluated. We have 

reported the mechanical accuracy (log analysis) of DTT stereotactic irradiation with the 

Vero4DRT6. In DTT for a fixed radiation field, the RMS of the mechanical error was 0.1 

mm in the tilt direction (A: 20 mm, T: 4 s). For the same target motion, the RMS of the 

mechanical error was 0.11 mm in the DTT conformal arc irradiation (case 1). This result 

suggested that DTT multiple fixed field irradiation and DTT conformal arc irradiation 

have comparable mechanical accuracy. Thus, it was established that the gimbaled x-ray 

head moved normally even during gantry rotation. 

The RMSs of beam-positioning error, which include the mechanical error of gimbal 

motion, were within 0.23 mm for all motion patterns. The difference in the RMS of the 

beam-positioning error between DTT conformal arc irradiation and conformal arc 

irradiation for the static target (without DTT) was within 0.05 mm. Thus, the 

beam-positioning accuracy of DTT conformal arc irradiation was not degraded by 

gantry motion, and it was comparable to conventional conformal arc irradiation. Its 

accuracy was also comparable to multiple static field irradiations. The isocenter 
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accuracy of the stereotactic beam in some gantry angles with the Vero4DRT was within 

0.50 mm16. This was measured using EPID images and evaluation method was the same 

as in the current study. Although these results would be affected by set-up error and a 

pure comparison was difficult, both irradiation methods have sufficient accuracy for 

clinical use. 

With gantry rotation, mechanical distortion of the gantry head is caused mainly by 

its weight, and affects the positioning accuracy of the isocenter. That is, this distortion 

could lead to a difference between the radiation and mechanical isocenters. In the 

common types of linear accelerator, it has been reported that the difference in RMS 

between detected and ground truth positions of a steel ball was 0.67 mm (calculated 

from 1.7 pixels: the pixel size was 0.392 mm in EPID) during gantry rotation9. On the 

other hand, the Vero4DRT has high isocenter accuracy, within 0.23 mm in DTT 

conformal arc irradiation. This high isocenter accuracy of the Vero4DRT is due mainly 

to two features. One is active compensation for the mechanical distortion of the O-ring, 

to achieve beam-positioning with a predicted accuracy of ±0.1 mm13. The other is the 

rigid structure of the O-ring gantry. The O-ring gantry has no cantilever structure. 

Additionally, the x-ray head is supported by a rigid Rahmen structure, and mechanical 

distortion is small. Thus, because of these features, the Vero4DRT is a suitable system 

for DTT conformal arc irradiation. 

From the dose distribution results, the adequacy and utility of DTT conformal arc 

irradiation was indicated. DTT conformal arc irradiation reduced motion-induced 

blurring, and showed the same dose distribution and profile as the static condition. 

Comparable dosimetric characteristics compared with DTT for fixed-field irradiation 

were also obtained7,14. In the current study, it was shown that DTT conformal arc 
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irradiation had comparable dosimetric accuracy to the Vero4DRT system with DTT 

stereotactic irradiation. However, in actual clinical cases, some patient-specific errors, 

which are the differences in positional correlation between the target and IR markers 

(4D model error) and between the target and implanted markers, are included, as with 

DTT stereotactic irradiation14,15,18. In DTT stereotactic irradiation, it has been reported 

that the standard deviations of 4D model errors were within 1.0 mm, 1.6 mm, and 1.3 

mm in the LR, AP, and SI directions, respectively15. It has also been reported that the 

means ± SDs of the interfractional variations between the tumor position and the 

implanted marker position were -0.2±0.8 mm, 0.1±1.1 mm, and -0.3±0.9 mm in the LR, 

AP and SI directions, respectively18. It is clear that these errors are larger than the 

mechanical error. Thus, it is necessary to take into account such errors in margins. In the 

clinical setting, it is considered that DTT conformal arc irradiation will be used for 

thoracic and abdominal organs with respiratory motion: the lungs, liver, and pancreas. 

DTT conformal arc therapy has some advantages, including reducing internal margins, 

shorter treatment time, and dose concentration. With these advantages, high-accuracy 

radiotherapy can be performed effectively. In particular, a shorter treatment time is 

clinically valuable. During IR Tracking using multiple static beams, the 4D model may 

be updated to improve predictive accuracy by accommodating baseline drift caused by 

breathing motions15. If DTT conformal arc therapy can be delivered over a shorter time, 

the 4D model need not be updated and the total treatment time is thus further reduced. 

For the clinical application of DTT conformal arc irradiation, further investigations of 

treatment planning simulation considering actual situations, will be required. 

Recently, DTT conformal arc irradiation techniques using dynamic multileaf 

collimator (DMLC) have been reported by some institutions. Poulsen et al. reported the 

23 



Geometric and dosimetric accuracy of dynamic tumor-tracking conformal arc irradiation 

tracking accuracy of DMLC tumor-tracking arc irradiation19. They used their original 

target trajectory estimation method to detect target motion20. The RMS deviation of 

beam-positioning accuracy was 1.5 mm. Additionally, the DMLC limitations, which 

were leaf motion speed or width (commonly 3 or 5 mm), might have caused position 

estimation errors. However, it is not necessary to consider the DMLC limitations with 

the Vero4DRT because the MLC is mounted on the gimbaled x-ray head and the head 

tracks the target. Although gimbal rotation is maximally 150 mm/s, this is clinically 

acceptable because this is faster than clinically observed breathing motion2. This feature 

enable DTT irradiation with high accuracy, and it has the potential for DTT irradiation 

in combination with more advanced radiotherapy techniques, such as VMAT8 or 3D 

unicursal irradiation21. 

 

V. CONCLUSIONS 

The geometric and dosimetric accuracy of DTT conformal arc irradiation with the 

gimbaled x-ray head was evaluated. The positional accuracy of the gimbals was not 

degraded by gantry motion. As in the case of a fixed port, the Vero4DRT system showed 

adequate accuracy of DTT conformal arc irradiation. 
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Abstract 

Purpose: The Vero4DRT has a maximum field size of 150.0 × 150.0 mm. The purpose 

of the present study was to develop expanded-field irradiation techniques using the 

unique gimbaled x-ray head of the Vero4DRT and to evaluate the dosimetric 

characteristics thereof. 

Methods: Two techniques were developed. One features gimbal swing irradiation and 

multiple static segments consisting of four separate fields exhibiting 2.39° gimbal 

rotation around two orthogonal axes. The central beam axis for each piecewise-field is 

shifted 40 mm from the isocenters of the Left-Right (LR) and Superior-Inferior (SI) 

directions, and, thus, the irradiation field size is expanded to 230.8 × 230.8 mm. 

Adjacent regions were created at the isocenter (a center-adjacent expanded-field) and 20 

mm from the isocenter (an off-adjacent expanded-field). The field gaps or overlaps of 

combined piecewise-fields were established by adjustment of gimbal rotation and 

movement of the multileaf collimator (MLC). Another technique features dynamic 

segment irradiation in which the beam is delivered while rotating the gimbal. The dose 

profile is controlled by a combination of gimbal swing motion and opening and closing 

of the MLC. This enabled us to expand the irradiation field on the LR axis because the 

direction of MLC motion is parallel to that axis. A field 220.6 × 150.0 mm in 

dimensions was configured and examined. To evaluate the dosimetric characteristics of 

the expanded-fields, films inserted into water-equivalent phantoms at depths of 50, 100, 

and 150 mm were irradiated and field sizes, penumbrae, flatness, and symmetry 

analyzed. 

In addition, the expanded-field irradiation techniques were applied to 

intensity-modulated radiation therapy (IMRT). A head-and-neck IMRT field, created 
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using a conventional linac (the Varian Clinac iX), was reproduced employing an 

expanded-field of the Vero4DRT. The simulated dose distribution for the expanded 

IMRT field was compared to the measured dose distribution. 

Results: The field sizes, penumbrae, flatness, and symmetry of the center- and 

off-adjacent expanded-fields were 230.2 to 232.1 mm, 6.8 to 10.7 mm, 2.3 to 5.1%, and 

-0.5 to -0.4%, respectively, at a depth of 100 mm. Similarly, the field sizes, penumbrae, 

flatness, and symmetry of dynamic segment irradiation on the LR axis were 219.2 mm, 

6.0 to 6.2 mm, 3.4%, and -0.1%, respectively, at a depth of 100 mm. In the area of 

expanded IMRT dose distribution, the passing rate of 5% dose difference was 85.8% 

between measurements and simulation, and the 3%/3 mm gamma passing rate was 

96.4%. 

Conclusions: Expanded-field irradiation techniques were developed using a gimbaled 

x-ray head. The techniques effectively extend target areas, as required when 

whole-breast irradiation or head-and-neck IMRT is contemplated. 

 

Keywords: Expanded field irradiation, Gimbaled x-ray head, Vero4DRT 

(MHI-TM2000), Gimbal swing irradiation, Adjacent treatment field 
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I. INTRODUCTION 

The Vero4DRT (MHI-TM2000; Mitsubishi Heavy Industries, Ltd., Japan, and 

BrainLAB, Feldkirchen, Germany) is an innovative radiation platform featuring a 

unique gimbaled x-ray head and a 4-D image-guided radiotherapy (IGRT) system. 

Figure 1 shows an overview of the Vero4DRT system. The gimbaled x-ray head features 

a compact 6-MV linear accelerator with a C-band klystron, system-specific fixed jaw 

and multileaf collimator (MLC) 1. The gimbaled x-ray head can rotate along two 

orthogonal axes (thus, in pan and tilt) up to ±2.5°. On the isocenter plane, the beam can 

be swung up to ±41.9 mm and the rotation accuracy of the gimbal x-ray head is within 

±0.1mm1. Under the O-ring gantry angle of 0°, the pan and tilt rotations correspond to 

beam swing in the Left-Right (LR) and Superior-Inferior (SI) directions, respectively. 

The gimbal mechanism enables tracing of tumor motion2-4. Electronic portal imaging 

devices (EPIDs), two sets of kV x-ray tubes and flat panel detectors (FPDs), are 

mounted on the O-ring for IGRT. The Vero4DRT has many functionalities, including 

image-matching, 5D positional correction using a robotic couch, and real-time 

fluoroscopic monitoring during treatment. Thus, the Vero4DRT is especially suited to 

highly accurate SBRT and IGRT deliveries5,6. Owing to above special features, the 

Vero4DRT has a maximum field size of 150.0 mm because of the structure of the O-ring 

and certain other mechanical limitations. 

To irradiate large targets, such as the head-and-neck region, a whole breast, or 

an entire brain, a large irradiation field is necessary. Many efforts have been made to 

expand the irradiation field 7. Lance and Morgan described an adjacent field technique 

in which the fields were angled away from a common line to avoid overlap in terms of 

geometric divergence8. Hopfan et al. showed that gaps were evident between fields 
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when multi-fields became separated9. Although such techniques have been used in 

many facilities, it is difficult to flexibly expand the irradiation field because the gantry 

must be rotated or the couch shifted. Especially, couch shifting may prolong treatment 

time or cause dosage errors caused by inappropriate setup. 

In our current study, we developed a new technique expanding the irradiation 

field size using the gimbaled x-ray head of the Vero4DRT. The movement of the head 

can be computer-controlled and is flexibly because the control thereof is independent of 

the mechanical motion of the O-ring gantry. Unlike what is required using conventional 

techniques of expanded-field irradiation, it is not necessary to shift the couch. Although 

the modern couch, such as 6D couch with IGRT system, has much better precision, it 

needs setup time and will cause a prolonged treatment time. Compared with the couch 

movement technique, the expanded-field irradiation technique with Vero4DRT dosen’t 

need setup time. The purpose of our present study was to develop expanded-field 

irradiation techniques and estimate the dosimetric characteristics thereof. We used 

expanded-field Intensity Modulated Radiation Therapy (IMRT) as a model system. 

6 



Expanded-field irradiation using a gimbaled x-ray head 

 

Figure 1 

Geometric features of the Vero4DRT system. LR=Left-Right; SI=Superior-Inferior.  

II. MATERIALS AND METHODS 

II.A. Basic principle of expanded-field irradiation using a gimbaled x-ray head 

Expanded-field irradiation is performed by combining tilting of the radiation field with 

gimbal swing. Two methods are available, of which one features gimbal swing 

irradiation employing multiple static tilted fields (multiple static segment irradiation) 

and the other dynamic segment irradiation in which the beam is delivered while rotating 

the gimbal. 

 

II.A.1. Gimbal swing irradiation with multiple static segments 

Figure 2 (a) shows the geometric field arrangement of the multiple tilted fields. Each 
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combined piecewise-field was angled away from a line perpendicular to the isocenter 

plane and the rotational angle of the gimbaled x-ray head angle was chosen to match the 

edge of each combined piecewise-field at that plane. The center of rotation of the 

Vero4DRT differs from its source. Thus, at a depth other than that of the isocenter plane, 

the edges of piecewise-field doses do not precisely coincide. Overlap is evident at 

depths that are shallow (with reference to the isocenter) and gaps when depths are deep. 

To create an expanded-field, each combined piecewise-field was defined by assigning 

internal Fin and external Fout values in cm. Fin and Fout were the normal field size, which 

was created using a fixed jaw and MLC which were mounted on the gimbaled x-ray 

head. In figure 2, outside and inside of each combined piecewise-field were created by a 

fixed jaw and MLC. The adjacent field angle (θ) was calculated as follows: 

θ = arc tan (Fin/RID)   (1) 

where RID means the rotation center of the gimbaled x-ray head-to-isocenter distance. 

The θ angle was defined using Fin and the distance from the rotation center vertically 

down to the combined piecewise-field plane which equals RID. Each field was angled at 

θ°, but in opposite directions. The maximum θ° rotational angle was ±2.5°. In the 

isocenter plane, the expanded-field size is represented by Fext as follows: 

Fext = RID×tan(θ+φ)+(SID-RID)×sinφ/cos(θ+φ)  (2) 

φ= arc tan (Fout/SID)   (3) 

where SID means the source-to-isocenter distance. Fext was calculated using the law of 

sines or other trigonometry. The φ angle is calculated from Fout and the distance from 

the source vertically down to the combined piecewise-field plane which equals SID. 

The φ angle depended on the width of Fout and had a range of 0.00° to 4.29°. For 

example, when an expanded-field is created using tilted beams swung by up to 40.0 mm 
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in either direction from the isocenter, Fin, Fout, and θ are 40.0 mm,75.0 mm, and 2.39°, 

respectively. Each combined piecewise-field size (Fpiece = Fin + Fout) is 115.0 mm in 

width. In such a case, the expanded-field size Fext is 115.4 mm and a difference of 0.4 

mm is evident between Fext and Fpiece. Thus, please note that the expanded-field will be 

larger than the combined size of separated fields on the isocenter plane. Under such 

conditions, the overlap width at 95-mm depth (W95) and the gap width at 105-mm depth 

(W105) are both 0.2 mm. 

 Clinically, it is desirable to avoid creating an adjacent region near the gross 

tumor volume or tumor bed. Thus, an off-adjacent expanded-field, in which the adjacent 

region is shifted from the center, is useful. Figure 2 (b) shows the geometric 

configuration associated with this technique. Each combined piecewise-field was angled 

at θ° [calculated using Eq. (1)]. The right inside field (F’in-R) and the left inside field 

(F’in-L) differ in size to avoid creation of an adjacent region at the center of the irradiated 

field. F’in-R and F’in-L were chosen to match each combined piecewise-field at the 

isocenter plane. In the case of the field yielding maximum irradiation, the adjacent point 

can be set at within ±35.0 mm from the isocenter because F’in-R and F’in-L are maximally 

75.0 mm. 

The schematic layout of the expanded-field created by combining four 

piecewise-fields. Each beam axis is moved 40 mm from the isocenter, with mutual 

changes in the pan and tilt rotations. In the center-adjacent expanded-field of Figure 3 

(a), all piecewise-fields have a field size of 115.0 × 115.0 mm. Thus, the nominal 

center-adjacent expanded-field size is 230.8 × 230.8 mm on the isocenter plane. Figure 

3 (b) shows an off-adjacent expanded-field. The adjacent region is shifted 20 mm from 

the center lines. Both expanded-fields were created to match adjacent regions at the 
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isocenter. Figure 3 (c) shows a piecewise-field corresponding to the meshed field of 

Figure 3 (a) and (b). The piecewise-field was configured using the MLC and a fixed 

collimator attached above the MLC, and has a field size of 150.0 × 150.0 mm. The 

configuration inside the expanded-field, formed by the adjacent faces of the 

piecewise-fields, is shaped by the MLC. Under such conditions, two dosimetric 

influences of the MLC should be considered; these are the rounded leaf end and the 

tongue-and-groove (T&G) effects in adjacent regions. T&G effects for the MLC of the 

Vero4DRT have previously been reported10. Transmission through rounded leaf ends is 

associated with a dosimetric leaf gap of 1.04 mm, measured as described by LoSasso et 

al.11 Thus, the positions of piecewise-field edges were adjusted after consideration of 

the required dosimetric irradiation field. 

10 
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Figure 2 

A simplified geometric arrangement of expanded-field irradiation, including (a) 

center-adjacent and (b) off-adjacent techniques. The source-to-isocenter distance (SID) 

and the head rotation center-to-isocenter distance (RID) are 1,000 and 960 mm, 

respectively. W95 and W105 indicate overlap and gap width, respectively. 
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Figure 3 

A schematic layout of gimbal swing-mediated irradiation featuring multiple static 

segments. (a) The field configuration of the expanded-field. The intersection points of 

dashed lines show the isocenter lines of the expanded-fields. (b) Field configuration of 

an off-adjacent expanded-field. The adjacent field lines are shifted 20 mm from the 

isocenter lines. (c) A piecewise-field created using the MLC and the fixed collimator. 

 

II.A. 2. Gimbal swing irradiation with dynamic segments 

Figure 4 shows our method of expanded-field formation via dynamic control of the 

gimbaled x-ray head and the MLC. The maximum opening field size of MLC is 

150×150mm2. First, the gimbaled x-ray head is angled at -θ° in terms of pan rotation. 

Next, the MLC is moved from left-to-right at a constant velocity (VMLC). The MLC 
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moves until the irradiation field opens fully. Then, the gimbaled x-ray head begins to 

rotate by 2θ° in the pan mode. During this process, the MLC opens fully. To create a 

field of uniform intensity, the rotation velocity of the gimbaled x-ray head at the 

isocenter plane (VGim) is set to be identical to VMLC. Finally, after the gimbaled x-ray 

head has rotated through 2θ°, the MLC moves from left-to-right as the field closes. 

During MLC movement, the gimbaled x-ray head is fixed at an angle of θ°. The dose 

rate does not change throughout irradiation. 

This technique enabled us to expand the irradiation field in the LR direction 

because the direction of movement of the MLC is in that direction. Dynamic segment 

irradiation cannot be applied in the SI direction because the MLC cannot move in that 

direction. As an initial experiment, we configured an expanded-field of 220.6 × 150.0 

mm2 with an output dose equivalent to 300 MU of open field. VMLC and VGim were set at 

4.2 mm/s and the dose rate to 500 MU/min. In three sessions, featuring the MLC, 

gimbal and again the MLC movements shown in Figure 4, the monitor units were 300, 

140, and 300 MU (a total of 740 MU). 
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Figure 4 

A schematic layout of gimbal swing irradiation featuring dynamic segments. The 

gimbaled x-ray head rotates in the LR direction. The maximum opening field size 

defined by MLC is 150×150mm2. The θ angle depends on the size of the expanded-field. 

The MLC and the gimbaled x-ray head move in the LR direction, thus the irradiation 

field expands to LR direction. 

 

II.B. Experimental measurement with film 

The dosimetric characteristics of expanded-fields were evaluated using EDR2 films 

(254.0×304.8 mm2; Kodak, Rochester, NY) and water-equivalent slab phantoms (TM 

phantoms; Taisei Medical Co., Ltd., Osaka, Japan). The films were inserted into the 

water-equivalent phantoms and the gantry angle was set at 0°. Each phantom had a 
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source-to-surface distance (SSD) of 900 mm. Irradiated films were scanned using a 

flatbed scanner (ES-10000G; Epson Corp., Nagano, Japan) with a resolution of 150 dpi 

in 16-bit grayscale, and analyzed using dosimetric software (the DD system, version 

9.4; R-Tech Inc., Tokyo, Japan). 

 

II.B.1 Optimal configuration of the piecewise-field edge 

Upon multiple static segment irradiation, the gap or overlap between piecewise-fields 

were configured by considering the entire dosimetric field. To determine optimal field 

gaps or overlaps, the radiation levels of certain fields varying in gap or overlap were 

captured on film and the dose profiles analyzed in both the LR and SI directions. Gaps 

or overlaps were adjusted by varying gimbal rotation and/or MLC settings. EDR2 film 

was inserted into a water-equivalent phantom at 100-mm depth when the 

source-to-isocenter distance (SID) was 1,000 mm. For each field, the beam was 

delivered perpendicular to the film plane at an expanded-field size of 230.8 × 230.8 

mm; 200 MU was delivered to each field. Dose flatness around adjacent field edges was 

evaluated and the flattest dose was considered to be the optimal field gap/overlap. Such 

doses were measured for both the center-adjacent and 20-mm off-center-adjacent 

expanded-fields. 

 

II.B.2 The dosimetric characteristics of the expanded-fields 

Dose distributions of gimbal swing irradiation fields were measured at 50-, 100-, and 

150-mm depths at an SID of 1,000 mm. The doses measured on EDR2 film were 

normalized to 40 mm from the isocenter, thus avoiding the adjacent regions of 

piecewise-fields. Both the LR and SI dose profiles for each expanded-field were 
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analyzed, and all of field sizes, penumbra, flatness, and symmetry were evaluated. Upon 

multiple static segment irradiation, the dose differences between normalized points and 

the adjacent points of each field were analyzed. As a reference, we measured the 

dosimetric characteristics of the normal Vero4DRT radiation field. In addition, to allow 

comparison with the dosimetric characteristics of the common linac, films were 

irradiated using the 6 MV x-ray beam of the Varian Clinac iX at the same field size and 

depth, and a similar analysis conducted. 

 

II.C. Application to IMRT  

The new expanded-field irradiation technique of multiple static segments was applied to 

IMRT. A head-and-neck IMRT field of size larger than 150.0 × 150.0 mm was 

reproduced using gimbal swing. The original IMRT plan was created for Varian Clinac 

iX (energy: 6 MV, 70 Gy/35 fractions, and seven fields). One of the seven fields (212 

MU, field size: 213.0 × 213.0 mm) was selected and reproduced as an expanded-field of 

the Vero4DRT by creating four separate piecewise-fields (featuring gimbal swing 

irradiation with multiple static segments). Each field overlapped by a few centimeters 

because it was difficult to create a continuous fluence map in adjacent field regions. The 

field size was 140.0 × 140.0 mm. The fluence map of the original field was separated 

into four regions corresponding to the piecewise-fields, and converted to the MLC 

motion for each field. Next, the dose distribution of the expanded IMRT field was 

calculated and compared to that of the original plan. The Eclipse Treatment Planning 

System (Varian, Medical Systems, Palo Alto, CA) was used to calculate the MLC 

motion and simulate the dose distribution. Next, the expanded-IMRT field was 

delivered to a film at a depth of 100 mm in the water-equivalent phantom, and the 
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simulated dose distribution for the expanded field compared to the measured 

distribution. Differences between measurements and simulated doses were evaluated 

using the 5% dose difference and the 3%/3 mm gamma method. These evaluations were 

performed at a point-by-point, that is local dose analysis. The film was analyzed using 

the DD system software. The passing rates in regions inside the 20% isodose level were 

calculated. 

 

III. RESULTS 

III.A. Optimal configuration of the adjacent field gap/overlap upon gimbal swing 

irradiation with multiple static segments 

Adjacent doses to irradiated films were evaluated as differences between adjacent point 

doses (thus either the maximum or minimum dose around the adjacent field edge) and 

the normalized point doses. Table 1 shows the dose differences of the center-adjacent 

expanded-field and the 20 mm off-adjacent expanded-field in both the LR and SI 

directions. The results show that the optimal configuration of the center-adjacent 

expanded-field features a 1.0 mm gap in the LR direction and 0 mm (without any gap or 

overlap) in the SI direction. Similarly, the optimal configuration of the 20 mm 

off-adjacent expanded-field features an 0.8 mm gap in the LR direction and a 0.4 mm 

overlap in the SI direction.
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Table 1. Adjacent-region doses of the center-adjacent expanded-field and the 20 mm off-adjacent expanded-field featuring various field 

gaps/overlaps. Gaps and overlaps are shown as negative and positive values, respectively. 

Center-adjacent field 20 mm off-adjacent field 

Field gap/overlap in LR 
direction (mm) 

Dose difference in adjacent region 
(%) 

Field gap/overlap in LR 
direction (mm) 

Dose difference in adjacent region 
(%) 

-0.8 5.6 -0.4 12.0 
-1.0 -0.2 -0.6 4.6 
-1.2 -1.4 -0.8 4.3 

- - -1.0 6.3 

Field gap/overlap in SI  
direction (mm) 

Dose difference in adjacent region 
(%) 

Field gap/overlap in SI  
direction (mm) 

Dose difference in adjacent region 
(%) 

0.2 3.4 0.6 5.2 
0 1.0 0.4 -0.9 
- - 0.2 -4.0 
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III.B. Dosimetric characteristics of expanded-fields 

III.B.1 Gimbal swing irradiation with multiple static segments 

Figure 5 (a) and (b) show dose profiles of the center-adjacent expanded-field at depths 

of 50, 100, and 150 mm. The profiles were analyzed 40 mm from IC in both the LR and 

SI directions to evaluate dose flatness in the junction regions of the piecewise-fields. 

Each profile was normalized to the average values of points 40 mm from IC. 

 Figure 6 (d) and (e) show dose profiles of the 20mm-off-adjacent 

expanded-field at depths of 50, 100, and 150 mm. The optimal adjacent field overlap in 

the SI direction was 0.4 mm and was achieved by rotating the gimbal. Accordingly, the 

off-adjacent expanded-field size was 230.0 ×229.6 mm. The profiles were analyzed 40 

mm from IC in both the LR and the SI directions. Note that the beam profiles were flat 

at the center. 

 Tables 2 and 3 summarize the characteristics of the center-adjacent and 

off-adjacent expanded-fields. The difference between nominal and measured field sizes 

at a depth of 100 mm were within ±1.3 and ±0.7 mm for both the center-adjacent and 

the 20-mm off-adjacent expanded-fields. The penumbral widths in the LR direction 

could not be analyzed at a depth of 150 mm because the 20% dose-profile regions 

spread outside the borders of the LR film (254.0 mm in width). Table 4 summarizes the 

characteristics of the normal radiation field of the Vero4DRT, and Table 5 those of the 

Clinic iX beam. 
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Figure 5 

Dose profiles of the center-adjacent expanded-field along the (a) LR and (b) SI 

directions were derived along the lines which were drawn at positions shifted 40 mm 

from the isocenter in the film figures. Solid, dashed and dotted lines show profiles at 

depth of 50 mm, 100 mm and 150 mm, respectively. 
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Figure 6 

Dose profiles of the 20-mm-off-adjacent expanded- field along the (a) LR and (b) SI 

directions were derived along the lines which were drawn at positions shifted 40 mm 

from the isocenter in the film figures. Solid, dashed and dotted lines show profiles at 

depth of 50 mm, 100 mm and 150 mm, respectively. 
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Table 2. Dosimetric characteristics of the center-adjacent expanded-field: LR=Left-Right; SI=Superior-Inferior. 

 

Table 3. Dosimetric characteristics of the off-adjacent expanded-field: LR=Left-Right; SI=Superior-Inferior. 

Depth (mm) 
Profile 
position 
(mm) 

Nominal field 
size (mm) 

Measured field 
size (mm) Penumbra width (mm) Flatness (%) Symmetry 

(%) 
Dose difference at 

adjacent region (%) 
LR SI LR SI L R S I LR SI LR SI LR SI 

50 
+40 218.7 218.3 218.3 219.1 4.2 4.6 4.3 4.2 3.6 3.4 -0.4 -0.3 5.1 6.9 
-40 218.7 218.3 218.2 219.0 4.1 4.6 4.1 4.1 3.5 3.1 -0.3 -0.2 5.1 5.6 

100 
+40 230.8 230.3 230.2 231.0 8.1 8.1 8.4 7.5 5.1 3.8 -0.3 -0.3 5.0 3.0 
-40 230.8 230.3 230.2 231.0 6.8 7.7 8.2 7.4 4.5 3.9 -0.2 -0.3 4.0 3.2 

150 
+40 242.8 242.3 242.7 243.0 - - 14.0 10.8 5.0 4.5 -0.4 -0.1 2.9 3.0 
-40 242.8 242.3 242.4 242.9 - - 13.7 12.0 4.6 4.8 -0.2 0.0 2.6 2.7 

 

 

 

 

Depth (mm) 
Profile 

position 
(mm) 

Nominal field 
size (mm) 

Measured field 
size (mm) Penumbra width (mm) Flatness (%) Symmetry 

(%) 
Dose difference at 

adjacent region (%) 
LR SI LR SI L R S I LR SI LR SI LR SI 

50 +40 218.7 218.7 219.0 218.9 5.0 5.4 5.2 5.2 2.6 1.8 -0.3 -0.4 3.0 4.4 
-40 218.7 218.7 218.8 220.0 5.0 5.5 5.3 5.1 2.9 1.5 -0.4 -0.3 2.6 4.4 

100 +40 230.8 230.8 230.8 232.0 9.6 10.2 10.2 9.6 3.9 2.3 -0.5 -0.1 0.4 0.8 
-40 230.8 230.8 230.8 232.1 9.0 9.0 10.7 10.6 4.3 2.5 -0.5 -0.3 -0.9 1.1 

150 
+40 242.8 242.8 242.8 243.9 - - 11.1 11.6 4.8 3.9 -0.4 -0.4 -1.5 -2.4 
-40 242.8 242.8 242.7 244.2 - - 10.9 11.3 5.0 3.7 -0.6 -0.2 -2.9 -2.1 
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Table 4. Dosimetric characteristics of the normal radiation field of Vero4DRT: LR=Left-Right; SI=Superior-Inferior. 

Depth 
(mm) 

Profile 
position 

Nominal field size 
(mm) 

Measured field size 
(mm) Penumbra width (mm) Flatness (%) Symmetry (%) 

LR SI LR SI L R S I LR SI LR SI 
50 Isocenter 142.5 142.5 142.0 143.0 4.2 4.6 4.4 4.2 1.0 0.9 -2.0 -0.3 
100 Isocenter 150.0 150.0 149.6 150.7 6.6 6.9 7.3 6.5 2.0 2.2 -1.7 -1.3 
150 Isocenter 157.5 157.5 157.2 158.3 9.5 9.8 11.9 9.3 2.7 3.1 -1.6 -1.0 

 

Table 5. Dosimetric characteristics of the common Linac: LR=Left-Right; SI=Superior-Inferior. 

Depth 
(mm) 

Profile 
position 

Nominal field size 
(mm) 

Measured field size 
(mm) Penumbra width (mm) Flatness (%) Symmetry (%) 

LR SI LR SI L R S I LR SI LR SI 
50 Isocenter 218.5 218.5 218.8 218.5 5.7 5.8 7.1 6.5 1.5 1.9 -0.1 -0.2 

100 Isocenter 230.0 230.0 230.4 230.4 8.3 7.3 16.9 16.6 3.5 3.2 -1.0 0.9 
150 Isocenter 241.5 241.5 242.1 241.9 - - 22.8 23.5 5.1 4.4 -4.0 0.5 

 

23 



Expanded-field irradiation using a gimbaled x-ray head 

III.B.2 Gimbal swing irradiation with dynamic segments 

Figure 7 (d) and (e) show dose profiles of dynamic segment irradiation in the LR and SI 

directions. The field size was expanded in the LR direction by moving both the 

gimbaled x-ray head and the MLC. Note that smooth dose profiles were acquired in the 

LR direction at each depth although some variation was evident ±35 mm off-axis, which 

are the switching points of both MLC and gimbal motion. Table 6 summarizes the 

characteristics of fields delivered using dynamic segment irradiation. 
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Figure 7 

Dose profiles of the dynamic segment irradiation along the (a) LR and (b) SI directions 

were derived along the lines which were drawn at the isocenter in the film figures. Solid, 

dashed and dotted lines show profiles at depth of 50 mm, 100 mm and 150 mm, 

respectively. 
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Table 6. Dosimetric characteristics of dynamic segment irradiation: LR=Left-Right; SI=Superior-Inferior. 

Depth 
(mm) 

Profile 
position 

Nominal field size 
(mm) 

Measured field size 
(mm) Penumbra width (mm) Flatness (%) Symmetry (%) 

LR SI LR SI L R S I LR SI LR SI 
50 Isocenter 209.1 142.5 207.7 142.4 4.1 4.3 4.0 3.9 2.4 1.2 -0.2 -0.2 
100 Isocenter 220.6 150.0 219.2 150.2 6.0 6.2 7.6 7.3 3.4 2.4 -0.1 -0.2 
150 Isocenter 232.1 157.5 230.5 158.1 9.4 10.0 15.7 14.7 5.5 4.2 -0.3 -0.6 
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III.C. Dose distribution of the expanded IMRT field 

Figure 8 (a)-(d) show the beam configurations and planned dose distributions for the 

Clinac iX (a, c) and the Vero4DRT (b, d). The Clinac iX field features two split fields 

because the MLC could not deliver all segments in a single field. The Vero4DRT fields 

were created by four separate piecewise-fields of multiple static segments. Each field 

was shifted 3.5 to 3.8 mm from the center. The total MU values were 333 MU for the 

Vero4DRT and 178 MU for the Clinac iX fields. Both dose distributions are visually 

comparable. Figures 8 (e) and (f) show the 5% dose differences and the 3%/3 mm 

gamma values obtained when measured and simulated data were compared. The passing 

rate of 5% dose difference was 85.8% and the 3%/3 mm gamma passing rate 96.4%. 

Although dose differences were observed in both the adjacent region and the peripheral 

part of the field, the gamma passing rates were in good agreement. 
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Figure 8 

Beam configuration and dose distribution planned for the Clinac iX (a),(c) and the 

Vero4DRT (b),(d). The expaned-field of multiple static segments was created by four 

separate piecewise-fields and overlapped to create a continuous fluence map. The solid 

line field shows one of the four fields. Each field was shifted 3.5 to 3.8 mm from the 

center. Dose differences [5%, (e)] and gamma values [3%/3 mm, (f)] were derived by 

comparing simulated and measured data. 
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IV. DISCUSSION 

Rounded MLC leaf ends and T&G structures influence dosimetric characteristics in 

both the LR and SI direction of an expanded-field upon multiple static segment 

irradiation. Such characteristics include radiation field size and penumbral width. At a 

field size of 230.0 × 230.0 mm, the penumbral width of the expanded-field was 7.7 to 

10.7 mm, thus small compared to that of the common linac (7.3 to 16.9 mm). This is 

attributable to the high leaf height of the Vero4DRT10. The flatness of the 

expanded-field was greater in the LR than the SI direction. In the adjacent region, 

irregularity of the dose profile attributable to the rounded leaf ends was greater than in 

the LR than the SI direction, because of a T&G effect. Upon gimbal swing irradiation 

using multiple static segments, the gap or overlap of each combined piecewide-field 

was chosen to minimize the uniformity of the adjacent region at 100 mm depth. The 

optimal adjacent field gaps/overlaps of each combined piecewide-field should be chosen 

in-house because the beam characteristics are unique to each machine. 

Tables 2, 3, and 5 show that both flatness and symmetry were comparable 

between the Vero4DRT expanded-field and the common linac large field. The 

differences between nominal and measured sizes were comparable in the LR direction. 

Although the expanded-field exhibited greater differences than the common large field 

in terms of field size in the SI direction, the tolerance criteria of the AAPM Task Group 

142 report were nonetheless satisfied12. Similarly, all dose characteristics of dynamic 

segment irradiation were comparable to those of the common linac large field (Table 5 

and 6). Although gimbal swing irradiation spreads the penumbra because the beam is 

tilted, the penumbral widths of the Vero4DRT expanded-field were the same in the LR 

direction, and smaller in the SI direction, compared to those of the common linac large 
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field. Thus, the expanded-field produced by the gimbaled x-ray head is clinically 

valuable. 

The adjacent treatment-field technique has been used for many purposes. 

Hernandez reported adjacent gap doses using a single-isocenter half-beam technique13. 

Radiochromic films were inserted into a water-equivalent phantom at a depth of 50 mm 

and irradiated using three medical linear accelerators. The adjacent gap doses were -5.1 

to 2.2%. Saw reported adjacent gap doses using a technique featuring asymmetric 

collimators 14. The adjacent field was created by two split fields achieved by rotating the 

collimator through 180°. Underdoses or overdoses were as high as 15.0%. In our current 

study, the gimbaled x-ray head delivered an adjacent gap dose of -0.9 to 5.0%, similar to 

that of the techniques described above. In addition, the gap and overlap width was 0.2 

mm at ±50 mm depth form the isocenter when the gimbaled x-ray head was rotated 

2.39°. Thus, the gap and overlap region will not have any significant impact to its 

clinical use because the dose difference only arises to small region. By the way, the 

off-adjacent expanded-field technique allows the adjacent region to be shifted in the 

range ±35.0 mm from the isocenter. Thus, it is possible to avoid creating an adjacent 

region in a clinically important area, such as the gross tumor volume, the tumor bed, or 

an organ at risk. 

Dynamic segment irradiation yields a better dose profile in the LR direction 

than does multiple static segment irradiation because continuous irradiation renders the 

dose distribution smooth. The rounded leaf end effects do not affect dose distribution 

using this technique. In addition, in dynamic segment irradiation, the shape of the dose 

profile is controlled using MLC and gimbal motion. For example, in Figure 7 (d), please 

note that the dose profile shoulder is reduced. If the MLC moves slowly and the dose is 
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increased at the edges of profiles, the dose profile shoulder will be sharp. Thus, the 

penumbra is reduced. In addition, dynamic segment irradiation can deliver high MU 

levels, and treatment time is thus less than that of large-field IMRT. In Figure 8, the 

expanded-IMRT field is 333 MU greater than the 178 MU of the Clinac iX plan created 

using two split jaw fields. Although the dynamic segment irradiation technique has not 

yet been applied to IMRT delivery, it is possible to apply to IMRT delivery. Thus, two 

adjacent piecewise-fields in the LR direction can be simultaneously delivered via 

dynamic segment irradiation. In order to reconstruct IMRT delivery, an optimization 

algorithm, which calculate MLC and the gimbal x-ray head motion for the arbitrary 

fluence map, is necessary. Dynamic segment irradiation can extend the field size only 

along the LR direction (that in which the MLC moves). To extend the field size in the SI 

direction, multiple static segment irradiation is required. In such a case, the four 

separate piecewise-fields of multiple static segment irradiation are replaced by two 

dynamic gimbal swing fields. This technique can be used to reduce MU values and 

shorten treatment time. However, the dynamic segment irradiation is more complicated 

than the multiple static segment because the dynamic segment irradiation uses 

simultaneous MLC and gimbal motion. It is desirable that user can select a suitable 

method for every case. 

In general, an intensity-modulated beam is created using an MLC. The 

resolution of the fluence map is limited by the MLC width. To acquire high-resolution 

fluence maps perpendicular to the plane of MLC movement, Galvin et al. developed a 

field edge-smoothing technique featuring couch shifting15. Although this technique 

could be applied in the common linac, patient setup error is possible. On the other hand, 

the gimbal swing irradiation technique can be used to create a high-resolution 
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intensity-modulated fluence map. Although the Vero4DRT has an MLC of width 5 mm, 

the gimbaled x-ray head can rotate in the SI direction, which is perpendicular to the 

plane of MLC movement, and can be controlled in steps of 0.1 mm. Ultimately, by 

shifting the MLC position in small steps, accompanied by gimbal swing, intensity 

modulation with a fluence map of 0.1 mm resolution can be achieved. 

 

V. CONCLUSIONS 

Expanded-field irradiation techniques were developed using a gimbaled x-ray head and 

are suitable for IMRT treatment of extended targets, such as a whole breast or the head 

and neck. 
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