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Abstract

We describe the displacement of the beam-axis from the planning isocenter in clinical situations during three-dimensional conformal

radiosurgery using an Acculeaf bi-directional micro-multileaf collimator. The displacements were recorded for 64 ports using a video

imaging system and a stereotactic arc. The mean displacement was 0.41 ^ 0.25 mm.

q 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Recently, micro-multileaf collimators (MMLC) have

been used for radiosurgery or precise three-dimensional

(3D) conformal radiotherapy [2,4,5,8,9]. Nevertheless, the

majority of medical linear accelerators (linacs) currently in

operation are not designed to be used with heavy auxiliary

MMLC hardware. Moreover, as a result of the patient’s head

and the couch interfering with placement of the film,

verification of each actual treatment port is very difficult or

practically impossible to carry out during 3D-conformal

radiotherapy or radiosurgery. Most of the previously

reported measurements were not carried out during treat-

ment, but instead, were taken in phantom studies [3,6,7].

We report a method to evaluate the degree of error during

MMLC-based radiosurgery and indicate the displacement of

the beam-axis from the planning isocenter during this

procedure in clinical situations.

2. Materials and methods

A 6-MV linac (ML15MV: Mitsubishi Electric Corp.

Tokyo, Japan) was used to produce the X-ray beam. This

machine has been used for the last 8 years for radiosurgery

in addition to daily conventional irradiation. During radio-

surgery or stereotactic radiotherapy with this linac, a

computer-controlled MMLC module (AccuLeaf: Alayna

Enterprises Corporation, Paris, France) was mounted on the

linac gantry-head. Forty-eight pairs of MMLC leaves,

driven by individual motors, are composed of two levels

with the direction of the two levels of leaves being

perpendicular to each other. The effective leaf thickness

of the inner 14 pairs is 2.6 mm, while the thickness of the

outer pairs is 5.3 mm at the isocenter [1]. The outer

dimensions of the MMLC are 540 mm in diameter and

135 mm in height with a weight of 28 kg (Fig. 1).

For the purpose of target positioning, we have been using

a small charge-coupled device (CCD) video camera

mounted in the gantry head where the source of the light

field is placed (beam’s eye monitor). Details were described

elsewhere [6]. During each treatment or QA procedure, a

stereotactic arc is mounted on the base frame in such a way

that the center of the arc can be matched with the intended

target point (i.e. the planning isocenter). A target pointer,

consisting of a convex lens and a bull’s eye, can slide along

the arc with its axis perpendicular to the arc. If we observe

the bull’s eye through the lens from the video camera, the

lens forms a virtual image of the bull’s eye (‘virtual target’)

at the position of the arc center (planning isocenter), even
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though the actual position of the bull’s eye is far away from

the center. Since the virtual target is ‘located’ at the center

of the arc, the position is stable as long as we observe the

image of the bull’s eye through the lens.

Although this mechanism was developed originally for

target positioning during circular collimator-based radio-

surgery, we integrated it using in-house software for

quantitative analysis of beam displacement. The calibration

for determining the center of the beam’s eye image was also

carried out for the measurement each time prior to treatment

of a patient. To indicate actual distances at the isocenter,

concentric circles were prepared on the bull’s eye of the

target indicator so that each circle represented displacement

in millimeters. That is, the virtual image of the concentric

circles was located at the isocenter, with the diameter of the

innermost circle being 1 mm.The distances in the beam’s eye

image and actual shifts from the isocenter were compared

and verified by application of conversion software.

A tungsten ball of 4 mm diameter was used to confirm

the agreement between the beam’s eye monitor and the

irradiation field. The ball was first placed near the isocenter

of the linac using wall-mounted laser beams. It was not

necessary to position the ball precisely at the true ‘isocenter’

of the machine. Instead it was positioned at a temporarily

defined ‘isocenter’ that was eventually corrected by the

iterative procedure described below. The ball was used only

for calibration purposes for the monitor system and not used

directly for target positioning.

The tungsten ball fixed at the temporary isocenter was

observed through the beam’s eye monitor at gantry angles of

both 0 and 1808. The position of the ball in both beam’s eye

images was measured on the computer screen. If both

positions were the same, the ball was considered to be at the

isocenter, or at least at an isocentric point in the plane of

gantry rotation. Alternatively, if the position of the center of

the ball was different in both images, then the midpoint was

defined as the second temporary isocenter. The third or

fourth temporary isocenter was decided by the same

procedure, until the position of the ball was stabilized.

The position of the ball at the isocenter was finally

confirmed with continuous observation of the beam’s eye

monitor during 3608 rotation of the gantry.

With the above procedure, only the position of the ball in

the plane of gantry rotation was aligned with the isocenter.

Therefore, similar adjustments were carried out using the

collimator rotation mechanism of the linac gantry-head.

This calibration procedure was completed with real-time

monitoring of the beam’s eye image displayed on the

computer screen, thereby eliminating the need to leave the

treatment room to avoid X-ray exposure. This adjustment of

the isocenter could be carried out within 5 min. Finally,

after defining the ‘isocenter’, alignment of both the axis of

the X-ray beam and the beam’s eye monitor was confirmed

using X-ray film exposure of the tungsten ball. The ‘center’

of the beam’s eye image was also confirmed from the

position of the center of the tungsten ball in the image, with

the ‘center’ being used for subsequent measurements of

beam-axis displacement.

2.1. Measurement of beam-axis displacement

During the treatment, before each fixed-beam irradiation,

the position of the virtual target was observed and recorded.

Five consecutive radiosurgery cases involving a total of 64

irradiation fields were analyzed for this study. The patients’

heads were fixed in a Leksell stereotactic frame with screws.

After the couch and gantry settings had been established for

each field of irradiation, the stereotactic arc was rotated, and

Fig. 1. The micro-multileaf collimator (MMLC) module and the stereotactic arc device (right). Mounted on the arc is a target pointer, consisting of a convex

lens and a bull’s eye (left).
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the target indicator was moved along the arc so that the

virtual image of the bull’s eye could be seen through the

lens. The image of the beam’s eye monitor was then

recorded. For reference, images were also recorded at a

couch angle of zero, with a gantry angle of 0, ^908, and at

couch angles of245,þ45, andþ908 with a gantry angle of

0. The distances from the ‘center’ of the beam’s eye image

to the position of the bull’s eye were then measured.

According to our protocol, when the error was greater

than 0.7 mm, the position of the patient was corrected

with a horizontal movement of the couch. Nevertheless,

the data of the displacement that we used for further

analysis were those obtained before this correction.

The stereotactic arc with the target indicator was kept on

the frame during the treatment but not left in the radiation

field with the arc being rotated and usually kept in the most

downward position during irradiation. Less than 1 min was

required to measure the displacement for each beam.

3. Results

The displacements of the beam-axis from the center of

the arc are shown in Fig. 2. The mean displacement

(^SD) was 0.41 ^ 0.25 (range 0–0.99) mm for all

measurements. For 25 measurements, when the couch

angle was zero, the mean displacement was 0.16 ^ 0.12

(0–0.44) mm (Fig. 2a), whereas for 39 measurements

with non-zero couch angles, the displacement was

0.56 ^ 0.24 (0.14–0.99) mm. Among non-zero couch

angles, for absolute couch angles greater than 408 (33

measurements) and #408 (six measurements), the

displacements were 0.61 ^ 0.24 (0.14–0.85) mm and

0.32 ^ 0.09 (0.22–0.50) mm, respectively.

To clarify the contribution of gantry rotation to the

displacements, 25 measurements with the couch angle

position at 08 were used. The contributions of the

displacement attributable to gantry rotation were then

examined (Fig. 2b). In this subset of measurements, the

displacements were 0.09 ^ 0.04 (0–0.14) mm when the

gantry head was in upper positions (i.e. from250 to 508: 13

measurements), and 0.26 ^ 0.11 (0.12–0.44) mm when the

gantry head was at lateral positions (at an angle greater than

508 from the top on either side: 12 measurements). The

maximum displacement for couch angle 0 was 0.44 mm and

found at gantry angle of 1148 (clockwise rotation). For six

measurements with both couch and gantry angles equal to

zero, the displacement was 0.07 ^ 0.06 (0–0.14) mm. The

displacements were greater than 0.7 mm in 12 of the 64.

4. Discussion

Although our positioning mechanism was developed

primarily for target positioning in radiosurgery [6], we

employed it to verify the isocentric accuracy of each beam

during fixed-beam radiosurgery with an MMLC. The major

advantages of using this mechanism for verification are as

follows.

1. The verification of geometric accuracy can be obtained

even when the patient’s head is placed at the isocenter.

2. The verification is available while the gantry and couch

are in a rotated position.

3. Correction of the patient’s position can be carried out

immediately by referring to the real-time images,

without the need for X-ray exposures.

In reality, there are many factors that affect beam-axis

deviation from the intended target. Even after positioning of

the patient’s head is completed, some degree of misalign-

ment of the planning isocenter and the beam-axis may

occur, as a result of unintended stress to the patient’s head or

mechanical error of the machine.

Our measurements indicated more than 0.7 mm shift of

the planning isocenter from the mechanical isocenter in 12

out of 64 ports, and we corrected the displacement for each

fixed-port irradiation. These shifts were larger than values

Fig. 2. (a) Couch angle (absolute value) and the displacements of the beam-

axis from the planning isocenter. CW, clockwise rotation of the couch;

CCW, counter-clockwise rotation; Zero, couch angle of zero. (b) Gantry

angle (absolute value) and the displacements of the beam-axis from the

planning isocenter for 25 measurements performed at the couch angle of

zero. CW, clockwise rotation of the gantry; CCW, counter-clockwise

rotation; Zero, gantry angle of zero.
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we obtained in our previous study [6] and also those

reported in other phantom studies [3,7]. This discrepancy

could be due to the fact that our current measurements were

carried out during treatment while using an additional

MMLC collimator. The displacements were large when the

angle of rotation of the couch was non-zero. This is possibly

as a consequence of wobbling and excursion of the couch

rotation-axis from the ‘true’ isocenter, and this deviation is

often difficult to correct once the machine has been

installed. When arc irradiations are employed for radio-

surgery or when port-by-port correction is not available, the

horizontal position of the couch should be moved and

corrected at each rotational angle to avoid the inaccuracy

caused by rotation of the couch. From our data and other

investigations, displacement of the beam-axis from the

‘isocenter’ depends on the gantry rotational angle [3,7]. This

displacement can be explained by gravitational bending of

the gantry head due to its weight, and in order to minimize

this effect the range of gantry rotation should be limited. We

recommend aligning the beam-axis to the mechanical

isocenter for each port, or at least at each couch rotation,

when a high degree of accuracy is required for each beam

delivery.
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