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Purpose: Gantry sag is one of the well-known sources of mechanical imperfections that compro-

mise the spatial accuracy of radiation dose delivery. The objectives of this study were to quantify

the gantry sag on multiple linear accelerators (linacs), to investigate a multileaf collimator (MLC)-

based strategy to compensate for gantry sag, and to verify the gantry sag and its compensation with

film measurements.

Methods: The authors used the Winston–Lutz method to measure gantry sag on three Varian

linacs. A ball bearing phantom was imaged with megavolt radiation fields at 10� gantry angle inter-

vals. The images recorded with an electronic portal imaging device were analyzed to derive the

radiation isocenter and the gantry sag, that is, the superior–inferior wobble of the radiation field

center, as a function of the gantry angle. The authors then attempted to compensate for the gantry

sag by applying a gantry angle-specific correction to the MLC leaf positions. The gantry sag and its

compensation were independently verified using film measurements.

Results: Gantry sag was reproducible over a six-month measurement period. The maximum gantry

sag was found to vary from 0.7 to 1.0 mm, depending on the linac and the collimator angle. The

radiation field center moved inferiorly (i.e., away from the gantry) when the gantry was rotated

from 0� to 180�. After the MLC leaf position compensation was applied at 90� collimator angle, the

maximum gantry sag was reduced to <0.2 mm. The film measurements at gantry angles of 0� and

180� verified the inferior shift of the radiation fields and the effectiveness of MLC compensation.

Conclusions: The results indicate that gantry sag on a linac can be quantitatively measured using a

simple phantom and an electronic portal imaging device. Reduction of gantry sag is feasible by

applying a gantry angle-specific correction to MLC leaf positions at 90� collimator angle. VC 2012
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.3697528]
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I. INTRODUCTION

Gantry sag is a well-known issue in radiation therapy that

involves the use of linear accelerator (linac) gantry rotation

to deliver radiation to the patient.1–5 The gravity of several

tons of radiation-generating and shielding materials inside

the gantry causes the gantry rotation to deviate from the ideal

trajectory, which is a perfect circle about the rotation axis.

This nonideal gantry rotation, combined with other linac

imperfections such as collimator misalignment, leads to the

“wobble” of the radiation field centers (RFCs) around the

radiation isocenter and thus compromises the spatial accuracy

of radiation treatments. The RFC wobble is especially detri-

mental in linac-based stereotactic radiosurgery, where high

level of spatial accuracy is required. In addition, nonideal

gantry rotation has a similar adverse effect on gantry-

mounted accessories, including the electronic portal imaging

device (EPID), the kilovolt on-board imager, and the cone-

beam computed tomography (CBCT) system.6–10 Geometric

misalignment of these imaging systems, which can degrade

the image quality11 and decrease the patient positioning accu-

racy,12 represents a challenge for image-based applications

such as EPID-based dosimetry and quality assurance.13,14

Many geometric calibration methods have been proposed

to quantify and account for nonideal gantry rotation. Most of

these methods have been designed for the CBCT systems on

various platforms, such as C-arm,15 micro-CT,16–18 or linac

gantry.19 Fahrig and Holdsworth15 used a metallic sphere to

measure the nonideal gantry motion on a C-arm CBCT sys-

tem. Jaffray et al.19 pioneered image-guided radiation therapy

(IGRT) by developing a flat-panel CBCT system mounted on

a linac gantry. They used a similar method to obtain a “flex

map” that characterized the 2D shifts of the imaging system

as a function of gantry angle.19 The flex map was then incor-

porated into CBCT image reconstruction to improve the

image accuracy. As IGRT became widely implemented in

radiation therapy clinics, numerous studies addressed the

CBCT geometric calibration using x-ray projections of a ball

bearing9 or more sophisticated phantoms.18,20 These studies

have the potential to improve the accuracy of CBCT; how-

ever, they were not designed to address the other adverse

effect caused by nonideal gantry rotation: the wobble of the

centers of megavolt radiation fields.

A commonly used method to measure the RFC wobble dur-

ing gantry rotation is the star-shot, or spoke-shot, technique.1
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In this technique, a radiographic film is placed perpendicular

to the gantry rotation axis. Then, a slit radiation field is used to

expose the film at several gantry angles to form a star pattern.

This gantry star-shot method can be used to assess the wobble

of RFCs in the plane of the film.1,3 However, this approach

does not measure the radial component (i.e., parallel to the

gantry rotation axis) of the wobble, which is often referred to

as gantry sag.21,22 To overcome this problem, one can place

the film parallel to the gantry rotation axis and perform two

collimator star-shots, one at 0� gantry angle and the other at

180� gantry angle. The radial distance between the centers of

the two collimator star patterns is determined as a measure of

gantry sag.1,23 Another method of measuring gantry sag with

films is to irradiate a custom-designed block at gantry angles

of 0� and 180�.22 These film-based approaches are limited in

the number of gantry angles measured. Recently, Winkler

et al.24 introduced an EPID-based method that uses the

Winston–Lutz (W–L) test.25 They measured gantry sag at

40� gantry angle intervals, using a ball bearing fixed near the

isocenter as a reference point.24 The advantage of the W–L

method is its capability of measuring 3D RFC wobble during

gantry rotation. In addition, the EPID enables easier and faster

digital image processing than with film. Using the W–L

method, Du and Gao measured the 3D RFC wobble at 10�

gantry angle intervals.5 They demonstrated that the transverse

component of the wobble can be reduced by eliminating a

constant lateral misalignment of the mulitleaf collimator

(MLC). The residual wobble is dominated by the radial

component.

The objectives of the current work were (i) to quantify

and compare the gantry sag, or the radial wobble of RFCs,

on multiple linacs using the W–L method, (ii) to investigate

an MLC-based strategy to compensate for the gantry sag,

and (iii) to verify the gantry sag and its compensation with

film measurements.

II. MATERIALS AND METHODS

II.A. Measurement of gantry sag

In this study, we used the definition of gantry sag as the

radial (couch longitudinal) component of the RFC wobble

during gantry rotation. We measured gantry sag on three

Varian linacs (Varian Medical Systems, Palo Alto, CA), of

types Clinac 21 EX (linac A), Clinac iX (linac B), and Tril-

ogy (linac C). Each linac was equipped with a Varian

Millennium-120 MLC and an EPID. The linacs had been in

clinical use for 6.0 years (linac A), 3.5 years (linac B), and

6.0 years (linac C) years.

For each linac, a ball bearing phantom was placed near

the isocenter using room lasers. The center of the ball bear-

ing served as a reference point in this measurement. An

MLC-shaped 10 (x)� 10 (y) cm2 square field was used to

image the ball bearing at 37 gantry angles (180�, 170�,
…, 0�, 350�, ..., 190�, 180.1�; Varian IEC 601-2-1 scale). We

used the MLC, instead of the secondary jaws, to define the

radiation fields because the MLC is more frequently used in

the clinic as the radiation shaping device. The 37 EPID

images were analyzed with an in-house MATLAB (MathWorks,

Natick, MA) program to detect the radiation field edges and

the circular edge of the ball bearing. On the basis of the radi-

ation field edges, we localized the RFC (i.e., the central ray

of the beam) at each gantry angle. The radiation isocenter

was determined at the intersection of all central rays.12 Then,

the RFC wobble was computed as the vector distance from

the radiation isocenter to each central ray. The gantry sag

was the radial component of the RFC wobble, which was a

1D function of gantry angle. The maximum gantry sag was

calculated as the magnitude (peak-to-valley difference) of

this function.

To study the effect of collimator angle on gantry sag, we

performed the measurements described above at two colli-

mator angles, 0� and 90�. At 0� collimator angle, the superior

(toward gantry) and inferior (away from gantry) edges of the

radiation fields were determined by the straight blade sides

of MLC leaves. Therefore, the gantry sag measured at 0� col-

limator angle was independent of the accuracy of the leaf

end positions. At 90� collimator angle, the gantry sag was

affected by the leaf end position accuracy. At both collima-

tor angles, the gantry sag was affected by nonideal gantry

rotation.

To evaluate the reproducibility of gantry sag measure-

ments, we performed three measurements on linac A within

a six-month period.

II.B. MLC compensation for gantry sag

The RFC wobble is essentially small, undesired shifts of

the RFC as the gantry or the collimator is rotated. These

shifts, if systematic, may be remedied by offsetting the RFC

by the opposite of the wobble.5 In the present study, we com-

pensated for gantry sag by rotating the MLC to 90� and off-

setting the MLC leaves. To do this, we fitted the measured

gantry sag empirically using two sinusoidal functions:

sagðhÞ ¼
a1 þ b1 � cos½c1 � ðh� d1Þ�; 0� � h � 180�; (1)

a2 þ b2 � cos½c2 � ðh� 360� � d2Þ�; 180� < h < 360�; (2)

�

where h was the gantry angle, ranging from 0� to 360�,
sag(h) was the measured gantry sag at angle h, and ai, bi, ci,

di (i¼ 1, 2) were the fitting parameters. The purpose of fitting

was to reduce random errors in the measured data. Then, we

edited the leaf positions in the MLC file manually by sub-

tracting the fitted gantry sag from the original leaf positions.

Because the gantry sag varied with gantry angle, the adjust-

ment of leaf positions was also gantry angle-specific. The
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precision with which we could edit the leaf positions was

0.1 mm. This precision was limited by our treatment record-

and-verify software, MOSAIQ (Elekta-IMPAC Medical Sys-

tems, Sunnyvale, CA).

To test the feasibility of this strategy, we repeated the

gantry sag measurements at 90� collimator angle with the

MLC compensation. The corrected gantry sag was compared

with the results without MLC compensation.

II.C. Verification with film measurements

The method described above was based on the concept of

the W–L test. It involved the use of a ball bearing phantom,

the EPID, and dedicated image analysis software. We used a

more straightforward, film-based method to independently

verify the gantry sag and its compensation. In this method, a

20 (x)� 10 (y) cm2 rectangular MLC field was created at 0�

collimator angle. The X2 jaw was set to 0 cm so that only

the left half of the MLC field was open for radiation. The

other jaws (X1, Y1, and Y2) were set to 2 cm beyond the

MLC field edges. This half-blocked beam was used to irradi-

ate a radiographic film or a computed radiography (CR)

imaging plate, which was placed on the treatment table at a

source-to-film distance of 100 cm. We chose to use CR

image plate (Agfa HealthCare, Greenville, SC) because of

its availability and convenience in our clinic. In this study,

we used the CR imaging plate like a film, i.e., without the

cassette, for accurate measurement of the source-to-film dis-

tance. Hereinafter we refer to the CR image plate as “CR

film”. The CR film was sandwiched between two 1-cm-thick

buildup blocks. We delivered 5 MU of a 6 MV beam at 0�

gantry angle. A square radiation field was produced on the

left side of the CR film. Then, we delivered the same beam

to this film at 180� gantry angle, producing a square radia-

tion field on the right side of the CR film. The exposed CR

film was digitized into a DICOM file. By visually examining

the alignment of the superior or inferior borders between the

left and right fields, we were able to determine qualitatively

the direction of gantry sag as the gantry was moved from 0�

to 180�. To further quantify the gantry sag on the CR film,

we used the Hough transform method26 to detect the superior

and inferior edges of the left and right fields. Then, the dis-

placements between the detected edges were readily com-

puted. A displacement was defined as positive if the superior

or inferior border of the left field was superior to the same

border of the right field.

This technique was also used at 90� collimator angle,

with slight modifications. The MLC field was changed to

10 (x)� 20 (y) cm2, and the Y1 jaw was set to 0 cm. For

each linac, three CR films were irradiated: (i) at 0� collima-

tor angle, without MLC compensation; (ii) at 90� collimator

angle, without MLC compensation; and (iii) at 90� collima-

tor angle, with MLC compensation.

III. RESULTS

Figure 1 shows the gantry sag measured on the three Var-

ian linacs. The sag was approximately sinusoidal in shape

and had similar magnitudes for different linacs, indicating

the consistency of the mechanical characteristics of

machines from the same manufacturer. The RFC moved in

the inferior direction as the gantry angle was changed from

0� to 180�. At 0� collimator angle, the maximum gantry sag

was 0.77 mm (linac A), 0.99 mm (linac B), and 0.89 mm

(linac C). At 90� collimator angle, the maximum gantry sag

was 0.79 mm (linac A), 0.83 mm (linac B), and 0.71 mm

(linac C). The uncertainty of MLC leaf positions at 90� colli-

mator angle did not increase the gantry sag compared with

that at 0� collimator angle; instead, the magnitudes and

shapes of the gantry sag changed slightly, probably because

of the altered weight distributions inside the gantry heads.

The reproducibility of gantry sag measurements is illus-

trated in Fig. 2. Variations among these measurements on

the same linac (linac A) were clearly smaller than those

among measurements on different linacs. At 0� collimator

angle, the maximum gantry sag was 0.77 mm (initial),

0.77 mm (repeat 1), and 0.80 mm (repeat 2). At 90�

FIG. 1. Gantry sag at different gantry angles, measured on three linacs (A, B, and C). The collimator angle was fixed at either (a) 0� or (b) 90� during gantry

rotation.
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collimator angle, the maximum gantry sag was 0.79 mm (ini-

tial), 0.78 mm (repeat 1), and 0.80 mm (repeat 2).

Figure 3 shows the measured gantry sag after the MLC-

based compensation was applied. The collimator angle was

90� in these measurements. The maximum gantry sag was

0.18 mm (linac A), 0.18 mm (linac B), and 0.14 mm (linac

C). Compared with Fig. 1(b), the gantry sag reduced signifi-

cantly at all gantry angles. The residual gantry sag was on

the same order of magnitude as the precision (0.1 mm) with

which we could edit the leaf positions (see Sec. II B).

Figure 4 shows the three CR film measurements made on

linac C. The gantry sag was verified on the films [Figs. 4(a)

and 4(b)] regardless of whether the collimator was at 0� or

90�. By visual examination, the superior and inferior borders

of the test radiation field shifted in the inferior direction

when the gantry was moved from 0� to 180�. The misalign-

ment of the superior or inferior field borders was indiscerni-

ble after the MLC leaf position compensation was applied

[Fig. 4(c)]. Similar results were obtained on linacs A and B.

Quantitative analysis of the field-border displacements

on the CR films is given in Table I. The displacements in

Table I agreed with the gantry sag measured using the W–L

approach (Fig. 1). When MLC compensation was applied,

the displacements were reduced to �0.16 mm. It is worth

noting that the quality of the CR images was poorer than that

of the EPID images because of physical imperfections from

scratches and dust on the CR films. The uncertainty of local-

izing the superior or inferior field borders in the CR films

was estimated to be 60.2 mm.

IV. DISCUSSION

The gantry sag measured in this study is consistent with

values reported in the literature. For example, Rosca et al.23

measured a 0.8 mm maximum gantry sag on a stereotactic

Novalis linac. That measurement was done at four cardinal

gantry angles. Winkler et al.24 measured gantry sag on a

Varian linac at 40� gantry angle intervals and reported a 0.76

mm maximum gantry sag. In both those studies, the RFC

was found to shift inferiorly as the gantry was moved from

0� to 180�. In this study, we quantified the gantry sag at 10�

intervals on multiple Varian linacs. Each linac was found to

have distinct gantry sag as a function of gantry angle

(Fig. 1). With high resolution in gantry angle, Fig. 1(a)

revealed that the gantry sag was not necessarily symmetric

about 0� gantry angle. In addition, we studied the effect of

collimator rotation on gantry sag and presented an MLC-

based technique that fully compensated for the gantry sag.

The wobble of RFCs during gantry rotation is 3D in nature.

In this study, we focused on one dimension: the longitudinal,

or radial, dimension. The wobble in the transverse dimension

is better known and is more frequently measured because of

the widespread use of the gantry star-shot technique. The

FIG. 2. Gantry sag at different gantry angles, measured three times on linac A: the first time (initial), 1 month later (repeat 1), and 6 months after the initial

measurement (repeat 2). The collimator angle was fixed at either (a) 0� or (b) 90� during gantry rotation.

FIG. 3. Gantry sag at different gantry angles, measured on three linacs (A,

B, and C) after a gantry angle-specific MLC leaf position compensation was

applied. The collimator angle was 90�.
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transverse wobble is affected by nonideal gantry rotation as

well as collimator misalignment. Collimator misalignment

has different effects on the transverse wobble and the radial

wobble: transverse collimator misalignment increases the

transverse wobble of RFCs but does not move the radiation

isocenter,5 whereas longitudinal collimator misalignment

shifts the RFCs at all gantry angles and the resulting radiation

isocenter, thus leaving the radial wobble, or gantry sag,

unchanged.

The collimator angle also affects the wobble of RFCs

measured during gantry rotation. The gantry sag measure-

ments are similar (Fig. 1) at collimator angles of 0� and 90�,
indicating that gantry sag is dominated by gravity-induced

nonideal gantry rotation, and not by leaf end position inac-

curacy, which is present when the collimator is at 90�. The

transverse wobble, however, is sensitive to the collimator

angle. Figure 5 shows that the transverse wobble can

increase (linac B) or decrease (linacs A and C) when the col-

limator is rotated from 0� to 90�. The change is probably

caused by varied MLC misalignment at different collimator

angles. As demonstrated in our previous work,5 the RFC

may move along an approximately elliptical trace as the col-

limator is rotated. The collimator rotation-caused wobble

would in effect change the amount of MLC transverse mis-

alignment as seen in gantry rotation measurements, thus

changing the transverse wobble (Fig. 5).

A limitation of the present study is that gantry sag is com-

pensated only when the collimator is fixed at 90�. This strat-

egy works best when there is no need for a specific

collimator angle, for example, in treating a spherical target.

Our previous study5 demonstrated that MLC compensation,

if applied when the collimator is at 0�, can reduce the trans-

verse wobble but not the gantry sag. Because the MLC leaves

travel in one dimension, the idea of using MLC leaf position

to compensate for RFC wobble is destined to work in that

dimension only. To further reduce the wobble, this MLC-

based strategy may be combined with a mechanical adjust-

ment of the MLC position, that is, shifting the entire MLC

system in the direction perpendicular to the leaf travel direc-

tion. For example, if the constant component of the transverse

wobble in Fig. 5(b) were removed by mechanically shifting

the MLC, the residual transverse wobble would be approxi-

mately 0.3 mm (linac A), 0.5 mm (linac B), and 0.4 mm

(linac C) in range. With the radial wobble minimized by

MLC leaf offsets, the 3D wobble during gantry rotation

would be bounded by a sphere of diameter �0.5 mm. In com-

parison, without any compensation and at 0� collimator

angle, the 3D wobble is bounded by a sphere of diameter

1.4 mm (linac A), 1.7 mm (linac B), and 1.4 mm (linac C).

In this study, the gantry sag and field misalignment were

measured at the isocenter. The field misalignment may be

FIG. 4. Gantry sag caused small misalignments between the superior (S) or

inferior (I) borders of a test radiation field when the gantry was moved from

0� (G¼ 0) to 180� (G¼ 180) on linac C. (a) Collimator angle 0�; (b) colli-

mator angle 90�; (c) collimator angle 90� with MLC leaf position

compensation.

TABLE I. Displacement of the superior or inferior border of the test radiation field on CR films when the gantry was moved from 0� to 180�.

Displacement (mm)

Linac A Linac B Linac C

Film no. Collimator angle (deg) With MLC compensation Superior Inferior Superior Inferior Superior Inferior

1 0 No 0.72 0.72 0.84 0.67 0.74 0.84

2 90 No 0.77 0.78 0.92 0.67 0.72 0.69

3 90 Yes 0.01 0.07 0.03 0.16 0.01 0.06
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different when measured at a distance away from the isocen-

ter. Assuming a small target size (e.g., maximum distance of

5 cm from the isocenter) relative to the 100 cm source-to-

axis distance, we expect that the field misalignment through-

out the target would be similar to that at the isocenter.

It should also be noted that gantry sag is a relatively small

uncertainty compared to other factors such as uncertainty in

target delineation, patient setup error, and target movement.

However, in stereotactic type of treatments where the other

uncertainties are minimized, gantry sag may become signifi-

cant and should be taken in account. For example, the mar-

gin expansion of the target should be designed to include the

gantry sag of the linac.

V. CONCLUSIONS

We used the W–L method to measure gantry sag on three

Varian linacs. The gantry sag varied from 0.7 to 1.0 mm,

depending on the linac and the collimator angle. The RFC

shifted inferiorly, or away from the gantry, as the gantry

angle was changed from 0� to 180�. The gantry sag was sys-

tematic and thus could be accounted for. We demonstrated a

strategy to compensate for the gantry sag by offsetting the

MLC leaf positions at 90� collimator angle. In future work,

simultaneous minimization of both the transverse and the ra-

dial components of RFC wobble may be possible by adjust-

ing the MLC position in two dimensions.
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