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Abstract

Background: In modern radiotherapy, it is crucial to monitor the performance of all linac components including
gantry, collimation system and electronic portal imaging device (EPID) during arc deliveries. In this study, a simple
EPID-based measurement method has been introduced in conjunction with an algorithm to investigate the stability
of these systems during arc treatments with the aim of ensuring the accuracy of linac mechanical performance.

Methods: The Varian EPID sag, gantry sag, changes in source-to-detector distance (SDD), EPID and collimator skewness,
EPID tilt, and the sag in MLC carriages as a result of linac rotation were separately investigated by acquisition of EPID
images of a simple phantom comprised of 5 ball-bearings during arc delivery. A fast and robust software package was
developed for automated analysis of image data. Twelve Varian linacs of different models were investigated.

Results: The average EPID sag was within 1 mm for all tested linacs. All machines showed less than 1 mm gantry sag.
Changes in SDD values were within 1.7 mm except for three linacs of one centre which were within 9 mm. Values of
EPID skewness and tilt were negligible in all tested linacs. The maximum sag in MLC leaf bank assemblies was around
1 mm. The EPID sag showed a considerable improvement in TrueBeam linacs.

Conclusion: The methodology and software developed in this study provide a simple tool for effective investigation of
the behaviour of linac components with gantry rotation. It is reproducible and accurate and can be easily performed as
a routine test in clinics.
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Background
Volumetric Modulated Radiation Therapy (VMAT) has
proved to produce superior outcomes in many treatment
sites [1-3]. VMAT is faster, more accurate, and more cost
effective compared to its predecessors such as conformal
radiation therapy and IMRT. Due to the increased com-
plexity of arc methods, it is a requirement to perform more
vigorous tests on mechanical performance of the multi-ton
gantry, field-limiting collimators, and the imaging systems
mounted on the body of the machine.
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The heavy components in the gantry head are affected
by gravity during arc delivery; therefore the gantry does
not follow a perfect circular pattern around its axis. Im-
perfections in collimator alignment during arc deliveries
(due to gravity) in addition to the eccentricity of gantry
rotation result in uncertainties in field shapes with re-
spect to planned treatment fields, since these are not
considered in the planning systems.
Electronic portal imaging devices (EPIDs) have been

widely used for patient positioning, quality assurance tests
on linear accelerators, and pre- and post-treatment dosim-
etry verification [4-7]. They are routinely tested for geo-
metric accuracy, image quality, and operational safety [8,9].
However, gantry rotation during arc deliveries can affect
the accuracy of EPID positioning, since the detector is
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mounted on a supporting arm with fasteners and gear
belts. In addition, the arm has joints which are not quite
rigid. This could degrade image quality and affect the ac-
curacy of EPID-based mechanical and dosimetric QA.
There have been studies in the literature on the mech-

anical behaviour of gantry or collimators or EPIDs during
arc deliveries. Those have been discussed in detail in pre-
vious papers [10-13]. In this study an EPID-based method-
ology in conjunction with a simple designed phantom and
robust software have been used to investigate the sag in
gantry, collimator assembly, and EPID, in addition to the
tilt and skewness of EPID detector panels during arcs. The
phantom and algorithms used in this work are modified
versions of the ones explained in a previous paper [13].
Twelve Varian linacs of different models including Trilogy,
Clinac iX, and TrueBeam clinically used in different radio-
therapy centres have been investigated and discrepancies
are statistically compared.

Methods
Devices
Twelve Varian linear accelerators (Varian Medical Systems,
Palo Alto, CA) including Trilogy (3), Clinac iX (6), and
TrueBeam (3) models were used for irradiations. All tested
linacs were operated in the 6 MV photon mode. Linac
specifications are given in Table 1. They were all equipped
with Millennium™ 120 leaf MLC with two banks (left and
right) each with 60 tungsten alloy rounded-end leaves
mounted on a carriage. The 40 central leaves in each bank
are 0.5 cm thick (at the isocentre level) and are called
inner leaves. The peripheral leaves which are called the
outer leaves are 1.0 cm thick (except for the first and last
leaf pairs which are 1.4 cm thick). Each leaf is equipped
with a motor and encoder, and is driven by the MLC con-
troller which drives the leaf along the carriage. Each of the
MLC carriage assemblies weighs about 36 kg.
Table 1 Specifications of the linear accelerators used in
this study

Linac number Linac model Detector model Years in service

1 Varian-TrueBeam aS1000 0.5

2 Varian-TrueBeam aS1000 1.5

3 Varian-TrueBeam aS1000 1

4 Varian-Trilogy aS1000 2

5 Varian-Clinac iX aS1000 3

6 Varian-Trilogy aS1000 5

7 Varian-Clinac iX aS500 5

8 Varian- Clinac iX aS500 7

9 Varian- Clinac iX aS500 7

10 Varian-Clinac iX aS500 7.5

11 Varian-Clinac iX aS1000 7.5

12 Varian-Trilogy aS1000 7.5
The linacs used in this study were equipped with either
of the aS500 or aS1000 PortalVision image detectors at-
tached to the machine by ExactArm™ type supporting
arms. These imagers weigh about 7 kg. The active areas of
the detector panels were 40 × 30 cm2 containing 512 ×
384 pixels in aS500 EPIDs and 1024 × 768 pixels in the
aS1000 model.

Test procedure
Megavoltage EPID images were acquired in DICOM for-
mat and were automatically dark-field and flood-field
corrected by the imaging system software.
To test the Trilogy, Clinac iX linacs, EPID images were

acquired using 360 MU irradiations at a nominal rate of
600 MU/min in continuous (cine) image acquisition
mode at a rate of 7.5 frames per second (6 frames per
image). The EPID was positioned at 150 cm source-to-
detector distance (SDD) during 360° gantry rotations,
which yielded one image per ~4° rotation. Images were
taken for 18 × 18 cm2 MLC-defined fields. For True-
Beam linacs, cine EPID images could not be saved since
the developer mode was not available on them; there-
fore, images were acquired in integrated mode with 20
MU irradiations per image in 10 degree intervals, pro-
viding 37 images for an entire gantry rotation.
Each set of measurements were performed three times

to check the reproducibility of results. The tests were per-
formed in both clockwise (CW) and counter-clockwise
(CCW) directions, and at 0 and 90 degree collimator an-
gles to assess any possible interplay effects. The data ac-
quired at zero degree gantry angle were taken as reference
to determine relative deviations at other angles, since ref-
erence machine data acquisition and calibrations are per-
formed at zero gantry angle. All results were scaled back
to the isocentre plane, except for the changes in SDD dur-
ing arc.
All gantry angles are stated according to the IEC con-

vention [14]. Data analysis and algorithm development
were carried out using the MATLAB programming lan-
guage and software (The Mathworks Inc., Natick, MA).
The phantom used in this study includes five 4.8 mm

diameter tungsten carbide ball bearings, four of them ri-
gidly attached to the gantry head, and the fifth attached
to the end of a Perspex rod. The rod was fixed to the
treatment table top and the ball bearing was positioned
at the nominal linac isocentre using the room lasers
while the collimator and couch were set at zero angle. A
sample snapshot is shown in Figure 1.
A single set of images acquired during an entire gantry

rotation provides data for all of the components under
investigation, and the software needs to be run only
once to load all images and output the whole set of re-
sults. The basis of the algorithm for determination of
the centre of each ball bearing and the field edges has



Figure 1 A sample image acquired for characterization of Varian linac components at SDD = 150 cm. The shadows of the markers
attached to the head are labelled as (a), (b), (c) and (d). The ball bearing at the isocentre is named (e). The X and Y directions represent the
cross-plane and in-plane directions, respectively.
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been explained elsewhere [12,13,15]. In this study, a new
version of the algorithm was developed to detect five
ball bearings, and conservative smoothing technique was
added to the method to remove noise spikes without los-
ing high spatial frequency details. A rank filtering mask
(2 × 2) rank 4 was used on all images. The algorithm was
also modified to use the extra information from the new
phantom settings, to extract the EPID tilt and skewness.
The overall time estimate for the procedure is about 9 mi-

nutes for Trilogy and Clinac iX linacs, including ~6 minutes
for the setup, less than 2 minutes for image acquisition and
export, and ~1 minute for data processing on a computer
with 2.60 GHz CPU and 4.00 GB RAM. The image acquisi-
tion time was about 2 hours for the TrueBeam machines,
due to the need to take images in integrated mode.

Analysis methods
EPID sag
The position of the centre of ball bearing (e) fixed at the
isocentre in each image is compared with the reference
image acquired at zero gantry angle based on Equations
(1) and (2).

EPID Sag Xð Þθ ¼ eθX−A cos θ
� �

−e0X ð1Þ

EPID Sag Yð Þθ ¼ eθY−B sin θ
� �

−e0Y ð2Þ

where (EPID SagX)
θ and (EPID SagY)

θ are the EPID
sag in X and Y (cross-plane and in-plane) directions at θ
gantry angle; eθX and eθY are the positions of the centre
of ball bearing (e) in X and Y directions at θ gantry
angle; the terms (A cos θ) and (B sin θ) are applied to
correct for the lateral and vertical displacements induced
as a result of misalignments of lasers or displacement of
ball bearing (e) from the isocentre. These misalignments
introduce a simple periodic function into the geometric
location of the marker image on the EPID during a
whole gantry rotation, since the gantry moves in a circu-
lar path. Details on derivation of corrections are given in
a previous paper [13]. Finally, (EPID SagX)

0 and (EPID
SagY)

0 are the EPID sag values at zero gantry angle.

Gantry sag
To determine the values of gantry sag during rotation,
positions of the centres of the four ball bearings attached
to the head are determined in each image. The average
of their positions in X and Y directions in each snapshot
is used as a measure of the combined effect of EPID sag
and gantry sag. Then, the gantry sag is simply deter-
mined at each angle by subtraction of the EPID sag
(Equations 3 and 4).

Gantry Sag Xð Þθ ¼ aX ; bX ; cX ; dXh iθ− EPID Sag Xð Þθ
ð3Þ

Gantry Sag Yð Þθ ¼ aY ; bY ; cY ; dYh iθ− EPID Sag Yð Þθ
ð4Þ

where 〈aX, bX, cX, dX〉
θ and 〈aY, bY, cY, dY〉

θ are the aver-
ages of X and Y positions of the four ball bearings.

Changes in SDD
The change in the source-to-detector distance as a result
of gantry rotation is calculated using Equation (5). This
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effect is a result of both EPID sag and gantry wobble
along the radiation beam direction.

ΔSDDθ ¼ SDD0 � aX; cXh iθ− bX; dXh iθ
aX; cXh i0− bX; dXh i0

" #
−1

 !
ð5Þ

where SDD0 is the source-to-detector distance at zero gan-
try angle as read out from the DICOM header; 〈aX, cX〉

θ

and 〈bX, dX〉
θ are the averaged positions of ball bearings (a)

and (c), and (b) and (d), respectively at gantry angle θ.

EPID and collimator skewness
The EPID and collimator skewness (yaw) during gantry
rotation is determined using Equation (6) through a sim-
ple geometrical calculation based on the position of a
pair of ball bearings ((a) and (b), or (c) and (d)) attached
to the head at zero and θ gantry angles.

ψθ ¼ tan−1
bθY−a

θ
Y

bθX−a
θ
X

 !
− tan−1

b0Y−a
0
Y

b0X−a
0
X

 !
ð6Þ

where Ψθ is the EPID and collimator skewness in degrees.
Skewness is considered as the rotation in EPID/collimator

plane. The clockwise direction is taken as positive.

EPID tilt
The EPID tilt in its plane during gantry rotation is
derived from Equations (7) and (8) in the in-plane
(pitch) and cross-plane (roll), respectively. Only the
four ball bearings on the gantry head are used for the
analysis.

φθ
Y ¼ tan−1

SDD0 � aθX−b
θ
X

a0X−b
0
X

h i
−1

� �h i
G
− SDD0 � cθX−d

θ
X

c0X−d
0
X

h i
−1

� �h i
T

aY; bYh iθ− cY; dYh iθ

8><
>:

9>=
>;

ð7Þ

φθ
X ¼ tan−1

SDD0 � aθY−b
θ
Y

a0Y−b
0
Y

h i
−1

� �h i
L
− SDD0 � cθY−d

θ
Y

c0Y−d
0
Y

h i
−1

� �h i
R

aX; bXh iθ− cX; dXh iθ

8><
>:

9>=
>;

ð8Þ
The indices G, T, L and R denote the gun, target, left

and right directions.

Sag in the MLC carriages
The sag in the MLC carriages corresponding to each gan-
try angle in the G, T, L and R directions in the in-plane
and cross-plane directions are quantified using Equations
(9) to (12).

MLCθ
Sag; L ¼ aX ; bX ; cX ; dXh iθ−LθEdge ð9Þ

MLCθ
Sag;R ¼ Rθ

Edge− aX ; bX ; cX ; dXh iθ ð10Þ
MLCθ
Sag;G ¼ aY ; bY ; cY ; dYh iθ−Gθ

Edge ð11Þ

MLCθ
Sag;T ¼ Tθ

Edge− aY ; bY ; cY ; dYh iθ ð12Þ

where LθEdge , etc. represent the positions of four field
edges at each gantry angle. LθEdge and Rθ

Edge , are based on
the averaged leaf positions in each bank.

Results
Results of investigations on EPID sag, gantry sag, changes
in SDD, the skewness of EPID and collimator, EPID tilt,
and the sag in MLC carriages are given separately in this
section. Each set of results for gantry rotation in CW dir-
ection and zero collimator angle is presented in graphs
and every point is given as the average ±1SD. Each graph
contains more than 950 points.

EPID sag
Results of EPID sag measurements over all linacs are
given in Figure 2.
The values of EPID sag were less than 0.3 mm in the

cross-plane direction in all linacs, while larger deviations
were observed in the in-plane direction. Three of the
linacs had EPID sag values larger than 2.5 mm while the
accepted criterion for non-stereotactic linacs is 2 mm,
based on the AAPM TG 142 report [8]. The three linacs
with smallest EPID sag values were all TrueBeams.

Gantry sag
Measurement results of gantry sag at various gantry an-
gles for all linacs are given in Figure 3.
As shown in Figure 3, more differences were observed

among gantry sag patterns in the cross-plane direction
compared to the in-plane. However, the measured values
for all linacs in both directions were less than the 1 mm
acceptance criterion [8].

Changes in SDD
Results of the measured changes in the source-to-
detector distance in the beam direction are shown in
Figure 4.
Figure 4 shows that the change in SDD in most of the

tested linacs was less than the 5 mm accepted criterion
[8]. However, the largest change in the SDD was 8.65 mm
which results in 0.58% image magnification and corre-
sponds to 1.15% change in dose when the EPID is used for
absolute dosimetry. The three linacs with larger SDD vari-
ations were in service at the same centre.

EPID and collimator skewness
Results of measurements of the EPID and collimator
skewness for all linacs are compared in Figure 5. The
patterns of EPID and collimator skewness were similar



Figure 2 Comparison of EPID sag measurement (mean ±1SD) results for the tested linacs in: (a) cross-plane, and (b) in-plane directions.
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and their values were below 0.2 degrees for all tested
linacs.

EPID tilt
Results of the EPID tilt measurements for all linacs are
given in Figure 6. The detected EPID tilt values were
negligible for all tested linacs. The scale of graphs in the
figure indicates the precision of the algorithm.

Sag in the MLC carriages
Figure 7 shows the measured sag patterns in the MLC
carriages of the tested linacs in four directions.
The range of sag in the leaf bank assemblies -which

produces a systematic error- was less than 1 mm in all
directions over all tested linacs. Although the acceptance
limit for deviations in MLC positioning is within 1 mm
[8], Rangel and Dunscombe have shown that the system-
atic error in leaf positions should be limited to 0.3 mm
for acceptable clinical outcomes [16].

Summary of results
A statistical summary of the results over all linacs is
given in Tables 2 and 3 for each of the investigated com-
ponents. Table 2 includes the average and largest range
Figure 3 Comparison of gantry sag measurement results for the teste
of deviations and the worst reproducibility for each com-
ponent. The range of variations is considered as the differ-
ence between maximum and minimum data values for
each linac. The worst reproducibility belongs to the linac
with the largest standard deviation of results amongst the
tested machines (over three sets of measurements). The
linac number corresponding to each of the above is also
provided. Data are produced for both the in-plane and
cross-plane directions where applicable. Only the largest
deviations are listed in the table.
Table 3 represents a comparison between measurements

performed with CW and CCW gantry rotations and with
collimator setting at 0 and 90 degrees across all linacs.
Comparison is made using the root mean square deviation
(RMSD) of results for each set of measurements.
A box plot containing the results of measured data

with CW gantry rotations are given in Figure 8. It pro-
vides a descriptive statistical illustration that summarizes
the results by showing the spread of points over the
whole sets of measured data across all linacs.
The acquired data were further analysed to test if a re-

lationship could be found between the linac performance
with their model and the number of years they were in
service. The correlation coefficient between the average
d linacs in: (a) cross-plane, and (b) in-plane directions.



Figure 4 Comparison of the results of changes in SDD for the tested linacs.
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discrepancies for each linac model (Clinac, Trilogy,
TrueBeam) and the average number of years in service
for linacs of the same model was found to be 0.9. This
means there is a strong linear relationship between the
linac performance and its age in all models.

Discussion
A comprehensive study was performed on a range of
Varian linacs to investigate the mechanical stability of their
gantries, MLC leaf bank assemblies, and MV imagers dur-
ing arc delivery. All of these linac components are affected
by gravitational force during gantry rotation due to their
structural imperfections. Information on the impact of rota-
tion on these systems will assist in delivery of more accur-
ate treatments by improving pre- and post-treatment
verification of complex treatments, and linac QA processes.
In this study, a simple measurement method is proposed

to simultaneously quantify the gantry, leaf bank, and EPID
Figure 5 Comparison of the measured skewness in EPID and collimat
movements during an entire gantry rotation. A simple
phantom was designed with five metallic markers in the
beam, and a large amount of information on the system
characteristics were extracted from a set of EPID images
using in-house developed fast, robust and accurate soft-
ware. The software automatically analyses all of the EPID
images acquired at different gantry angles and calculates
their geometric parameters.
Results of EPID sag measurements in all linacs showed

that on average, the EPID movements had a range of
0.2 mm in the cross-plane and 1.0 mm in the in-plane
directions. EPID sag in the in-plane direction was ex-
pected to be larger since the EPID can move more freely
in this direction due to its structure. Three of the linacs
(No. 7, 10, and 11) had out-of-range values for EPID sag
in the in-plane direction. Interestingly, they were all op-
erating at the same centre; therefore, after discussing the
matter with the department the observed issue was
or for the tested linacs.



Figure 6 Comparison of EPID tilt measurement results for the tested linacs in: (a) cross-plane, and (b) in-plane directions.
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attributed to the lack of routine service and maintenance of
the support arm components. Three other linacs (all True-
Beams) had much smaller sag values in the in-plane direc-
tion compared to other machines. The first reason is that
in TrueBeam linacs the supervisor module provides moni-
toring of sub-systems every 10 ms to control the function
of several components including the detector positioning
Figure 7 Comparison of the measured sag values in leaf bank assemb
side, and (d) right side. Each data point represents the average over thre
unit. This has shown to result in improved clinical delivery
for TrueBeams over Clinacs [17] which is consistent with
the findings of this study. The position of each axis of the
supporting arm (shoulder, elbow and wrist joints) is mea-
sured by at least two sensors that connect directly to the
arm’s axis by gears and/or belt. This provides improved
EPID positioning accuracy in TrueBeam systems [18]. The
lies of the tested linacs for: (a) gun side, (b) target side, (c) left
e sets of measurements made at zero collimator angle.



Table 2 Statistical comparison of the tested linacs for the average and largest range of deviations, and the maximum
standard deviations of the results (worst reproducibility) over each of the tested components

Average range Largest range Worst reproducibility

EPID Sag (mm) Cross-plane 0.17 0.32 (L#11) 0.04 (L#11)

In-plane 1.00 2.68 (L#7) 0.08 (L#10)

Gantry Sag (mm) Cross-plane 0.42 0.63 (L#11) 0.10 (L#10)

In-plane 0.72 0.82 (L#12) 0.15 (L#8)

SDD (mm) 3.57 8.65 (L#11) 1.15 (L#2)

EPID and Collimator Skew (degrees) 0.15 0.17 (L#9) 0.09 (L#3)

EPID Tilt (degrees) Cross-plane 0.02 0.04 (L#10) 0.01 (L#7)

In-plane 0.06 0.13 (L#11) 0.05 (L#11)

MLC Sag (mm) Left 0.62 0.82 (L#8) 0.17 (L#3)

Right 0.68 0.99 (L#8) 0.15 (L#3)

Gun 0.34 0.57 (L#11) 0.16 (L#6)

Target 0.32 0.61 (L#10) 0.10 (L#3)

Values are in mm except for the EPID tilt and skew which are given in degrees. The largest measured values are listed and their corresponding linac numbers are
given in parentheses.
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second reason for improved EPID sag results in TrueBeam
linacs in this study is that all of them were calibrated using
an IsoCal phantom on a monthly basis. The IsoCal phan-
tom has recently been introduced by Varian Medical Sys-
tems as a tool for geometric calibration of imager arms and
for tuning its alignment in the TrueBeam model. It includes
16 tungsten carbide ball bearings arranged in a certain pro-
jection pattern unique for each gantry angle and an alumin-
ium partial transmission plate attached to the gantry head
with a hole in the middle [19,20]. However, this system has
some limitations such as the need for aligning the phantom
at the isocentre with an accuracy of 5 mm, dependence on
the accuracy of room lasers for phantom alignment, need
Table 3 Statistical comparison of the tested linacs using the R
using 0 and 90 degree collimators

CW

Av

EPID Sag (mm) Cross-plane 0.0

In-plane 0.2

Gantry Sag (mm) Cross-plane 0.1

In-plane 0.0

SDD (mm) 0.6

EPID and Collimator Skew (degrees) 0.1

EPID Tilt (degrees) Cross-plane 0.0

In-plane 0.0

MLC Sag (mm) Left 0.1

Right 0.2

Gun 0.0

Target 0.0

Values are in mm except for the EPID tilt and skew which are given in degrees. The
in parentheses.
for accurate manufacture of the phantom, and not being
able to cover the whole 360 degree rotation of gantry. In
addition, the shadow of the aluminium plate can introduce
errors in the analysis, and if the variation of arm trajectories
is not smooth the accuracy of algorithm will be affected
[18]. The method suggested in this study has none of these
restrictions. The phantom does not need to be accurately
positioned. It should only be fixed firmly so that it does not
move during gantry rotation. In this method, information is
provided not only on EPID sag, but also on several other
mechanical characteristics of the linac simultaneously, and
the software needs to be run only once to analyse all the
data.
MSD of measured data in CW and CCW directions, and

vs. CCW Col 0 vs. Col90

erage RMSD Maximum RMSD Maximum RMSD

7 0.44 (L#7) 0.00 (L#12)

2 1.61 (L#7) 0.01 (L#7)

1 0.26 (L#6) 0.07 (L#2)

4 0.12 (L#8) 0.02 (L#9)

0 0.81 (L#7) 0.00 (L#7)

6 1.62 (L#7) 0.01 (L#7)

6 0.07 (L#7) 0.01 (L#7)

1 0.08 (L#7) 0.01 (L#12)

9 0.30 (L#9) 0.38 (L#7)

1 0.54 (L#7) 0.38 (L#7)

7 0.18 (L#7) 0.41 (L#3)

6 0.19 (L#3) 0.47 (L#3)

largest deviations are listed and their corresponding linac numbers are given



Figure 8 A box plot for the data from tested linacs at zero collimator angle and CW gantry rotations. All values are in mm except for the
skewness and EPID tilt which are in degrees. The triangles represent the maximum and minimum of data points, the stars show 99% and 1%
confidence intervals (CI) of the medians, the whiskers represent 95% and 5% CI of each median, and the upper and lower ends of the box are at
75% and 25% CI of the median. The actual distribution of measured data points are shown on the left side of each box.
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If a Varian EPID shows large values of sag, it would be
advisable to check the tightness of fasteners since nuts or
bolts could loosen due to vibration. Gear belts, linear drive
and lateral guiding rails may need to be checked too.
The average range of gantry sag values was 0.7 mm in

the in-plane and 0.4 mm in the cross-plane directions
(Table 2). These values were consistent with previous re-
ports on Varian machines [10,13]. A discontinuity was
observed around zero gantry angle in the cross-plane
direction for all machines. This effect was similarly ob-
served in previous studies [10,13,21].
If large gantry sag values are detected in a Varian linac,

it may indicate tension in the gantry chain. It may be ne-
cessary to check the gantry bearing and the collimator
rotation bearing.
The change in source-to-detector distance during gantry

rotation excluding the three linacs with maintenance is-
sues was 1.73 mm on average. Three of the linacs showed
changes in SDD outside the accepted criterion. These
were the same three machines that had the largest EPID
sag values in the in-plane direction. This is comparable
with our previous report on Varian machines equipped
with E-type arms [13]; however, older Varian linacs with
R-type arms have shown changes in SDD up to 13 mm
[4,22]. The values found for EPID and collimator skew-
ness, and EPID tilt were reported for the first time and
were found to be less than 1 degree. Values for EPID tilt
in the in-plane direction were larger due to the presence
of a joint in the arm structure (known as the wrist joint).
In Varian linacs, the MLC leaves and drive motors,

and the MLC controller system are mounted in carriage
boxes (more than 36 kg each) on each side (left and
right). These boxes can move under the influence of
gravity; therefore, although displacements of each indi-
vidual leaf can be accurately detected, the MLC control-
ler system is unable to recognize the sag in the MLC leaf
bank carriages.
The average sag in the leaf carriages of the tested

linacs were about 0.3 mm in the gun and target direc-
tions, and about 0.7 mm in the left and right directions.
The difference was expected based on the structure of
the MLC system and the direction of gravitational force.
The largest range of sag did not exceed 1 mm in any dir-
ection. It must be noted that in Figure 7(c) and (d), the
marker positions remain unchanged since they are fixed
to the gantry head. At −90°, the distance between the
marker and left MLC bank is at its maximum since the
gravity force is strongest on the left bank enforcing it to
move to its maximum possible shift. The distance grad-
ually decreases and reaches its minimum at the 90° gan-
try angle. The pattern is in the opposite direction for the
right bank. More detail is given in a previous paper [13].
The three linacs which had the maximum deviations in
previous components showed different patterns in MLC
carriage behaviour in arc compared to other machines.
It worth mentioning that the sag in both the gantry and
the MLC system affect the patient and must be added
for clinical considerations.
Based on the results listed in Table 2, the results were

highly reproducible and therefore, the machine behaviour
was consistent and the method is solid. The data in Table 3
showed that the average RMSD was small between CW
and CCW gantry rotations. The largest difference in mm
was observed for EPID sag in the in-plane direction for
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linac number 7. The department has been informed and
maintenance is recommended. Collimator rotation from 0
to 90 degrees had no major effect on the mechanical be-
haviour of machine components during arc. The effect on
MLC carriage, though small, was larger than other com-
ponents since the rotation of collimator changed the parts
that were under the largest influence of gravity.
The method introduced in this study can be extended to

kV imagers (source and detector) since it is essential to
characterize the kV system for accurate patient positioning.
Conclusion
With the introduction of complex technologies in mod-
ern radiotherapy, more accurate and efficient methods
are required to ensure correct delivery of treatments. In
this work, a large amount of information on characteris-
tics of Varian linac components during arc deliveries
were provided using EPID images acquired with five me-
tallic markers in the beam. A fast and accurate software
package was developed for the analysis of images and
several linacs of different models were investigated and
compared with the reports in the literature.
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