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Abstract
Purpose: The last decades have seen the consolidation of the cone- beam CT 
(CBCT) technology, which is nowadays widely used for different applications 
such as micro- CT for small animals, mammography, dentistry, or surgical pro-
cedures. Some CBCT systems may suffer mechanical strains due to the heavy 
load of the x- ray tube. This fact, together with tolerances in the manufacturing 
process, lead to different types of undesirable effects in the reconstructed image 
unless they are properly accounted for during the reconstruction. To obtain good 
quality images, it is necessary to have a complete characterization of the sys-
tem geometry including the angular position of the gantry, the source– object 
and detector– object distances, and the position and pose of the detector. These 
parameters can be obtained through a calibration process done periodically, de-
pending on the stability of the system geometry. To the best of our knowledge, 
there are no comprehensive works studying the effect of inaccuracies in the geo-
metrical calibration of CBCT systems in a systematic and quantitative way. In this 
work, we describe the effects of detector misalignments (linear shifts, rotation, 
and inclinations) on the image and define their tolerance as the maximum error 
that keeps the image free from artifacts.
Methods: We used simulations of four phantoms including systematic and ran-
dom misalignments. Reconstructions of these data with and without errors were 
compared to identify the artifacts introduced in the reconstructed image and the 
tolerance to miscalibration deemed to provide acceptable image quality.
Results: Visual assessment provided an easy guideline to identify the sources 
of error by visual inspection of the artifactual images. Systematic errors result in 
blurring, shape distortion and/or reduction of the axial field of view while random 
errors produce streaks and blurring in all cases, with a tolerance which is more 
than twice that of systematic errors. The tolerance corresponding to errors in 
position of the detector along the tangential direction, that is, skew (<0.2°) and 
horizontal shift (<0.4 mm), is tighter than the tolerance to those errors affecting 
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.

2 |   
TOLERANCE TO GEOMETRICAL INACCURACIES IN CBCT SYSTEMS: A COMPREHENSIVE 

STUDY

1 |  INTRODUCTION

Cone- beam CT (CBCT) is a technology that experi-
enced a substantial increase with the advent of flat- 
panel detectors. The potential clinical use of the CBCT 
was demonstrated for the first time in the Mayo Clinic 
in 1982.1 Initially intended for angiography,1– 3 it is now-
adays not only used for many clinical and preclinical 
applications such as micro- tomography for small ani-
mal,4,5 radiotherapy guidance,6,7 mammography,8,9 
dentistry imaging,10,11 and general surgical procedures, 
mainly for head and neck but also in spinal, thoracic, 
abdominal, and orthopedic interventions.12– 16 CBCT 
hardware settings include U- arms, O- arms, and C- 
arms, either fixed or mobile.14

C- arms usually describe non- isocentric trajectories 
due to the slipping of the arm on the base. This fact, 
together with the tolerances derived from the manu-
facturing process, lead to deviations from the expected 
circular orbit. They may also be subjected to mechan-
ical strains, like arm flexion due to the heavy loads at 
its end, resulting in changes of the relative positions 
between source and detector for different projections, 
which may not be repeatable through consecutive ex-
periments. We may also find errors in the angular posi-
tion of the source– detector pair due to inaccuracies of 
the positioning system used.

If these non- idealities are not properly considered 
during reconstruction, the resulting images become 
contaminated with undesirable effects such as blurring, 
changes in size, or geometrical distortion. For this rea-
son, it is essential to fully characterize the geometry of 
the system through a calibration process.

To the best of our knowledge, there are only a few 
works evaluating the effect of errors in the geometrical 
calibration of a CBCT system and the tolerances for 
each geometrical parameter (in terms of mechanical 
precision) in a systematic and quantitative way. In Daly 
et al.,17 the authors evaluated the effects of random 

and systematic errors on the reconstructed image. 
However, the study was not comprehensive, limited to 
four error values for each geometrical parameter of a 
specific C- arm system and without giving an accurate 
tolerance value (threshold for which the errors become 
noticeable in the reconstructed image). Ferrucci et al.18 
evaluated only the detector angular misalignments. 
Muralikrishnan et al.19 proposed a method to evalu-
ate the effects of misalignments, involving a phantom 
composed of spheres, but did not study the effect of 
random misalignments or propose a tolerance value. 
Finally, no work in the literature presents a thorough 
visual assessment of the effects in the reconstructed 
image.

In this work, we make use of a realistic simulator to 
present a comprehensive study of the effects of errors 
in the geometrical parameters for CBCT systems. For 
each geometrical parameter, we describe the effects 
produced in the image and estimate its tolerance. We 
also study the dependence of these effects on the ac-
quisition parameters that affect the spatial resolution, 
namely, pixel size, angular step, and magnification.

2 |  MATERIALS AND METHODS

We simulated the geometry of the C- arm PowerMobil 
from Siemens Medical Solutions, which makes use of a 
flat panel detector (active matrix of 2048 × 1536 pixels, 
with a pixel size of 194 μm and a projection area of 
40 × 30 cm2).17 Figure 1 shows the overall geometry of 
the system with a magnification factor of 1.97 resulting 
in a field of view (FOV) of 201 × 201 × 151 mm3 (acqui-
sition protocol 1 in Table 1).

Simulations were carried out using FUX- Sim, a 
software tool that emulates cone- beam x- ray systems 
and allows the user to define all possible geometri-
cal non- idealities.20 Geometrical parameters can be 
described as the detector misalignments shown in 

the position along the longitudinal direction or the magnification, that is, vertical 
shift (<2 mm), roll (<1.5°), tilt (<2°), and SDD (<3 mm).
Conclusion: We present a comprehensive study, based on realistic simulations, 
of the effects on the reconstructed image quality of errors in the geometrical 
characterization of a CBCT system and define their tolerance. These results 
could be used to guide the design of new systems, establishing the mechani-
cal precision that must be achieved, and to help in the definition of an optimal 
geometrical calibration process. Also, the thorough visual assessment may be 
valuable to identify the most predominant sources of error based on the effects 
shown in the reconstructed image.

K E Y W O R D S
artifact radiography, CBCT, dual energy, misalignment
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.

   | 3
TOLERANCE TO GEOMETRICAL INACCURACIES IN CBCT SYSTEMS: A COMPREHENSIVE 
STUDY

Figure 1: displacements of the detector in the ver-
tical and horizontal directions (shift), rotation of the 
flat panel with respect to its central point (skew), and 
inclinations with respect to its vertical and horizontal 
axes (roll and tilt, respectively). Any misalignment of 
the x- ray source can also be translated to a detec-
tor misalignment. Variations in the source– detector 
distance (SDD) can be described as changes in the 

source– object distance (SOD) or variations in the 
detector- object distance (DOD), both of which would 
result in similar effects on the reconstructed image. 
Here, we use the former option to account for SDD 
errors since the source is usually the heaviest ele-
ment on the arm.

Projections were simulated under realistic condi-
tions, including two types of errors in each geometrical 
parameter: (1) systematic errors, equal for all projec-
tion angles, and (2) random errors, uniformly distrib-
uted with mean zero, to account for angle- dependent 
variations in detector geometry. Random errors were 
tested five times. We also studied the errors in SDD 
proportional to gantry angle, since this can be an ef-
fect produced by the weight of the x- ray tube. To this 
end, we simulated the two scenarios depicted in the 
rightmost panel of Figure 1, for two different initial an-
gles, with an error that increases linearly from 0 up to 
εmax.

Simulations were carried out using the four phan-
toms depicted in Figure 2:
− Clinical phantom: Data from a CT study of the 

anthropomorphic chest phantom PBU- 60, manu-
factured by Kyoto Kagaku (voxel size 0.394 mm 
isotropic) for visual evaluation

− Geometrical phantom 1: A synthetic phantom com-
prising 18 spheres of 15 mm diameter (voxel size 
0.134 mm isotropic), to enhance certain effects in the 
visual evaluation.

F I G U R E  1  Cone- beam geometry used for simulations and definition of the geometrical parameters of the system

Protocol 1 2 3 4 5 6 7 8 9

Span angle 360 360 360 360 360 360 360 360 360

Ang. step (deg) 1 0.5 2 1 0.5 0.25 1 1 1

Pixel size (µm) 776 776 776 388 388 388 1552 776 776

Voxel size (µm) 394 394 394 197 197 197 788 485 646

Magnification 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.6 1.2

TA B L E  1  Acquisition protocols tested

F I G U R E  2  Phantoms used for image quality evaluation
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.

4 |   
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STUDY

− Geometrical phantom 2: A synthetic phantom com-
prising 35 spheres of 15 mm diameter distributed in 
five slices (voxel size 0.134 mm isotropic), designed 
for quantitative evaluation of undesirable effects at 
different points of the FOV, similar to the one pro-
posed by Muralikrishnan.19

− Geometrical phantom 3: A synthetic phantom resem-
bling a homogeneous cylinder of 148 mm  diameter 
(voxel size 0.134 mm isotropic), intended for the 
quantitative evaluation of the dependency of the un-
desirable effects with the distance to the center of the 
FOV.

Two reconstructions were obtained from these data: (1) 
a calibrated reconstruction, considering the true value 
of the geometrical parameters (as it would happen with 
a properly calibrated system) and (2) an inaccurate re-
construction, ignoring the geometrical non- idealities. 
We compared calibrated and inaccurate reconstruc-
tions following two steps. In the first step, we used the 
clinical phantom (chest) and the geometrical phantom 
1 (spheres) to identify the effects on the image and 
find a first approximation to its tolerance by visual 
assessment. To this end, we tested a wide range of 
error values for each parameter, based on the values 
used by Daly et al.17 In a second step, we refined the 
first estimation of the tolerance obtained visually, by 
testing error values with a smaller step. The resulting 
artifacts, namely blurring, change in size, and image 
distortion, were quantified in the three views (axial, 
coronal, and sagittal). We used geometrical phantom 
2 (spheres) to evaluate blurring and geometrical phan-
tom 3 (cylinder) to evaluate image distortion and size 
changes.

The effect on the reconstructed image was quantita-
tively assessed as:

where FW20inaccurate and FW20ideal are the diameter in 
the inaccurate reconstruction and the calibrated recon-
struction, respectively, which are calculated as the width 
at 20% of full peak value, over profiles taken in the verti-
cal, horizontal, and two diagonal directions.

We considered an undesirable effect to be present 
when it is noticeable in the reconstructed image, that 
is, when it is higher than one voxel. The tolerance, εtol, 
was then quantified as the maximum error, in millime-
ters or degrees that does not exceed this threshold. For 
errors that depend on the distance to the FOV center, 
we show the results at 47.28 mm from this point (~50% 
of the FOV) and used the cylinder phantom to evaluate 
this dependency with the distance to the FOV center. 
As the effect may also depend on the direction, we 
quantified the effect for three orientations of the cylin-
der (axial, coronal, and sagittal).

Due to the wide range of systems based on cone- 
beam geometry and the trend toward low- dose 

acquisition protocols, we evaluated the dependency 
of the tolerance value with the acquisition parameters 
that have an influence in the spatial resolution: pro-
jection pixel size, angular step (between projections), 
and magnification. To this end, we repeated the above- 
described experiments for acquisition protocols 2 to 7 
in Table 1.

To evaluate the dependency of the tolerance with 
pixel size, we used protocols 2, 6, and 7, selecting for 
each case an optimum value of angular step calculated 
so that sampling in the angular direction at the edge of 
the FOV matched radial sampling:

where r is the radius of the gantry rotation trajectory, Np 
the number of detector pixels, and Nα the number of an-
gular positions.

We studied the dependency of the tolerance with 
the magnification of the system using protocols 1, 8, 
and 9, with a magnification value of 1.97, 1.6, and 1.2, 
respectively.

Effect = |
|FW20inaccurate − FW20ideal

|
| ,

pixel_size = arc_step→

2r

Np

=

�r

N
�

F I G U R E  3  Difference image of ideal and misaligned 
projections of the anthropomorphic phantom for the evaluated 
geometrical parameters. Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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3 |  RESULTS

3.1 | Effects of inaccuracies in 
geometrical parameters for protocol 1

3.1.1 | Visual assessment

Figure 3 shows the difference image between the 
ideal and misaligned projections for each geometrical 
parameter evaluated. Linear shifts and rotation of the 
detector are translated into equivalent shifts and rota-
tion in the projection image. Roll and tilt produce an 
enlargement of one half of the image and a shrinking 

of the other half along the horizontal and vertical direc-
tions, respectively. Finally, errors in SDD translate into 
size changes.

Figures 4 and 5 show the effects of systematic  errors 
on the reconstructed image. Systematic errors in hori-
zontal shift produce a 2D isotropic blurring in the axial 
slice that is constant across the slices. Systematic er-
rors in roll produce a blurring that increases with the 
distance to the rotation axis in the axial view, also con-
stant across the slices (see dashed arrows in Figures 4 
and 5, and the effect in the balls at different positions in 
Figure 6, top). Systematic errors in skew produce a 2D 
isotropic blurring in the axial view that increases with 

F I G U R E  4  Coronal and axial views of the anthropomorphic phantom reconstructed with systematic errors of 15 mm in horizontal shift, 
5° in roll, 1.5° in skew, 15 mm in SDD, 10 mm in SDD proportional, 15° in tilt, and 15 mm in vertical shift. Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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the distance to the center of the FOV (see dashed ar-
rows in Figures 4 and 5) together with a non- isotropic 
blurring in longitudinal direction with a mixing of slices 
(see thick arrows pointing to structures from contiguous 
slices in Figure 4). Systematic errors in SDD produce a 
change in voxel size that enlarges or shrinks the object, 
depending on sign of the error, while errors in tilt pro-
duce a distortion, shrinking one half of the object while 
enlarging the other half in the vertical direction (see 
dashed arrows in Figures 4 and 5). Systematic errors in 
SDD proportional to the angular position of the gantry 
produce a blurring that increases with the distance to 
the rotation axis, which is higher in the direction perpen-
dicular to the projection angles with higher SDD error 

(see Figure 6, center). Errors in vertical shift produce 
a displacement of the object in the vertical direction as 
well as vertical blurring constant across the axial slices 
but increasing its effect with the distance to the rotation 
axis slices but increasing its effect with the distance to 
the rotation axis (see Figure 6, bottom). Table 2 sum-
marizes the main results of the visual assessment.

Figure 7 shows the effect of the random errors in 
the anthropomorphic phantom; we only show the view 
where the artifacts are more noticeable. All random er-
rors produce blurring and streaks. This blurring is isotro-
pic in the axial view for horizontal shift and skew, while 
it increases with the distance to the rotation axis for an 
error in roll (see dashed arrow in Figure 7). Random 

F I G U R E  5  Difference of ideal and misaligned reconstructions for errors in Figure 4. Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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errors in skew also produce a blurring in the vertical 
direction that results in mixed slices. Finally, random er-
rors in tilt produce blurring proportional to the distance 
to the center of the FOV (see thick arrows in Figure 7).

3.1.2 | Errors in source- detector distance

Systematic errors in SDD affect the magnification, re-
sulting in an isotropic change of image size (Figure 8). 

Positive errors in the SDD have a tighter tolerance 
(3 mm in all views) than negative errors (5 mm in all 
views). Random errors led to streaks and blurring with 
a tolerance of 7 mm in all views.

Systematic errors in SDD proportional to the an-
gular position show blurring with a tolerance of 4 mm 
in the axial view. The maximum blurring is in the di-
rection perpendicular to the beam when the source is 
at the angular position where the SDD error is higher 
(Figure 9). When the error is maximum at 90° and 
270° (Scenario 1 in Figure 1), coronal and sagittal 
views have a tolerance of 4 and 13 mm, respectively, 
while the tolerance for coronal and sagittal views is 
13 and 4 mm, respectively, when the error is maxi-
mum at 0° and 180° (scenario 2 in Figure 1).

3.1.3 | Errors in angular 
position of the gantry

Systematic errors in the angular position of the gantry 
only result in a rotation of the reconstructed image with 
no image degradation. Random errors in angular posi-
tion result in streaks and blurring with a tolerance of 
0.25° for all views (Figure 10).

3.1.4 | Errors in the vertical and horizontal 
position of the detector (vertical and 
horizontal shift)

The effect of systematic errors in the horizontal position 
of the detector is the presence of blurring in the three 
views, with a tolerance of 0.4 mm in the axial view and 
0.45 mm in the coronal and sagittal views (Figure 11, 
top). Random errors produce blurring and streaks in the 
image with a tolerance of 0.8 mm in the axial view and 
0.95 mm in the coronal and sagittal views.

Systematic errors in the vertical position of the de-
tector show a vertical displacement of the sample pro-
portional to the shift, which result in a reduction of the 
field of view in the longitudinal direction. These errors 
also produce blurring in all views with a tolerance of 
2 mm in the axial view and of 4 mm in the coronal 
and sagittal views (Figure 11, bottom). Random errors 
result in streaks and blurring in the axial view with a 
tolerance of 3.5 and 0.9 mm in the coronal and sagittal 
views, respectively.

3.1.5 | Errors in the detector roll

Errors in the detector roll show as blurring in all views 
with a tolerance of 1.5° for the case of systematic er-
rors (Figure 12). Random errors produce blurring and 
streaks in the image with a tolerance of 2.6° in all 
views.

F I G U R E  6  Top: Central axial slice of geometrical phantom 
1 reconstructed with an error in roll of 5° (left) and zoom 
corresponding to the dashed square (right). Center: Same zoom 
for an error of 10 mm in SDD proportional. Bottom: Coronal slice of 
geometrical phantom 1 reconstructed with an error in vertical shift 
of 15 mm. Protocol 1 (voxel size of 394 µm)

TA B L E  2  Summary of the most predominant sources of error 
based on visual assessment

Observed effect View Likely cause

Shape distortion at 
top and bottom

Coronal/Sagittal Tilt

Blurring at right and 
left

Coronal/Sagittal Roll

Vertical blurring Coronal/Sagittal Vertical shift

Increased blurring 
from the center

Coronal/Sagittal Skew

Isotropic blurring Axial Horizontal shift

Increased blurring 
from the center

Axial Skew/Roll
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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3.1.6 | Errors in the detector skew

Errors in the detector skew result in blurring in the axial 
view, with an effect dependent on the distance to the 
center of the FOV (Figure 13, top). Tolerance measured 
at 47.28 mm from the center of the FOV was of 0.3° in 
the axial view and 0.2° in the sagittal and coronal views 
for the case of systematic errors. Random errors pro-
duce blurring and streaks in the image with a tolerance of 
0.6° in the axial view and 0.5° in the coronal and sagittal 
views.

3.1.7 | Errors in the detector tilt

The effect of systematic errors in the detector tilt was 
shape distortion in all views, with a dependency on the 
distance to the FOV center in the longitudinal direction 
(Figure 13, bottom). Tolerance measured at 47.28 mm 
from the center of the FOV was of 2° for the axial view 
and of 4° for coronal and sagittal views (Figure 13, bot-
tom). Random errors showed streaks and blurring with 
a tolerance of 5.3° in the axial view and 6.4 in the coro-
nal and sagittal views.

F I G U R E  7  Anthropomorphic phantom reconstructed with random errors drawn from a uniform distribution with standard deviation of 
2 mm for horizontal shift, 6.5° for roll, 1.5° for skew, 20 mm for SOD, 15° for tilt, and 4 mm for vertical shift. Protocol 1 (voxel size of 394 µm)

F I G U R E  8  Effect on the reconstructed image of systematic and random errors in the source- detector distance (SD stands for standard 
deviation). Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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The dependency with the distance to the FOV cen-
ter in the longitudinal direction of errors in skew and tilt 
results in the different tolerance value for each position 
shown in Figure 14.

3.1.8 | Summary of estimated tolerances

Table 3 summarizes the tolerances obtained for all geo-
metrical parameters together with the type of undesir-
able effect produced in the reconstructed image and 
the views where it is more noticeable.

3.1.9 | Dependency of tolerance with 
acquisition parameters with influence in the 
spatial resolution

Left panel of Figure 15 shows the dependency of the 
tolerance with projection pixel size. Similar linear be-
havior appeared in the case of random errors. We did 
not find a relationship between tolerances for the geo-
metrical parameters with angular step, but only streaks 
due to the lack of angular sampling in protocols 3, 4, 
and 5. Right panel of Figure 15 shows the tolerances 

F I G U R E  9  Effect on the reconstructed image of errors in SDD 
proportional to the angular position when the error is maximum at 
90 and 270° (left) and when it is maximum at 0 and 180° (right). 
Protocol 1 (voxel size of 394 µm)

F I G U R E  10  Effect on the 
reconstructed image of errors in the 
angular position of the gantry (SD stands 
for standard deviation). Protocol 1 (voxel 
size of 394 µm)

F I G U R E  11  Top: Effect on the reconstructed image of systematic and random errors for the horizontal position of the detector. Bottom: 
Effect on the reconstructed image of systematic and random errors in the vertical position of the detector. SD stands for standard deviation. 
Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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for three system magnification values. The only pa-
rameters that depend on the system magnification are 
those that involve changes in magnification, that is, tilt, 
roll, and SDD.

4 |  DISCUSSION

This paper presents a comprehensive study, based 
on realistic simulations, of the effects on image quality 
produced by a wrong geometrical calibration in CBCT 
systems. For each geometrical parameter, we identify 
the visual effects produced in the reconstructed image 
and estimate its tolerance (in terms of mechanical pre-
cision) in a systematic and quantitative way.

Errors in geometrical parameters produce four dif-
ferent effects: (1) size change and (2) shape distortion, 
which, for example, may hinder size quantification of 
nodules or tumors, (3) blurring, which affects both size 
and HU quantification, and (4) displacement, which in-
volves a reduction of the axial FOV. Changes in size 
are produced by changes in magnification, which is 

F I G U R E  13  Effect on the reconstructed image of systematic and random errors at 47.28 mm from the center of the FOV for the axial, 
sagittal and coronal views in the detector skew (top) and tilt (bottom). SD stands for standard deviation. Protocol 1 (voxel size of 394 µm)

F I G U R E  14  Tolerance to systematic errors in the detector 
skew (left) and tilt (right) as a function of the axial distance to the 
center of the FOV. Protocol 1 (voxel size of 394 µm)

F I G U R E  12  Effect on the reconstructed image of systematic and random errors in the detector roll. SD stands for standard deviation. 
Protocol 1 (voxel size of 394 µm)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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modeled in this work as an error in SDD. Errors in tilt 
produce a distortion that varies from shrinking to en-
largement along the longitudinal direction. The blur-
ring effect is associated to horizontal and vertical 
shifts, skew, and roll. Errors in horizontal shift can be 
identified as a 2D isotropic blurring in the axial view 
constant across slices, while errors in vertical shift pro-
duce a vertical blurring increasing with the distance to 
the rotation axis together with a displacement of the 

object in the vertical direction. Skew errors produce a 
3D blurring: 2D isotropic blurring in the axial view that 
increases with the distance to the center of the FOV 
together with a non- isotropic blurring in longitudinal di-
rection with a mixing of slices. Roll errors produce an 
increasing blurring with respect to the distance of the 
rotation axis. Proportional errors in SDD due, for ex-
ample, to the weight of the x- ray tube in C- arms, cause 
a 3D blurring that increases with the distance to the 

TA B L E  3  Summary of tolerances. A, C, S stand for axial, coronal and sagittal views. (a) indicates a dependency with the distance to 
the rotation axis, (b) indicates a dependency with the distance to the center of the axial plane, and (c) indicates that the value was taken at 
47,28 mm from the FOV center

SYSTEMATIC ERRORS RANDOM ERRORS

Effect A C S Tolerance Effect A C S Tolerance

SDD Size change × × × 3 mm Blurring and 
streaks

× × × 7 mm

SDD proportional
Blurring (a) × × 4 mm — — 

Blurring (a) × 13 mm

Angular position Rotation × - Blurring and 
streaks

× × × 0.25°

Vertical shift

Blurring × 2 mm Blurring and 
streaks

× 3.5 mm

Blurring × × 4 mm Blurring and 
streaks

× × 0.9 mm

Horizontal shift

Blurring × 0.4 mm Blurring and 
streaks

× 0.8 mm

Blurring × × 0.5 mm Blurring and 
streaks

× × 0.95 mm

Roll

Blurring (a) × × × 1.5° Blurring & 
streaks (a)

× 2.6°

Blurring (a) Blurring & 
streaks (a)

× × 2.65°

Skew

Blurring (b) × 0.3° (c) Blurring & 
streaks (b)

× 0.6° (c)

Blurring (b) × × 0.2° (c) Blurring & 
streaks (b)

× × 0.5° (c)

Tilt

Shape distortion (b) × 2° (c) Blurring & 
streaks (b)

× 5.3° (c)

Shape distortion (b) × × 4° (c) Blurring & 
streaks (b)

× × 6.4° (c)

F I G U R E  15  Dependence of the tolerance to errors in geometrical parameters with the pixel size (acquisition protocols 2, 6, and 7), with 
values for skew and tilt measured in the axial slice at 47.28 mm from the center) and with the magnification (acquisition protocols 7 and 8)
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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rotation axis and is higher in the direction perpendic-
ular to the projection angles with higher SDD errors. 
Systematic errors in the angular position cause only a 
rotation of the whole image with no artifacts.

Tolerance for systematic errors that affect the detec-
tor position in the tangential direction of the system ro-
tation, that is, skew (0.2°) and horizontal shift (0.4 mm), 
is tighter than that for those affecting to the longitudinal 
direction (vertical shift: 2 mm) or the magnification (roll: 
1.5°, tilt: 2° and SDD: 3 mm).

This work provides a guideline to identify the most 
predominant sources of error based on the effects 
shown in the reconstructed image, which can be sum-
marized in two steps. First, we evaluate coronal or sag-
ittal view: if the effect is mainly visible at the top and 
bottom of the image, it is due to the tilt error; if it is a 
blurring mainly at the right and left edges of the image, 
it is due to a roll error; if it is a 2D blurring, higher with 
the distance to the center, it is due to a skew error; if it 
is only a vertical or horizontal blurring, it is due to a ver-
tical or horizontal shift error, respectively. In a second 
step, the evaluation of axial view enables to confirm 
the previous assessment: if the effect is a 2D isotropic 
blurring, it is due to a horizontal shift or skew; if it is a 
blurring that increases with respect to the center of the 
image, it is due to roll error.

As the random errors introduce positive and neg-
ative values around zero, they only cause inconsis-
tencies in the projection domain that lead to blurring 
and streaks in all cases. Tolerance to random errors 
in those parameters for which systematic errors also 
produce blurring (horizontal shift, skew, vertical shift, 
and roll) is twice that of the systematic case. Tolerance 
to random errors in those parameters for which sys-
tematic errors produce distortion with no blurring (tilt) 
is three times that of the systematic case. The identi-
fication of the sources of error follows the same steps 
described for the systematic errors.

Results of this work can be translated to other CT 
systems based on cone- beam geometry, considering 
the dependence of the tolerance with: (1) angular step: 
none found; (2) pixel size: tolerance for all parameters 
increases linearly with detector pixel size, as it implies 
a reduction of the spatial resolution, which hinders the 
visibility of the errors in the reconstructed image; and 
(3) magnification: tolerance for those errors that modify 
magnification (roll, tilt, and SDD) is inversely propor-
tional to the system magnification, as the relative error 
is more significant for smaller system magnifications 
(no dependency found for horizontal and vertical shifts 
and skew).

The impact of errors in the geometrical parameters 
on a specific system will depend on its mechanical toler-
ance. For example, in a non- motorized C- arm designed 
for 2D images, as the one used in Abella et al.,21 geomet-
rical errors exceed the tolerances in all the cases except 
for detector roll. In the motorized C- arm systems, with 

more accurate mechanics and lower magnification, the 
only parameter that exceeds the tolerance is the horizon-
tal shift. This may suggest that horizontal shift is the most 
important parameter in the geometrical calibration, but 
further confirmation in this regard is warranted.

5 |  CONCLUSION

The results of this work could be used to guide the 
design of new systems, establishing the mechanical 
precision that must be achieved by the x- ray devices, 
and to help in the definition of an optimum geometrical 
calibration process. Also, the thorough visual assess-
ment may be valuable to identify the most predominant 
sources of error based on the effects shown in the re-
constructed image.
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1 |  STATEMENT OF THE PROBLEM 
AND TG CHARGES

An independent check of dose/monitor units has been 
and continue to be an important part of quality assur-
ance (QA) for patient treatment plans. AAPM Report 
Task Group 71 reports on the formalism for calculat-
ing monitor units.1 AAPM Task Group 114 reports on 
methods and requirements for verification of data for 
conformal external beam plans.2 The need for mon-
itor unit verification programs was identified early in 
the adoption of IMRT treatment planning and delivery 
techniques.3 Several different types of programs were 
developed ranging from confirmation of dose at a sin-
gle point in a simple phantom geometry to calculation 
of dose at a single point while taking patient anatomy 
and geometry into consideration. While these programs 
have been in use for some time, guidance was lacking 
in how to commission such technologies as well as their 
role as part of an IMRT QA program as was noted in the 
ASTRO white paper entitled “Safety Considerations for 
IMRT”.4,5

This task group was charged with: (a) Reviewing 
and evaluating the algorithms for “independent/second 
check” of monitor unit calculations for IMRT; (b) Making 
recommendations on the clinical implementation of cal-
culation programs (e.g., number of points, locations, 
accuracy, evaluation methods, and heterogeneities); (3) 
Describing commissioning and benchmark QA of sec-
ondary MU calculation programs, proposing additional 
measurements, if necessary; and (4) Describing clini-
cal testing and periodic QA of secondary MU calcula-
tion programs and recommendations on test tolerance.

The terminology used in this report follows that 
used in other AAPM Task Group reports including in 
particular:

1. Shall indicates a procedure that is essential for 
either (a) establishment of uniform practices, or 
(b) the most safe and effective result and/or main-
taining established standards of practice to ensure 
the accuracy of dose/MU determination.

2. Should indicates an advisory recommendation that 
is to be applied when practicable. The task group 
favors the indicated procedure but understands that 
there are other procedures which can accomplish 
the same goal. Deviations from the recommended 
procedure should only be carried out after careful 
analysis demonstrates that an equivalent result will 
be produced.

3. May indicates a statement that is likely (or probably) 
to be correct but the task group does not make any 
recommendations.

As part of this work, the AAPM community was 
surveyed in 2012 regarding the type of software 
being used. According to the responses, a dose/MU 

verification program was generally used for the ma-
jority of IMRT/VMAT treatment plans although ap-
proximately 31% of responders did not use dose/MU 
verification software for VMAT treatment plans at that 
time. The most common commercial system reported 
in the survey was RadCalc (Lifeline, Tyler, TX). The 
most common treatment planning system (TPS) re-
ported in the survey was Eclipse (Varian, Palo Alto, 
CA). This is not to be considered as an endorsement 
of these products. The most common passing rate 
criteria for dose/MU verification software was 5% for 
IMRT (51%) and “None Specified” for VMAT (34%), al-
though 30% of VMAT responders used 5% as passing 
rate. More than 50% of users used a single point for 
their calculations and only 6% used three- dimensional 
(3D) volumetric dose in the 2012 survey. Additional 
measurements (typically the MLC dosimetric leaf gap 
(DLG) measurements) were also required during com-
missioning. The most common IMRT dose/MU verifi-
cation calculation algorithm represented by software 
in use at the time was a “factor- based calculation al-
gorithm.” Note that the clinical practice has changed, 
with more widespread use of VMAT as well as the in-
troduction and adoption of new software tools (such 
as 3D volumetric calculation systems) since 2012, so 
users should consider the age and context of the data 
when interpreting the survey.

2 |  ROLE OF DOSE/
MU VERIFICATIONS IN A 
COMPREHENSIVE QA PROGRAM

2.1 | Review of the problem

The implementation of new treatment techniques such 
as IMRT/VMAT in a radiotherapy department increases 
the complexities in planning and delivery and thus, the 
potential for serious errors in the planning and delivery 
of radiotherapy. An effective set of QA procedures is 
therefore essential. The goal of a routine pretreatment 
verification procedure is to identify and resolve any er-
rors before patient treatment. For IMRT, verification 
measurements are commonly used to verify correct 
delivery of treatment plans, for example with ioniza-
tion chambers, films, or multidimensional detector ar-
rays. Experimental methods for patient- specific QA in 
advanced radiotherapy are, however, time- consuming 
in both manpower and accelerator time and have been 
shown to be unable to detect some unacceptable 
plans.6- 11 Recent studies have demonstrated a sensitiv-
ity of only 5% to detect IMRT plan errors using IMRT 
pretreatment measurements.12,13 Moreover, as treat-
ment planning becomes more efficient and the number 
of patients treated with advanced radiotherapy tech-
niques steadily increases, measurement- based verifi-
cation may result in a continued increase in workload.
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