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Disclaimer regarding NCS reports  

The NCS frequently publishes reports for fellow professionals in which recommendations are given for 

various quality control procedures or otherwise. The members of the NCS board and the members of 

the concerning subcommittee do not claim any authority exceeding that of their professional expertise. 

Responsibility on how the NCS recommendations are implemented lies with the user, taking into 

account the practice in his/her institution. 

 

This report should be revised before February 2020 
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Preface 

The Nederlandse Commissie voor Stralingsdosimetrie (NCS, Netherlands Commission on 

Radiation Dosimetry, http://www.radiationdosimetry.org) was officially established on 3 

September 1982 with the aim of promoting the appropriate use of dosimetry of ionising 

radiation both for scientific research and practical applications. The NCS is chaired by a 

board of scientists, installed upon the suggestion of the supporting societies, including the 

Nederlandse Vereniging voor Radiotherapie en Oncologie (Netherlands Society for 

Radiotherapy and Oncology), the Nederlandse Vereniging voor Nucleaire Geneeskunde 

(Dutch Society of Nuclear Medicine), the Nederlandse Vereniging voor Klinische Fysica 

(Dutch Society for Medical Physics), the Nederlandse Vereniging voor Radiobiologie 

(Netherlands Radiobiological Society), the Nederlandse Vereniging voor Stralingshygiëne 

(Netherlands Society for Radiological Protection), the Nederlandse Vereniging voor 

Medische Beeldvorming en Radiotherapie (Dutch Society for Medical Imaging and 

Radiotherapy), the Nederlandse Vereniging van Klinisch Fysisch Medewerkers (Dutch 

Society for Medical Physics Engineers), the Nederlandse Vereniging voor Radiologie 

(Radiological Society of the Netherlands) and the Belgische Vereniging voor 

Ziekenhuisfysici/Société Belge des Physiciens des Hôpitaux (Belgian Hospital Physicists 

Association). To pursue its aims, the NCS accomplishes the following tasks: participation in 

dosimetry standardisation and promotion of dosimetry intercomparisons, drafting of 

dosimetry protocols, collection and evaluation of physical data related to dosimetry. 

Furthermore, the commission shall maintain or establish links with national and international 

organisations concerned with ionising radiation and promulgate information on new 

developments in the field of radiation dosimetry. 
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Summary 

In December 2010, the NCS installed a new subcommittee to develop guidelines for quality 

assurance and control for VMAT treatments. This report has been written by Dutch medical 

physicists and has therefore, inevitably, a Dutch focus. Still, the writers of this report expect 

that it is also valuable to other institutes preparing to introduce VMAT or willing to set up a 

comprehensive QA program for it. The authors chose to use NCS reports on general linac 

QA [1] and IMRT QA [2] as a starting point for this report and focussed on the additional QA 

and commissioning demands required for the application of VMAT. This report only deals 

with VMAT delivered by conventional linear accelerators. The QA for TomoTherapy systems 

and similar is being dealt with by another NCS subcommittee. 

 

The introduction covers briefly the transition from IMRT to VMAT and points out the 

differences between these two delivery techniques. The second chapter discusses the 

machine QA for VMAT. First, the requirements that already are used for IMRT are 

summarized, followed by a discussion on the additional tests for VMAT. These tests can be 

used in the regular QA program or as a means to analyse possible poor overall QA results. 

At the end of the chapter a suggestion is given regarding the frequency of QA tests. It should 

be noted that these proposed frequencies may be subject to change, depending on the 

experience of the reader’s institute and the available QA equipment. In chapter 3, the 

additional requirements for VMAT commissioning in the treatment planning system are 

discussed. Special attention is being paid to the translation of the treatment plan, computed 

using beams at discrete gantry angles, to the actual delivery with a continuously moving 

gantry. Finally, some tips and tricks that may help setting up treatment planning for VMAT 

are provided. The last chapter concerns patient-specific QA, covering both high-accuracy 

and high-resolution measurements. Additionally, several simple checks for users having a 

vast experience with VMAT are discussed. At the end of the report, the value of class-

solutions for patient-specific QA is discussed, along with recommended QA frequencies. 

 

The subcommittee has made a considerable effort to be as complete and thorough as 

possible. Still, the user is strongly advised to apply and modify our recommendations to their 

local situation. Only a QA system that is smoothly integrated in the local workflow is 

manageable, facilitating safe patient treatments. Therefore, this document should be 

considered as a set of guidelines for proper QA and not as the only way to do it. A 

manageable and coherent QA program can only be set up by the local user. 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  vi  

Contents  

Preface .................................................................................................................................. iii 

Summary ................................................................................................................................ v 

Contents ................................................................................................................................ vi 

Abbreviations ...................................................................................................................... viii 

1 Introduction .................................................................................................................... 9 

2 Machine QA ..................................................................................................................11 

2.1 Introduction ............................................................................................................11 

2.2 Static gantry ...........................................................................................................12 

2.2.1 Gantry angle accuracy with static gantry .........................................................12 

2.2.2 Collimator accuracy with static gantry .............................................................12 

2.2.3 MLC leaf position accuracy with static gantry ..................................................13 

2.2.4 Output linearity and reproducibility with static gantry and nominal dose rate ...14 

2.2.5 Flatness and symmetry with static gantry and nominal dose rate ....................15 

2.3 Speed determination ..............................................................................................15 

2.3.1 Gantry speed ..................................................................................................15 

2.3.2 MLC leaf speed ...............................................................................................16 

2.4 Dose rate dependence with static gantry ................................................................17 

2.4.1 Output accuracy ..............................................................................................17 

2.4.2 Flatness and symmetry at lowest dose rate .....................................................17 

2.5 Dose rate dependence in dynamic mode ...............................................................18 

2.5.1 Flatness and symmetry ...................................................................................18 

2.5.2 Output .............................................................................................................20 

2.6 MLC leaf position accuracy in dynamic mode .........................................................30 

2.7 Interrupt handling ...................................................................................................31 

2.8 Proposed test frequencies ......................................................................................32 

3 VMAT representation and treatment planning ...............................................................34 

3.1 Introduction ............................................................................................................34 

3.2 VMAT representation .............................................................................................34 

3.2.1 DICOM VMAT representation ..........................................................................34 

3.2.2 Treatment unit VMAT interpretation .................................................................35 

3.2.3 TPS VMAT modelling ......................................................................................37 

3.3 Treatment Planning System commissioning ...........................................................41 

3.3.1 Plan restrictions and hardware limitations .......................................................41 

3.3.2 Leaf modelling .................................................................................................42 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  vii  

3.3.3 Matched beams ...............................................................................................42 

3.4 VMAT Inverse optimisation .....................................................................................43 

3.4.1 Dose calculation ..............................................................................................43 

3.4.2 Multiple arc optimisation ..................................................................................43 

3.4.3 Limited arcs, avoidance sectors ......................................................................44 

3.4.4 Plan complexity ...............................................................................................44 

3.5 Class solutions .......................................................................................................45 

3.6 ‘Tips and tricks’/ Recommendations .......................................................................46 

4 Patient specific QA for VMAT ........................................................................................49 

4.1 Introduction ............................................................................................................49 

4.2 Absolute and relative dose measurements .............................................................50 

4.2.1 Ionisation chambers ........................................................................................50 

4.2.2 Thermoluminescent dosimetry ........................................................................51 

4.2.3 Film dosimetry .................................................................................................51 

4.2.4 Detector Arrays ...............................................................................................52 

4.2.5 EPID dosimetry ...............................................................................................53 

4.3 Gamma evaluation .................................................................................................53 

4.4 Plan transfer validation ...........................................................................................54 

4.5 Plausibility checks ..................................................................................................55 

4.6 Recommendations for patient specific QA ..............................................................56 

4.6.1 Absolute and relative dosimetry ......................................................................56 

4.6.2 Gamma evaluation ..........................................................................................56 

4.6.3 Class solutions ................................................................................................57 

4.6.4 Frequency and type of patient-specific QA ......................................................57 

Acknowledgements ..............................................................................................................60 

References ...........................................................................................................................61 

 

 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  viii  

Abbreviations 

aSi Amorphous Silicon 

CP Control Point 

DICOM Digital Imaging and Communications in Medicine 

EBT External Beam Treatment 

EPID Electronic Portal Imaging Device 

HDR High Dose Rate 

HGS High Gantry Speed 

IMRT Intensity-Modulated Radiation Therapy 

LDR Low Dose Rate 

LGS Low Gantry Speed 

linac 

MAIO 

Linear accelerator 

Maximum Allowable Inertia Overshoot 

MC Monte Carlo 

MLC Multi-Leaf Collimator 

MU Monitor Unit 

NCS Nederlandse commissie voor stralingsdosimetrie 

QA Quality Assurance (set of policies and procedures to 

maintain the quality of patient care) 

R&V Record & Verify 

RT Radiotherapy 

RTT Radiotherapy Technologist 

SSD Source Surface Distance 

TLD Thermoluminescence Dosimeter 

TPS Treatment Planning System 

VMAT Volumetric Modulated Arc Therapy 
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1 Introduction 

Over the last 30 years, dose delivery techniques in radiation therapy have rapidly evolved. In 

the 1980s and early 1990s, conformal techniques consisting of usually not more than 5 

beams were common. Either rectangular fields or fixed field shapes using cerrobend blocks 

were used to obtain a suitable dose distribution. The availability of MLCs resulted in the 

generation of more conformal fields, as well as in the introduction of IMRT [3]. 

IMRT introduced the possibility to shape non-uniform dose distributions and hypofractionate 

certain parts of the tumour that are for example more radio resistant than other parts. These 

integrated or sub-volume boost techniques have been applied in several clinical trials over 

the last decade [4–6]. 

In IMRT, each treatment beam is subdivided in multiple small beams or beamlets. The 

fluence intensity in each of these beamlets can be optimized leading to highly conformal 

dose distributions. Compared to the traditional conformal beam set-up, more beams (up to 

seven or more) are used in IMRT. At present, there are two methods to deliver these highly 

conformal dose distributions, either static or dynamic IMRT. Static IMRT is often also referred 

to as ‘step and shoot’ IMRT. In this case, the MLC generates several beam shapes and the 

beam is off during the movement of the MLC. During dynamic or ‘sliding window’ IMRT, the 

leaves move continuously while the beam is on. 

 

The highly conformal dose distributions come at a price. The number of MUs in IMRT is 

much higher than in conventional radiotherapy. This leads to prolonged treatment times, 

potentially resulting in increased intra-fractional patient movement. Additionally, a higher 

number of MUs may lead to a higher integral dose to normal healthy tissues increasing the 

risk of secondary cancer(s). These disadvantages were partially counteracted with the 

introduction of VMAT in 2008 [7–9] which also enables the delivery of highly conformal dose 

distributions. A difference with fixed beam IMRT is that during VMAT the gantry rotates 

around the patient while the beam is on and gantry rotation speed, dose rate and beam 

shape vary continuously. For IMRT, the optimal, fixed gantry angles need to be determined 

in advance which is not always straightforward [10,11]. Because the gantry angle, MLC and 

dose rate continuously change during VMAT, the dose delivery is more time efficient 

compared to IMRT. This leads to significantly shortened treatment times and slightly lower 

integral dose.  Another difference between VMAT and (step and shoot) IMRT is that there is 

a fundamental difference between the representation of a VMAT arc in the TPS and on the 

linac. In the TPS the arc is represented by a set of static beams, all having a single MLC 
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shape. On the linac, however, the MUs are delivered continuously while gantry angle, MLC 

shape and dose rate are varying. 

 

TomoTherapy can be considered as the oldest VMAT technique but this technique is the 

topic of a future NCS report. The present report will only discuss the application of VMAT on 

traditional radiotherapy linacs. Vendors offer VMAT on regular linacs but each vendor uses 

its own brand name for VMAT (RapidArc is used by Varian and VMAT is used by Elekta).  
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2 Machine QA 

2.1 Introduction 

 

The introduction of VMAT resulted in synchronous gantry rotation and leaf movement, dose 

rate changes and collimator rotation. For each treatment unit type, the moving parts of the 

machine are enslaved to a leading parameter. The vendors have chosen different leading 

parameters: gantry angle (Varian Clinac) or delivered number of MU (Elekta and Varian 

TrueBeam). Since errors in these leading parameters will propagate to the enslaved 

parameters, the accuracy of the leading parameters is of the utmost importance. 

 

The characterisation and understanding of the dynamic behaviour of the linac is the first step 

in implementing VMAT. The suggested machine QA tests in this chapter will assist the user 

to assess the dynamic linac properties during VMAT delivery and verify the accuracy of 

VMAT dose delivery. For convenience, the aspects of linac commissioning for conventional 

IMRT as described in NCS report 22 [2] are summarised in paragraph 2.2 dealing with static 

gantry tests. It is assumed that these prerequisites are fulfilled before the commissioning of 

VMAT.  

 

The next paragraphs describe how to translate the existing static beam tests into their 

dynamic counterparts. Since the dynamic behaviour includes gantry and MLC motion and 

dose rate variation, tests are needed to verify each quantity separately as well as combined. 

Regular patient-specific QA can be regarded as ‘overall’ system check, where multiple 

parameters are varied simultaneously, providing a general impression of the machine 

performance. If patient specific QA results indicate that deviations are caused by machine 

delivery problems, this chapter provides tests that may help to determine the root cause of 

the failure. Depending on the characteristics of the released clinical VMAT applications, 

users may choose to disregard specific tests.  

 

The tests in this chapter may help identifying the dynamic characteristics of the treatment 

machine and the range in which the machine functions correctly. The user should ensure that 

the machine does not operate outside this range during clinical application of VMAT. 

Although most tests are rather easy to implement, for the more complex tests (sections 2.5 

and 2.6) the user is strongly encouraged to either develop DICOM RT plans that enable the 
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delivery of these tests in-house, or ask the vendor and institutes with the same treatment 

equipment for assistance. 

Since collimator rotation is usually not used clinically in VMAT, this chapter does not include 

tests to verify the collimator rotation accuracy during VMAT delivery. For those instances 

where dynamic collimator rotation is applied, the user should set up tests for collimator 

rotations in the same fashion as gantry rotations. 

 

2.2 Static gantry 

In this section, we briefly summarise the recommendations of NCS reports 9 [1] and 22 [2] 

that serve as a baseline for VMAT linac QA.  

2.2.1 Gantry angle accuracy with static gantry 

Scope 

To determine the baseline level of the gantry angle accuracy, to be used as reference for 

VMAT. 

Background 

The gantry angle is an important quantity in VMAT treatments. One should record the 

baseline accuracy under static operation for comparison with the dynamic VMAT mode. 

Suggested tests 

Measurement of the gantry angle for the cardinal angles using a spirit level or inclinometer. 

Tolerances 

Suggested tolerance is 1˚, in accordance with NCS report 9. However, an accuracy of 0.5˚ is 

achievable. 

 

2.2.2 Collimator accuracy with static gantry  

Scope 

To determine the baseline level of the collimator angle accuracy, to be used as reference for 

VMAT. 
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Background 

The collimator angle can be one of the dynamic parameters used in VMAT. One should 

record the baseline accuracy under static operation for comparison with the dynamic VMAT 

mode. 

Suggested tests 

Measurement of all cardinal collimator angles, using a spirit level or inclinometer at gantry 

angles 90 and 270°, as described in NCS report 9 [1].  

Tolerances 

Suggested tolerance is 1˚, in accordance with NCS report 9. However, an accuracy of 0.5˚ is 

achievable. 

 

2.2.3 MLC leaf position accuracy with static gantry  

Scope 

To determine the baseline level of MLC leaf position accuracy, to be used as reference for 

VMAT. 

Background 

The MLC leaf position is one of the dynamic VMAT parameters. One should record the 

baseline accuracy level under static operation for comparison with the dynamic VMAT mode. 

Suggested tests 

The picket fence test needs to be executed for all cardinal angles, as described in NCS 

report 22. 

Tolerances 

For all cardinal gantry and collimator angles the leaf positioning accuracy should be better 

than 1.0 mm, preferably < 0.5 mm, with respect to the desired position for each leaf. Leaf 

position reproducibility should be better than 0.5 mm. 
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2.2.4 Output linearity and reproducibility with static gantry and nominal dose rate 

Scope 

To determine the baseline level of output linearity and reproducibility in static mode with 

nominal dose rate, to be used as reference for VMAT. 

Background 

With VMAT the dose is given with varying dose rates, demanding a high precision on the 

integration capacity and reproducibility of the MU system. 

Suggested tests 

Both linearity and reproducibility of the machine output need to be determined for the 

clinically used range, similar to NCS report 9 and 22 (e.g. MU = 2, 5, 10, 20, 50, 100, 200, 

500, 1000). 

The linearity is defined as: 

� =
�

��
 

where  

R	= reading of the measurement 

MU = the number of monitor units. 

The reproducibility is defined as the coefficient of variation, defined by: 

� =
100

�
��

�� − ���
�

� − 1
%

�

���

 

where  

n = the number of measurements 

Ri	= reading of the ith measurement 

� is the average value of the ratios Ri 

Tolerances 

Linearity should be within 1%. Reproducibility should be within 0.5% 
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2.2.5 Flatness and symmetry with static gantry and nominal dose rate 

Scope 

To determine the baseline level of flatness and symmetry in static mode, to be used as 

reference for VMAT. 

Background 

Both flatness and symmetry may vary with moving gantry. The values should be determined 

in static operation as a baseline for comparison with results obtained in dynamic mode. 

Suggested tests 

Measurement of beam profiles in the cardinal directions for cardinal gantry angles. 

Tolerances 

Flatness should be within 3%, symmetry should be within 3% in the flattened area, as 

suggested in NCS report 9 [1] for cardinal angles. Note that it should be possible to have the 

flatness and symmetry within 1.5%. 

 

 

2.3 Speed determination 

2.3.1 Gantry speed 

Scope 

To determine the maximum gantry speed and to verify if it is in accordance with the vendor 

specifications. 

Background 

When the linac is operating in dynamic mode, gantry speed is the result of the position 

demands of the gantry between two consecutive control points, the number of Monitor Units 

to be delivered between these control points and the actual dose rate. The maximum and 

minimum gantry speeds are used as an input variable for most TPSs. 
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Suggested tests 

Record the rotation speeds using different speed demands through a user-defined control 

point sequence in a DICOM RT plan file or directly at the machine. If possible, record both 

averaged and actual rotation speed to assess the constancy of the speed. 

Tolerances 

Gantry speed should be within manufacturer specifications and the maximum gantry speed 

should be entered in the TPS. 

2.3.2 MLC leaf speed 

Scope 

To determine the maximum leaf speed of the slowest leaf. This may be used for input in the 

TPS. 

Background 

Characterisation of the maximum speed of the slowest leaf and speed fluctuations is required 

to ascertain good correspondence between TPS estimated delivery times, speeds and dose 

rates versus the actual ones. Since identical behaviour of all leaves during delivery is 

assumed within the TPS, the maximum leaf speed entered in the TPS should be determined 

by maximum leaf speed of the slowest leaf. Note that a correctly defined leaf speed is not 

related to an accurate leaf position. 

Suggested tests 

The maximum leaf speed of all leaves should be determined under all cardinal gantry angles 

(or at least one reference and one under 90˚/270˚) with the leaf travel direction both parallel 

and perpendicular to the direction of gravity. The leaves are all set at one far end and 

requested to travel to the other far end. If available in the service tools of the linac 

(depending on the vendor), one can record the leaf speed for single or multiple leaves when 

travelling across the collimator opening. Otherwise, leaf-speed can be retrieved from the 

linac log files. A qualitative approach would be visual inspection (either directly or at the 

console depicting the leaves) of the trailing of leaves when they travel across the field.  

Tolerances 

At all angles leaf speeds should be within manufacturer specifications and the maximum leaf 

speed should be entered in the TPS. 
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2.4 Dose rate dependence with static gantry 

2.4.1 Output accuracy 

Scope 

To benchmark the accuracy of the linac ionisation chamber for multiple and varying dose 

rates. 

Background 

The ionisation chamber of the treatment machine may become non-linear at low dose rates 

or during dose rate switching. As the dose rate frequently changes during VMAT delivery, 

this may influence the accuracy of the machine output. 

Suggested tests 

Determine the output of a 10x10 cm2 field at five discrete dose rates, including the minimum 

and maximum dose rate. The second test is to determine the output stability with varying 

dose rates. For a given number of MUs, set the initial dose rate to the allowed minimum for 

approximately 1/3 of the number of MUs. Subsequently, switch it to maximum dose rate for 

about 1/3 of the MUs and finally, switch it back to deliver the rest with the minimal allowed 

dose rate. All tests should be performed at all cardinal gantry angles. 

Tolerances 

For all tests, the output should be within 0.5% compared to the reference value. 

 

2.4.2 Flatness and symmetry at lowest dose rate 

Scope 

To determine minimum dose rate under which the linac can operate reliably in static mode at 

cardinal gantry angles. 

Background 

Monitor chamber response may become non-linear at low dose rates or during dose rate 

switching. Additionally, the irradiation beam may become unstable at very low dose rates. 

Since VMAT frequently uses (much) lower dose rates compared to the nominal dose rates 
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one needs to determine the minimum and maximum dose rates at which a stable beam can 

be created. 

Suggested tests 

Set the dose rate manually to the lowest dose rate with a stable beam and stable output (See 

section 2.4.1, and NCS 9 and 22. Additionally, determine flatness and symmetry for the 

minimum and maximum dose rate and three levels between them. This should be done 

under gantry angle zero using the maximum measurable field size. For the other cardinal 

angles, determine the flatness and symmetry for minimum and maximum dose rate. 

Tolerances 

Dose rate should be stable as specified by the manufacturer. For all cardinal angles, flatness 

should be within 2% compared to a reference profile (see section 2.2.5) for all dose rates. 

Symmetry within the flattened area should be within 2% compared to a reference profile. 

Note that <1.5% should be achievable. 

 

2.5 Dose rate dependence in dynamic mode 

2.5.1 Flatness and symmetry 

2.5.1.1 Flatness and symmetry at various continuous dose rates during gantry rotation 

Scope 

To determine the field flatness and symmetry at fixed dose rates during constant gantry 

rotation.  

Background 

Due to the continuously changing field shape and gantry angle, VMAT plans generally show 

more dose segments at low dose rates than in IMRT or 3D-CRT to meet the speed limiting 

properties of the various linac components. The flatness and symmetry checks are already 

part of the standard machine QA at cardinal gantry angles. However, to ensure an accurate 

dose delivery in a dynamic mode of the linear accelerator, the field profiles in dynamic mode 

should be equal to the profiles in static mode. Since TPS systems rely on data acquired in 

static mode at gantry 0°, the profiles must be stable during gantry rotation, in particular for 

low dose rates.  
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Suggested test 

A linear (1D or 2D) dose detector array can be used to take angle-resolved measurements of 

the beam profile. The array must be positioned perpendicular to the beam direction for all 

gantry angles (e.g. gantry head mounted) and the sample frequency of the detector has to be 

sufficiently high to obtain representative snapshots. Preferably, more than one profile per 5° 

at maximum gantry speed should be acquired. The applied VMAT plan for this test 

comprises of an open field of maximum field size and an angular spacing of the control 

points of about 4 degrees to ensure a continuous movement of the linac (note that in theory 

the control point spacing should not influence this test). 

Measurements are to be performed at least at five dose rate levels, including the maximum 

and minimum allowed dose rate. For linacs using binned dose rates, it is advised to slightly 

increase the total number of MUs for each arc segment (e.g. 5%) to prevent the system from 

falling back in a lower dose rate mode than intended due to minor instabilities of the system.  

For the analysis of the cardinal gantry angle results, the field flatness and field symmetry 

have to be within the specifications of the static gantry angle tests in section 2.2. For all other 

gantry angles, visual inspection of the profile should provide adequate insight whether further 

investigation is warranted or not.  

 

Tolerances 

Flatness variation and symmetry variation at all dose rates and gantry angles should be 

smaller than 2% with respect to a reference profile using the same equipment (following NCS 

report 22). It is recommended to only use dose rates in clinical practice that are within the 

defined flatness variation and symmetry tolerances. 

 

2.5.1.2 Flatness and symmetry during gantry rotation and dose rate changes 

Scope 

To determine the stability of the field flatness and field symmetry during gantry rotation with 

constant gantry speed including dose rate changes. 

Background 

VMAT plan delivery often includes dose rate changes. To ensure accurate dose delivery 

during VMAT, field flatness and symmetry must be stable while the dose rate changes. 
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Suggested test 

A DICOM RT plan is required in which the arc is divided in angular sectors with alternating 

dose rates (from maximum down to the minimum stable dose rate according to 2.4.1). A 

dose detector array as discussed in 2.5.1 can be used but it must be capable of time-

resolved profile recording. Because the sampling frequency of detectors is limited, each dose 

segment must be long enough to prevent undersampling. Field flatness and symmetry 

should be determined and evaluated for each dose rate sector, in particular immediately after 

a change in dose rate. 

Tolerances 

Flatness and symmetry should be within 2% of their static reference values within 5 MU after 

a change in dose rate.  

 

  
  

Gantry speed 

  Low High 

D
o

s
e

 r
a

te
 

 

  

 

  

 

Figure 1. An overview of the transition in gantry speed and dose rate that can occur in VMAT 

plans. The ‘speed’ of these transitions depends on the limitations of the linac. The numbers 

next to the arrows refer to the paragraphs in this chapter in which they are discussed. 
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2.5.2 Output 

The dynamic behaviour of the treatment machine is determined by several varying 

parameters: gantry (and collimator) rotation, MLC motion and dose rate variation. Although 

the TPS will try to create an optimal and efficient treatment plan, the linac itself will 

autonomously decide what the actual speed and dose rate will be that fits the prescription. 

This paragraph describes the tests to verify the accuracy of VMAT delivery related to the 

mutually dependent gantry rotation and dose rate variation. The tests cover the various 

transitions in gantry speed and dose rate that can occur in VMAT plans, and enable users to 

determine if the linac can meet the settings applied in the TPS. Vice versa, these tests may 

help to set limits to the degrees of freedom that are allowed in treatment planning. Figure 1 

gives an overview of the paragraphs where the gantry speed and dose rate changes 

occurring in VMAT will be discussed. 

2.5.2.1 Output beyond 1000 MU 

Scope 

To verify the linearity of the treatment machine for a large number of MUs. 

Background 

It is assumed that the linearity has been verified according to NCS reports 9 (Ch 8.1-3) and 

22 (Ch. 2.4.2.2). In these reports, the maximum number of MUs is limited to 1000 to meet the 

clinical restrictions of open fields and IMRT. However, since VMAT plans may deliver much 

more MUs per arc, these linearity tests should be extended to the clinically used range of 

MUs. 

Suggested test 

A VMAT beam of a 10 x 10 cm2 field containing 4000 MU (or more, if relevant) has to be 

delivered over 360°, with the MUs evenly distributed in 4° intervals. Subsequently, a 10 x 10 

cm2 VMAT beam over 360° containing 100 MU has to be delivered as reference. The total 

dose for both beams should be determined with an ionisation chamber. The setup is 

preferably isocentric or gantry mounted to be able to directly compare the results to the 

(static) reference. For an isocentric setup, the plan should be irradiated on a cylindrical 

phantom with an ionisation chamber at the centre in order to avoid angular dependence, or 

an ionisation chamber with a build-up cap. Alternatively, a linac head-mounted device can be 

used. A dose detector should be used as described in section 2.5.1. 
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Tolerances 

The maximum allowed deviation from the reference is 0.5%.  

 

2.5.2.2 Output in the presence of dose rate changes at constant gantry speed 

Scope 

To verify whether the linac output is constant during gantry rotation including changes in 

dose rate. 

Background 

For fixed gantry angles, the tests to determine the effect of dose rate variations on the 

monitor chamber has already been described (section 2.4.1). The dynamic linac behaviour 

(i.e. gantry rotation and dose rate modulation) may affect the accuracy of the delivered dose 

in an arc segment.  

Suggested test 

The test plan as described in paragraph 2.5.1.2 can be used. The plan should be irradiated 

on a cylindrical phantom with an ionisation chamber at the centre in order to avoid angular 

dependence, or an ionisation chamber with a build-up cap. Alternatively, a linac head-

mounted device can be used. A dose detector should be used as described in section 2.5.1. 

The delivered (accumulated) dose for the whole plan and optionally for each dose sector, 

has to be determined and compared with the reference value. The reference dose level can 

be established by delivering the same number of MU with the same field size at constant 

dose rate 

Tolerances 

The difference between measured and reference dose of the integral plan should be within 

0.5%. If time-resolved ionisation chamber measurements can be performed, each delivered 

dose segment should not differ more than 1% from the reference dose for all dose rates. 

 

2.5.2.3 Mutual dependence of dose rate and gantry speed 

Scope 

To determine the relationship between gantry rotation speed and dose rate. 
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Background 

An accurate control of gantry angle, gantry angle speed and dose rate is necessary for 

accurate dose delivery. It is possible to deliver equal doses per sector in two ways: high 

gantry speed and high dose rate, or low gantry speed and low dose rate. For a specific dose 

delivery per gantry angle, the gantry angle speed and the dose rate are related according: 
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In this formula, t = time and CumMU is the cumulative number of delivered MUs. 

Although some treatment planning systems can be steered to create treatment plans that 

can be delivered with constant gantry speed, this cannot be enforced. The linac will always 

autonomously determine the gantry speed, dose rate and MLC leaf speed.  

Note that for dose rates limited to discrete levels (e.g. Elekta linacs with binned dose rates), 

the desired dose per degree has to be delivered by one of the discrete dose rate levels and a 

certain gantry speed. 

Suggested test 

The test is an adaptation of a test as described by Ling et al [12]. A VMAT plan consisting of 

seven adjacent dose strips of a 5.6 x 40 cm2 open fields (see Figure 2). Each dose strip 

contains the same number of MUs (e.g. 100 MU) but is delivered using a different 

combination of dose rate, gantry angle and gantry speed (see Table 1) with a 1 mm gap 

between the strips, resulting in a fairly uniform intensity across the film except for the gaps 

between the strips. 

The plan is exposed to a film with build-up material, which is placed on a gantry mounted 

frame or tray. As a reference, the same plan is delivered without gantry rotation and MLC 

movement (i.e. using static stripes) to a second film. Alternatively, an open field can be used, 

see Figure 2. Extracted profiles through the two exposed films should be similar. (Note: For 

linacs with MU as the leading parameter (see paragraph 2.1) the results should in theory be 

identical to a static strip test. For linacs with the gantry angle as leading parameter, more 

deviations may arise). 

To reduce start and stop uncertainties, the arc length can be increased. The number of MUs 

should also be adapted with the same factor. To prevent the possible influence of gantry 

acceleration, it is advised to start with dose sectors of lowest gantry speed. 
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Figure 2 Profiles of an open field (red) and dynamic stripes field (blue). 

 

Table 1. The three possible combinations of gantry speed, dose rate and angular sector 

length. 

 

 

In general, the linac will deliver the dose in the shortest amount of time, thereby maximizing 

gantry speed and dose rate. Therefore, changing gantry speed at low dose rate can only 

occur when either the dose rate is explicitly defined or leaf travel (as third limiting parameter) 

is introduced (this is depicted by the red shaded quadrant in figure 1). Note that one can 

create test plans consisting of multiple dose sectors from any of the three combinations.  

 

Tolerances 

Differences between profiles obtained with and without gantry rotation should be smaller than 

2%. 
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of MU Dose rate

Angular 

sector 

length
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1 X DRMax Δ v 1 X DR Δ vmax 1 X DRMax Δ vmax

2 X DRMax/2 2Δ v 2 X DR 2Δ vmax/2 2 X DRMax/2 Δ vmax/2

3 X DRMax/4 4Δ v 3 X DR 4Δ vmax/4 3 X DRMax/4 Δ vmax/4

4 X DRMax/8 8Δ v 4 X DR 8Δ vmax/8 4 X DRMax/8 Δ vmax/8

5 X DRMax/16 16Δ v 5 X DR 16Δ vmax/16 5 X DRMax/16 Δ vmax/16
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2.5.2.4 Output during maximum dose rate and gantry speed variation 

Scope 

To determine if dose delivery is independent of large variations in gantry angle speed during 

dynamic delivery, i.e. is not affected by inertia (acceleration/deceleration).  

Background 

Due to its large mass, variations in gantry angle are more difficult to handle than leaf position 

or collimator angle. Therefore, we propose tests to determine possible synchronicity issues 

between the gantry angle and MUs for varying gantry speed. Based on these tests, the user 

should set limitations in the TPS to enforce correct behaviour of the system during clinical 

delivery. 

Suggested test 

Test A – Synchronicity spoke film 

The suggested test is an adaptation of a test described by Van Esch et al. [13]. The test will 

give a rudimentary view of the synchronicity between dose rate and gantry rotation using 

film, without the need for time-resolved acquisition of gantry angle and dose rate. The test 

consists of a VMAT beam with the MLC leaves remaining stationary during gantry rotation, 

forming a central gap of a few mm (as small as possible). The full gantry arc is divided into 

eight equal angular sectors of 2° with high dose delivery and 38° with low dose delivery.  

 

During the low dose rate sectors the gantry moves at maximum speed (LDR+HGS), while 

during the high dose rate sectors the gantry moves at low speed (HDR+LGS). Note that the 

number of MUs must be sufficiently high to compensate for the small dose output factor of 

the small leaf gap.  
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Figure 3. (a) Experimental setup of the cylindrical phantom for VMAT delivery. (b) the 

exposed twinkle star film. The red circle depicts a circular contour that can be used to extract 

the angle of each stripe as well as the intensity at a fixed distance from the centre of the 

twinkle star. (c) The image/dose values at the circular contour. A small shift of the phantom 

causes a difference in intensity of the stripes. 

 

A film sandwiched within a cylindrical phantom and positioned in the plane of gantry rotation, 

is used to obtain the dose profiles (see Figure 3 ). The phantom should be mounted outside 

the table top to prevent attenuation by the couch. Since this test implies gantry angle 

determination, correct positioning and orientation of the film with respect to the isocentre has 

to be ensured. The angle of each spoke with respect to the gantry in upward position (0°) has 

to be determined and compared with the intended gantry angle of the particular stripe.  

The repeatability of the dose delivery can be obtained by determining the relative intensity of 

each stripe at a fixed distance from the centre of the twinkle. Note that positioning errors or 

isocentre inaccuracies will affect the height of the profile, making it impossible to use the 

height as a reliable measure. Note that the conversion of the (optical density of the) film to 

absolute dose is preferable but not a necessity. 

 

An alternative can be to change the order of the spokes to 1, 3, 5, 7 and 9 for clockwise 

gantry rotation and 8, 6, 4 and 2 for counter-clockwise gantry rotation within a single arc. 

Inertia issues become more clearly visible since the odd and even peaks will shift in opposite 

direction. 

 

If a cylindrical phantom is not available, a rectangular or other shaped phantom can be used 

as an alternative. However, the source-surface-distance will then be different for each gantry 

angle and consequently a different dose at the same radial distance will be measured. The 

height of the profiles (at the spokes) will thus not be directly related to the delivered dose. 

The same is true if a cylindrical phantom is used that is not mounted outside the table top. 

Tolerances 

The intended and measured angular position of the peaks should be in agreement within 1°.  

 

Test B – Maximum Allowable Inertia Overshoot (MAIO) test  

The test A, described above, deals with the situation of LDR-HGS (small dose segment) 

switching to HDR- LGS (large dose segment), and vice versa. But, if an arc segment with 
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HDR-HGS precedes a segment with LDR-LGS, a too slow deceleration of the gantry or 

reduction in dose rate will have a large impact on the dose delivered in the succeeding 

segment. The gantry may respond erratically in an attempt to follow the prescription. This 

may either result in delivering the dose too soon, before the gantry has reached the 

requested gantry angle, or too late, after the gantry has moved beyond its prescribed angle. 

If the resulting deviation from the prescribed plan cannot be corrected within a defined 

period, a linac interlock will occur. To prevent such behaviour, maximum gantry speed and/or 

gantry acceleration parameters could be adjusted. Note that in practice the linac will not 

interrupt due to exceeding gantry speed or inertia limits but due to large field symmetry or 

flatness errors induced by high gantry inertia and a large dose rate change. Some treatment 

planning systems offer mechanisms to avoid strong gantry acceleration and deceleration. 

 

The linac will generally deliver the dose in the shortest possible time, thereby maximizing 

gantry speed and dose rate. Thus, to enforce the treatment machine to change the gantry 

speed at low dose rate, the dose rate needs to be defined explicitly. If that is not possible, 

leaf travel (just) outside the aperture (the guard leaves for Elekta linacs) may be used to 

enforce the combination of low gantry speed and low dose rate (See Table 2) or use the 

outermost leaves if the field size is large enough to neglect output changes.  

 

In Table 3, an example of a prescription to test machine inertia performance is presented. To 

enforce quick changes in gantry speed, the delivered dose in the segment is reduced in one 

of the linac states while keeping the other state constant. This will make it possible to 

analyse the origin of possible limitations. Combining any of the linac states from Table 2, 

users can create their own inertia test dedicated to their needs. Note that the transition to LL 

is not displayed in Table 3. MLC motion is required to perform such a transition, which will 

add a higher level of complexity to the test plans. Inertia will be tested as well in transitions 

towards HL.   
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Table 2. Overview of the dose rate and gantry speed settings to create a test plan for inertia 

verification. 

 

Sector 

label 

Linac state   Sector *   Delivered 

Dose 

rate 

Gantry 

Speed 

Dose 

(MU) 

Gantry 

travel 

Leaf 

travel 

Explicit 

def. dose 

rate 

Dose 

rate 

Gantry 

Speed 

         [MU] [deg] [cm] [MU/min] [MU/min] [deg/s] 

1-LH L H 2 12 60 6 

2-LL L L 2 2 12** 60 60 1 

3-HL H L 20 2 600 1 

4-HH H H   20 12       600 6 

* Each sector is scalable if each parameter is proportionally scaled 

** Leaf travel required for a 2s (or 1 deg/s gantry speed) may be linac dependent. 
 

 

 

The limitations of the linac can be found by changing the overall dose of the test plans. By 

scaling the dose of each sector, each involved parameter is also proportionally scaled (Table 

3). The outcomes of this test can be used to set corresponding parameters in the TPS if 

available (e.g. gantry speed or smoothing/efficiency parameters). Furthermore, by performing 

this test it is possible to determine if the treatment machine can handle abrupt changes, 

without interrupts. The clinically possible changes should be well within the capabilities of the 

linac. 

 

Table 3. Suggested test plan to verify the linac inertia properties by varying the dose and 

the gantry travel for each sector.  

              

Dose 

sector 

number 

Linac state Sector 

label 

Sector 

Dose 

rate 

Gantry 

Speed 

Dose 

(MU) 

Gantry 

travel 

           [MU] [deg] 

HDR+LGS – HDR+HGS with decreasing HH dose sector size 

1 H L 3-HL   20.00 2.00 

2 H H 4-HH 20.00 12.00 

3 H L 3-HL   20.00 2.00 

4 H H 4-HH 10.00 6.00 

5 H L 3-HL   20.00 2.00 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  29  

6 H H 4-HH 5.00 3.00 

7 H L 3-HL   20.00 2.00 

8 H H 4-HH 2.50 1.50 

9 H L 3-HL   20.00 2.00 

10 H H 4-HH 1.25 0.75 

11 H L 3-HL   20.00 2.00 

 

HDR+LGS – HDR+HGS with decreasing HL dose sector size 

1 H L 3-HL 20.00 2.00 

2 H H 4-HH   20.00 12.00 

3 H L 3-HL 10.00 1.00 

4 H H 4-HH   20.00 12.00 

5 H L 3-HL 5.00 0.50 

6 H H 4-HH   20.00 12.00 

7 H L 3-HL 2.50 0.25 

8 H H 4-HH   20.00 12.00 

9 H L 3-HL 1.25 0.13 

10 H H 4-HH   20.00 12.00 

HDR+LGS – LDR+HGS with decreasing HL dose sector size 

1 H L 3-HL   20.00 2.00 

2 L H 1-LH 20.00 120.00 

3 H L 3-HL   20.00 2.00 

4 L H 1-LH 10.00 60.00 

5 H L 3-HL   20.00 2.00 

6 L H 1-LH 5.00 30.00 

7 H L 3-HL   20.00 2.00 

8 L H 1-LH 2.50 15.00 

9 H L 3-HL   20.00 2.00 

10 L H 1-LH 1.25 7.50 

11 H L 3-HL   20.00 2.00 

  

HDR+LGS – LDR+HGS with decreasing LH dose sector size 

1 H L 3-HL 20.00 2.00 

2 L H 1-LH   10.00 60.00 

3 H L 3-HL 10.00 1.00 

4 L H 1-LH   10.00 60.00 

5 H L 3-HL 5.00 0.50 

6 L H 1-LH   10.00 60.00 

7 H L 3-HL 2.50 0.25 

8 L H 1-LH   10.00 60.00 

9 H L 3-HL 1.25 0.13 

10 L H 1-LH   10.00 60.00 
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Tolerances 

The clinically used changes in gantry speed and dose rate variations should be deliverable 

by the linac. The test described above should help to determine what the limitations of the 

linac are. 

 

 

2.6 MLC leaf position accuracy in dynamic mode 

Scope 

To determine the positional accuracy of the leaf position with moving gantry and leaves. This 

test is an extension of the test described in section 2.2.3. 

Background 

This test shows the leaf positioning accuracy in dynamic mode. Leaf motion direction, gantry 

motion direction and gravity effects may influence MLC positioning. 

Suggested test 

This test is a dynamic version of the picket fence test [14]. Place a film orthogonal to the 

beam placed on a gantry mounted frame or tray (section 2.5.2.3) or use the EPID to record 

an image. Use a VMAT sector with a high dose rate and a non-moving MLC slit to produce 

the strip field. The next segment should consist of a low dose rate combined with a high MLC 

speed sector to move the field opening to the next position. When starting with the centre slit 

and delivering the subsequent slits as shown in the Figure 4, one ensures maximum MLC 

speed between the slits. 

Perform the test with different collimator angles, and at different starting position of the 

gantry, both in clockwise and counter clockwise direction to investigate the influence of 

gravity on leaf positioning. Emanating from section 2.2.3 with MLC position accuracy within 

limits, a static plan of the seven strips at gantry 0° can be created and delivered to a second 

film in the same setup as a reference. Derive dose profiles in the direction of the leaf 

movement to compare expected (from the reference) and measured positions of the 

abutments as well as the depth of the abutments according to NCS report 22 [2] and Sastre-

Padro et al. [15]. 
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Figure 4. Slit positions to test the MLC accuracy during dynamic VMAT treatment. 

Tolerances 

Minimum requirement < 1.0 mm, desired requirement < 0.5 mm, in accordance with NCS 

report 22.  

 

2.7 Interrupt handling 

Scope 

To determine if the treatment machine correctly handles unexpected interrupts. 

Background 

There are various reasons why a treatment unit can interrupt dose delivery, either intended 

(e.g. by pressing the interrupt button) or unintended (e.g. caused by a fault of the delivery 

system). After resuming delivery, the final dose distribution should be unaffected. 

Suggested test 

To investigate the influence of interrupts on the dose distribution of a VMAT treatment, 

regular plan QA devices and procedures of the department can be used. Results of 

uninterrupted and (multiply) interrupted deliveries must be compared. 
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Tolerances 

Interrupting the delivery should not prevent the machine completing the treatment at a later 

time. When comparing interrupted and uninterrupted plan deliveries, dose deviations should 

be within 1% preferably within 0.5%. 

 

2.8 Proposed test frequencies 

The following Table contains proposed test frequencies. Depending on the user’s experience 

with the machine deviations can be allowed for. The reasons for the deviations should be 

well documented. After acceptance of VMAT capability of the linac, the user could use a 

fixed set of clinical VMAT plans to check the consistency of the VMAT delivery. In case of an 

issue, the tests described in this chapter can assist in finding the origin of the problem. 

 

Table 4. Overview of the different tests and the frequencies to perform them. 

Section Test Frequency Note 

2.2.1 Gantry angle accuracy with static 
gantry 

Acceptance, 
every six months 

Consider it after 
corrective 
maintenance 

2.2.2 Collimator accuracy with static gantry Acceptance, 
every six months  

Consider it after 
corrective 
maintenance 

2.2.3 MLC leaf position accuracy with static 
gantry 

Monthly Cardinal angles 
other than 0° can 
be done yearly 

2.2.4 Output linearity and reproducibility with 
static gantry and nominal dose rate 

Acceptance Consider it after 
corrective 
maintenance 

2.2.5 Flatness and symmetry with static 
gantry and nominal dose rate 

Monthly  

2.3.1 Gantry speed Acceptance Consider it after 
corrective 
maintenance 

2.3.2 MLC leaf speed Acceptance Consider it after 
corrective 
maintenance 

2.4.1 Output accuracy Weekly  

2.4.2 Flatness and symmetry at lowest dose 
rate 

Acceptance/ 
on indication 

 

2.5.1.1 Flatness and symmetry at various 
continuous dose rates during gantry 
rotation 

Acceptance/ 
on indication 

 

2.5.1.2 Flatness and symmetry during gantry 
rotation 

Acceptance/ 
on indication 

 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  33  

2.5.2.1 Output beyond 1000 MU Annually  

2.5.2.2 Output in the presence of dose rate 
changes at constant gantry speed 

Acceptance/ 
on indication 

 

2.5.2.3 Mutual dependence of dose rate and 
gantry speed 

Acceptance/ 
on indication 

 

2.5.2.4 Output during maximum dose rate and 
gantry speed variation  

Quarterly  

2.6 MLC leaf position accuracy in dynamic 
mode 

Acceptance/ 
on indication 

 

2.7 Interrupt handling Annually   
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3 VMAT representation and treatment planning 

3.1 Introduction 

Accurate modelling of dynamic treatments in the TPS is of great importance for high quality 

VMAT dose delivery. In most currently available TPSs, a VMAT arc is represented by a set of 

discrete beams. On the treatment machine, however, VMAT delivery is characterized by 

simultaneous radiation delivery and motion of gantry, MLC, jaw, and possibly collimator. 

Consequently, there is a fundamental difference between VMAT representation in most 

treatment planning systems (discrete) and the actual delivery (continuous). In each TPS, the 

dynamic operation of the linac is modelled based on VMAT specific parameters which 

describe the mechanical and dosimetric limits of the treatment unit. The connection between 

TPS and treatment unit is the DICOM treatment prescription, created by the TPS and 

interpreted by the linac. 

 

Section 3.2 describes the VMAT representation in DICOM, as it is created by the TPS and 

used on the treatment unit. In section 3.3 the VMAT commissioning in the TPS is addressed. 

Next, inverse optimisation and usage of class solutions are discussed in sections 3.4 and 

3.5. The last section of this chapter (3.6) is dedicated to ‘tips and tricks’ for the actual clinical 

VMAT treatment planning process. 

 

3.2 VMAT representation 

3.2.1 DICOM VMAT representation 

The standard for data transfer from the TPS to the treatment unit or R&V system is the 

DICOM RT plan format [16]. In the DICOM RT plan prescription, a treatment beam 

(conventional, IMRT, or VMAT) is represented by an object with a series of control points 

(CPs) and other properties, such as the treatment unit name and beam energy. A CP 

represents a treatment unit state, as it prescribes parameter values for all relevant treatment 

unit settings, such as gantry, collimator, and couch angles, number of cumulative MUs, jaw, 

and leaf positions. In the case of static beam IMRT, all CPs of a beam will have an identical 

gantry angle, whereas in the case of VMAT, all CPs can have a different gantry angle. During 

beam delivery, the treatment unit will travel along all prescribed values in the CPs in the 

specified order.  
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In between CPs, no treatment unit state is prescribed in the DICOM RT plan prescription. 

Special attention should be paid to the MU prescription per CP. The MU parameter describes 

the cumulative MU fraction that the machine should have given upon reaching the specific 

CP, whereas geometrical parameters define the actual state at that CP. Consequently, the 

MU fraction value in the DICOM file equals zero at the first and one at the last CP. As a 

result, a DICOM VMAT beam consisting of ‘n’ CPs will have ‘n-1’ MU increments. 

 

3.2.2 Treatment unit VMAT interpretation 

Ideally, the treatment unit reaches the prescribed combination of machine settings at each 

CP. In between control points, the machine interpolates all varying parameters linearly, while 

maintaining synchronicity of all varying parameters. However, it can easily be understood 

that this ideal behaviour will be hard to realize. Perfect linear interpolation between CPs of all 

parameters would require a high degree of synchronicity between the different parts of the 

treatment unit, for example between gantry rotation and leaf motion, or between dose rate 

and gantry speed. Additionally, perfect linear interpolation in between CPs would require 

abrupt speed changes at the CPs. As speed changes take time, this is not possible. 

 

In practice, VMAT treatment delivery is guided by a dedicated control loop feedback system. 

The machine monitors the actual values of all parameters many times in the time interval 

between CPs. One of the varying parameters is appointed as leading parameter to which all 

other parameters must be synchronized. This synchronicity will not be perfect and tolerances 

must be defined stating for each of the parameters to what extent it may deviate from ideal 

synchronicity. A feedback loop is applied to steer each of the parameters in order to keep 

deviations small. If this steering would be insufficient and deviations would become too large 

or the maximum allowed deviation persist for too long, the treatment delivery is interrupted. 

Figure 5 shows a schematic drawing for a single VMAT parameter of prescribed value 

(purple), realized value (blue), and tolerance interval (black). 
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Figure 5. Schematic drawing of prescribed (purple) versus actual (blue) VMAT parameter 

and tolerance limits (black). Note that only the maximum allowed deviation is indicated and 

not the amount of time this deviation is allowed to exist.  

 

The treatment unit will try to deliver the VMAT treatment as fast as possible, i.e., using that 

combination of speed and dose rate that will result in shortest delivery time. In between CPs, 

each varying parameter needs a certain amount of time to change from one prescribed value 

to the next. As such, the parameter requiring the most time is speed limiting for treatment 

delivery. Each CP interval may have another speed limiting parameter. In a VMAT arc with a 

low number of MUs and little leaf motion, the gantry speed is likely to be the speed limiting 

factor. When, on the other hand, the number of MUs is high, the dose rate is likely to be 

speed limiting. The actual delivery time of a VMAT prescription may differ between treatment 

machines, since maximum dose rate, gantry speed and MLC speed are machine dependent.  

 

On Elekta machines, the delivered MU fraction is the leading parameter. The control system 

checks every 40 ms [17] that, for the actual number of delivered MUs, all other dynamic 

parameters are within tolerance. This can result in the peculiar observation that the gantry 

runs in opposite direction for a short period of time when a gantry angle correction is 

required. When the required corrections are too large, the control system will interrupt 

delivery. 

 

On Varian machines, the control system has been split into two parts: the machine control 

system and the MLC controller. The MLC controller is monitoring the MLC leaf positions as a 
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function of gantry angle. The machine control system is monitoring the delivered MUs and 

other parameters as a function of the gantry angle. The leaf positions are checked against 

the prescription every 50 ms for C-series machines [18] and every 10 ms for TrueBeam 

machines [19]. If the MLC is out of tolerance for a certain time, beam delivery will be 

interrupted.  

3.2.3 TPS VMAT modelling 

With the development of fast optimisation algorithms [9,20,21], clinical use of VMAT has 

become feasible. Most of these algorithms start using fluence optimisation with a coarse 

sampling of the arc, using a limited number of beams at fixed gantry angles. Next the 

sampling density of the arc is increased until the required angular spacing is reached. 

Obviously, the smaller the CP spacing, the better the correspondence between the TPS 

model and the linac behaviour [22]. A detailed description of these algorithms is beyond the 

scope of this report. 

 

During the optimisation procedure, the dynamic treatment delivery is simplified as a 

collection of static beams at different gantry angles at which the MUs are delivered by a 

certain MLC shape. On the treatment unit, however, treatment is delivered continuously: in 

between CPs, MUs are delivered and the leaves are moving from one CP to the next. 

The task of the TPS during VMAT optimisation is to generate a dose distribution that meets 

the clinical criteria, while taking into account the geometrical and dosimetric limitations of the 

treatment machine. Furthermore, a CP sequence has to be created that will result in a 

delivered dose distribution as close as possible to the calculated one, see Figure 6. To 

achieve this, the TPS must have a model of the dynamic linac behaviour (in the following 

referred to as ‘VMAT model’). The central tasks of the VMAT model are (i) dealing with the 

intermediate field shapes, and (ii) assigning the MUs to the available CPs. In the following, 4 

of these models are discussed. 
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Figure 6. Schematic overview of VMAT planning and delivery. The VMAT model is used to 

calculate the 3D dose distribution from the CP series. 

 

Simple VMAT model 

The necessity of a proper VMAT model becomes evident when considering the simplest 

model, which is a direct adoption of MUs and MLC shapes from the optimized beams into the 

DICOM prescription, without any modification. In this model, dose calculation in the TPS is 

performed using the MUs and MLC shape of the corresponding CP in the DICOM 

prescription. The main shortcoming of this model is the distribution of MUs along the arc. In 

Figure 7a, the cumulative number of MUs as a function of CP index is shown for this simple 

model. The purple line displays the MUs as delivered by the treatment unit, together with the 

prescribed values (black dots). In the TPS, however, dose calculation is performed using 

MUs that are attributed to static beams (blue vertical lines). As a result, MUs are shifted by 

half the CP spacing on average. For large CP spacing, this leads to significant differences 

between planned and delivered dose distributions. Furthermore, intermediate field shapes 

are not taken into account in the TPS.  

 

Optimal VMAT model 

The most accurate VMAT model implies TPS dose calculation for a large (infinite) number of 

intermediate MLC shapes. For conventional algorithms, this would result in very long 

computation times, since dose calculation time scales with the number of beams. However, 

for a TPS equipped with a MC dose engine, the number of MLC shapes does not influence 

calculation time. MC calculation time only scales with the number of simulated particles, as 

does its statistical uncertainty. For an equal total number of simulated particles, calculation 

https://doi.org/10.25030/ncs-024 The NCS report has been downloaded on 25 Apr 2024



  39  

time and dose uncertainty will be similar for dose calculation at the CPs only or at a large 

number of intermediate beams. However, in the latter the dynamic behaviour of the treatment 

unit is taken into account more accurately. This VMAT model is implemented in Monaco, up 

from version 3. Figure 7b shows the exact coincidence of MUs on the linac and in the TPS. It 

should be noted that also for the deterministic linear Boltzmann transport equation solver 

algorithms (such as Acuros XB, implemented in Eclipse version 10 and higher) the 

calculation time does not scale with the number of beam portals. 

 

Figure 7. Graphical representation of the cumulative number of MU in the TPS and the 

DICOM prescription for the four presented VMAT models (a) simple, (b) optimal, (c) 

dosimetric averaging, and (d) geometric averaging. 

 

Dosimetric averaging VMAT Model 

Another VMAT model is based on redistribution of MUs for dose calculation in the TPS. In 

the DICOM prescription, the MUs are attributed to CP intervals, i.e., between CP ‘n’ and 

‘n+1’ a certain amount of MUs is prescribed. In this VMAT model, the MUs from a CP interval 

are equally distributed between the two adjacent beams in the TPS. In this manner, there is 

no systematic shift of MUs along the arc, as is the case in the simple VMAT model. Similar to 
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the simple model, the dosimetric averaging model takes into account only the MLC shape at 

the CP. A schematic drawing of the distribution of MUs along the arc on the linac and in the 

TPS for the dosimetric averaging model is shown in Figure 7c. This figure shows both the 

number of MUs per CP in the DICOM prescription and in the TPS dose calculation for this 

model. This VMAT model is implemented in Pinnacle [Philips Medical Systems, Best, the 

Netherlands] up from version 9.0, and Oncentra External Beam [Elekta Oncology Systems] 

up from version 3.3. 

 

Table 5. MU definitions in DICOM and for TPS dose calculation in the dosimetric averaging 

VMAT model for a VMAT arc of n+1 control points. 

CP index 0 1 2 i n 

TPS dose 

calc 
MU1/ 2 (MU1+MU2)/2 (MU2+MU3)/2 (MUi+MUi+1)/2 MUn/2 

DICOM MU0 = 0 MU1 MU2 MUi MUn 

 

 

Geometric averaging VMAT Model 

In a fourth VMAT model, dose calculation in the TPS is performed for beams at gantry angles 

in between the DICOM CPs, using the average field shape of the two CPs. The number of 

MUs in the beam corresponds to the number of MUs that will be delivered in the CP interval. 

Figure 7d shows a schematic drawing of the MU distribution along the arc in the TPS and on 

the treatment unit. Note that the assumptions in this model are different from the 

assumptions in the dosimetric averaging model. Beware that using the combination of the 

dosimetric averaging model in the TPS and the geometric averaging model for dose 

verification, may yield exaggerated differences caused by the different implementations. The 

geometric averaging model is implemented in the RayStation TPS [RaySearch Laboratories, 

Stockholm, Sweden], as well as the Compass dose verification system [IBA dosimetry, 

Schwarzenbruck, Germany]. 

 

To improve the modelling of the treatment unit behaviour in the TPS, Pinnacle allows from 

version 9.2 for the generation of a set of extra CPs in between the original CPs when the 

plan optimisation is finished. The final dose calculation is performed using a CP sampling of 

the arc that is doubled compared to the optimisation stage. The plan with finer CP sampling 

can also be exported as DICOM RT plan prescription. In Eclipse [Varian Medical Systems, 

Palo Alto, CA, USA] the CP sampling for the final dose calculation is 2 degrees by default. 
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3.3 Treatment Planning System commissioning 

In addition to NCS report 15 on the general commissioning of a TPS [23], NCS report 22 [2] 

addresses the commissioning of a TPS for IMRT. It provides an overview of tests for the 

evaluation of TPS modelling accuracy for IMRT specific topics, such as accuracy of the leaf 

modelling, modelling of small beams and abutting fields. Since in essence, VMAT is IMRT 

with extra degrees of freedom, all these topics are equally relevant for VMAT too. Before 

implementing VMAT, the user is therefore referred to the relevant sections in NCS 22 [2], 

especially for users who have not yet commissioned their TPS for IMRT treatment planning. 

Some topics however are also shortly addressed in this report, because they are highly 

important to VMAT or because VMAT poses additional requirements. 

 

3.3.1 Plan restrictions and hardware limitations 

As for IMRT, also for VMAT additional machine parameters will be required in the TPS. 

Parameters are needed to describe the availability of options like dynamic jaw tracking, leaf 

interdigitation and either binned or continuously variable dose rate during VMAT irradiation. 

Furthermore, hardware limits like the range of gantry speeds and dose rates need to be 

specified in the TPS. Clearly, the nature of these parameters necessitates to specify them 

either per beam (e.g. max dose rate) or per treatment unit (e.g. max gantry speed). The 

required set of additional parameters in the beam model and hardware specification varies 

between different planning systems. 

TPS and/or linac vendors often propose values for certain machine parameters to be entered 

for a specific linac type. However, it is the user’s responsibility to verify that the values 

entered in the TPS indeed result in realistic VMAT plans for the treatment unit at hand. The 

dosimetric data in the beam model should relate to the geometries in the resulting VMAT 

plans (e.g. small field sizes and elongated field shapes) to assure that dose calculation in the 

TPS for the typical geometries in the VMAT plans is adequate. Furthermore, the user should 

take note that it might be necessary to adapt TPS commissioning parameters away from the 

vendor proposed values or values obtained by measurements, in order to improve dosimetric 

accuracy and plan quality. 

As mentioned in a previous section, during VMAT treatment delivery the treatment unit may 

need to adapt time-related parameters such as dose rate, leaf speed or gantry speed, in 

order to synchronize dose delivery at the control points. Therefore it is important that the 
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limitations of parameters of a treatment unit are realistically defined in the TPS, and that the 

TPS indeed generates treatment plans that respect these technical limitations.  

The user is advised to verify whether the TPS indeed abides by the technical limitations and 

parameters that are set for a specific treatment unit, such as maximum dose rate, maximum 

MLC speed, minimum MLC segment size etc. 

As a test, treatment plans can be generated that require either a large number of MUs (in 

order to force a high dose rate) or need large MLC movements in between control points. 

The tests described in sections 2.3 - 2.6 might also be helpful for this testing. 

 

3.3.2 Leaf modelling 

During a VMAT treatment, the dose is delivered with varying aperture resulting from moving 

leaves. Appropriate leaf modelling is of great importance since only leaves block the 

radiation field for a considerable part of the irradiation. This effect may be slightly limited if 

collimator jaws are allowed to adapt to the MLC field shape and follow the most retracted leaf 

(so called jaw tracking). Additionally, since small MLC apertures are frequently present in 

VMAT, adequate leaf tip and tongue and groove modelling is required [24]. 

Ideally, physical aspects like leaf transmission and penumbra can be accurately measured. 

Entering the actual physical values in the TPS may nevertheless not always guarantee 

adequate correspondence between TPS and measurement, due to limited modelling in the 

TPS of the dynamic aspects of the treatment, as described in the previous section. 

Adaptation of the measured physical properties of the leaves might be a tool to improve 

correspondence. 

 

3.3.3 Matched beams 

Many institutes nowadays have multiple linacs which have ‘matched’ treatment beams, 

implying that the dosimetric properties for a group of linacs can be described by only one 

beam model in the TPS. If all relevant hardware, such as the MLC, is identical on the 

treatment units, treatment plans can be exchanged freely between treatment units. However, 

in order to use one beam model for VMAT on different treatment units, the user must verify 

that the technical specifications in the beam model can be met by all treatment units. As a 

consequence, if only one of the treatment units is equipped with additional features such as 

jaw tracking or collimator rotation during VMAT, this should result in a separate beam model 

in the TPS. 
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3.4 VMAT Inverse optimisation 

3.4.1 Dose calculation 

The additional degrees of freedom in VMAT with respect to IMRT can lead to long 

computation times and increased risk for getting trapped in a local minimum. In recent years 

however, several groups [9,20] have developed efficient algorithms for inverse optimisation 

of VMAT plans. As a result, the time required for VMAT planning has become clinically 

acceptable. Most of the currently available VMAT algorithms are based on a similar concept: 

at the start of the optimisation, the sampling of the arc is coarse, and the number of CPs and 

corresponding beams is increased step by step, until the requested spacing is reached. Dose 

calculation is performed using a combination of a fast dose calculation algorithm with limited 

accuracy, and a slower but more accurate dose calculation algorithm. The exact 

implementation of arc sampling and multiple dose calculation algorithms varies between 

vendors and software versions.  

The possibility to re-run an optimisation based on results from previous runs provides a tool 

to improve the VMAT plan, because of the use of a new starting point and the advantage of 

taking into account the results of the accurate dose calculation. The user is advised to take 

notice of the inverse optimisation design of the TPS software at hand. 

3.4.2 Multiple arc optimisation 

Creating a treatment plan with two or more arcs enables the TPS to generate a higher 

degree of dose modulation in the treatment plan, at the cost of increased calculation and 

treatment time [25]. Some TPSs allow for the optimisation of two arcs simultaneously, by 

associating each calculation segment with two control points and two aperture shapes (e.g. 

Eclipse versions 8.9 and up). The level at which this multiple arc optimisation can be adapted 

by the user, is vendor-specific. 

In the so-called dual arc approach, the fluence optimisation is the same as for a single arc. 

However in the conversion, more control points are generated than is done for a single arc, 

keeping more information from the fluence map. The control points are then divided between 

two arcs, according to an algorithm that takes into account field shapes and leaf travel. In 

general, one arc is generated with the leaves at the left and the other with them at the right 

side of the MLC [20]. Usually this leads to less leaf motion per arc, but as a consequence it 

may result in a split in the coverage of the target between the two arcs: one part of the target 

is treated during the first arc, the other part of the target during the second arc. This will 
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normally not be a problem, but care should be taken to use dual arc optimisation in the case 

of moving targets, for example lung tumours. 

3.4.3 Limited arcs, avoidance sectors 

The rotational nature of VMAT treatment plans results in areas of low dose, often including 

healthy tissue and organs at risk. Avoiding certain beam directions in the VMAT plan can 

prevent exposure of critical structures. The two main implementations to achieve this 

avoidance are a ‘partial arc’ and the use of ‘avoidance sectors’. The so-called partial arc 

technique is implemented in most TPSs, and allows the user to set the arc length to be less 

than a full rotation. Apart from avoiding dose from a certain section of the arc, this also saves 

computation and delivery time. Limiting the arc’s length to less than 180 degrees however, 

will degrade plan quality for most treatment sites. Moreover, when using partial arcs of a 

limited range, care must be taken that the control point spacing is adequate, especially in a 

TPS with a discrete angle control point spacing. 

In TPSs that allow for avoidance sectors, VMAT plans can be generated in which the dose 

rate in predefined sectors of the arc can be set to zero or close to zero. The allowed number 

and size of these so called avoidance sectors per arc is restricted, depending on the 

treatment unit and TPS at hand. The choice for a partial arc technique or a technique with 

avoidance sector depends on the TPS, the treatment goal and the apparatus at hand. 

 

3.4.4 Plan complexity 

It is often advantageous to limit the complexity of treatment plans: First of all, the treatment 

time will increase with increasing complexity. Second, more complex plans require more 

MUs, which may increase the dose outside the target area. Third, from a QA point of view, it 

is desirable to have treatment segments of similar size as the field sizes used in 

commissioning.  

With the complexity of the treatment plans, usually the number of segments with many small 

leaf openings increases and higher leaf speeds and more extreme dose rate variations are 

required. Both effects may result in a decrease in correspondence between planned and 

measured dose [26]. 

 

In most TPSs limiting the complexity of plans can be achieved by means of restrictions 

during optimisation. This can be a restriction of the number of MUs (Eclipse), a minimum 

segment area (Pinnacle), a restriction of the expected treatment time (Pinnacle and 
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Oncentra) or a target dose rate (Monaco). However, the user should bear in mind that 

imposing such restrictions does not necessarily result in treatment plans actually fulfilling 

these criteria.  

 

3.5 Class solutions  

For VMAT planning, the solution space is even larger than for IMRT. The benefit of working 

with class solutions therefore is even more pronounced than for IMRT planning. Having class 

solutions for all common tumour sites improves quality and efficiency in treatment planning 

and treatment execution and may simplify QA. A class solution should consist of the 

optimisation parameters and the relevant geometrical attributes: it should define both the 

required structures to be used in optimisation and the allowed ranges of the associated 

optimisation objectives, constraints and weights, together with a standard set of technical 

requirements like beam parameters and calculation parameters. 

The set of optimisation parameters for a VMAT treatment is likely to be similar to the one for 

an IMRT treatment of the same site, but should take into account the rotational nature of the 

treatment. This may require developing other or additional artificial structures to guide the 

TPS to generate the desired distribution of the dose, and avoid a large low-dose-bath. In 

general, the artificial structures and objectives used in static IMRT need to be reconsidered, 

because their efficacy may be completely different for VMAT. 

In obtaining the standard set of technical requirements for a class solution, one should 

consider beam settings like the numbers of fields, desired start and stop angles, collimator 

settings and beam energies. For calculation, the control point spacing and dose grid size 

should be evaluated to obtain an optimal balance between calculation time and accuracy. 

Similar to static IMRT planning, the optimal sets of plan settings and optimisation parameters 

need to be established by each institute and for each tumour site separately.  

 

Developing a class solution may for some tumour sites be a cumbersome exercise, but will in 

general highly improve planning efficiency and consistency. Hence, the effort to generate a 

tumour site specific class solution has to be considered with respect to the gain in efficiency 

for the institute. When a class solution plan does not meet clinical plan acceptance criteria, 

modification is needed. The need of improvement of an individual plan after class solution 

optimisation will depend on the complexity of the treatment site. For example, complex head-

and-neck plans more likely require individual adaptation than prostate treatment plans do. 
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3.6 ‘Tips and tricks’/ Recommendations 

Inverse treatment planning is a complex process, which depends largely on the tumour site 

at hand and on the institute’s requirements and equipment. Providing a complete set of 

guidelines for VMAT planning is beyond the scope of this work. Nevertheless, some practical 

issues will be addressed here, in order to assist the reader in designing a good VMAT 

treatment planning process. 

 

Collimator 

Especially when the tongue and groove effect cannot be modelled properly, it is advised not 

to use a collimator angle of 0 degrees in VMAT. A collimator angle of about 20 to 70 degrees 

is generally favourable, because it improves plan quality considerably; the orientation of the 

leaves with respect to the target varies with gantry angle, which increases the degree of 

freedom for the system to shape the leaves around the target and thus improving the dose 

distribution. Moreover, the varying orientation of the leaves may help to improve dosimetry 

because it may reduce the influence of a limited leaf edge model. 

For targets with very irregular shapes it can be considered to split an arc in two or more 

partial arcs, allowing optimisation of the collimator angle with respect to the shape of the 

target. 

Depending on the MLC design, leaf travel is limited to about 15 cm. This limit effects the 

freedom of modulation when larger field sizes are used, resulting in decreased plan quality. If 

possible, collimator field sizes larger than 15 to 20 cm along the direction of the leafs should 

therefore be avoided. 

 

Non-coplanar arcs 

In individual cases, the use of one or more non-coplanar arcs might be beneficial for good 

organ at risk sparing, for example when a target lies in a cavity between organs at risk (see 

Figure 8). However, the length of the arc and the extent of possible couch rotations will be 

limited, due to the possibility of collision of the gantry with the couch and patient. 

Furthermore, when using non-coplanar arcs, be sure to evaluate the dose distribution 

cranially and caudally of the target volume. Non-coplanar arcs should therefore only be 

applied with care 
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Figure 8. Example of a target (in red) lying in between organs at risks. In this case an 

improved sparing of the eyes (in green and blue) and optical nerves (in pink and purple) 

could be achieved when using a table rotation of 90 degrees. 

 

Isocentre location 

The location of the isocentre can have a large impact on the plan quality. The amount of leaf 

travel required is strongly dependent on the position of the isocentre with respect to the 

target volume. The presence of large leaf travel between CPs can also decrease the 

correspondence between the planned and actual dose, due to limitations in the VMAT model 

(see section 3.2).  

However, the choice of isocentre position is limited by the required clearance between the 

patient’s elbows and other anatomy, and the rotating linac head, imager source and imager 

panels. This limits the lateral position of the isocentre to about 6 to 8 cm, dependent on the 

anterior-posterior position of the isocentre.  Note that even when using a partial treatment 

arc, the clearance on all sides should be guaranteed because of potential collisions during 

gantry rotations for imaging and setup procedures. 

 

Accounting for setup uncertainties 

In a static beam setup, specific gantry angles are sometimes avoided in a treatment plan 

because of expected setup uncertainties. This is for example the case for purely lateral 

beams at the level of the shoulders for a head and neck treatment plan. With VMAT, this is 

not that easy to achieve. However, one could consider avoiding dose from unfortunate arc 

segments by using avoidance regions, or using large constraints on dose through (artificial) 

structures. An example is shown in Figure 9.  
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Figure 9. Example of an artificial structure to avoid large dose contributions through the 

shoulder. 

 

Couch geometry 

With a rotational treatment modality, it becomes more important to take the couch geometry 

into account in the treatment planning [27,28]. Due to the fact that a significant part of the 

beam may pass (obliquely) through the treatment couch, attenuation of the primary beam 

can no longer be manually accounted for. It is therefore advised to include a couch model in 

the dose calculation for VMAT. 

 

Preconditions VMAT TPS hardware 

Modern VMAT optimisation algorithms are using smart methods to make use of computer 

resources efficiently during optimisation and dose calculation. Nevertheless, due to the large 

number of beams (control points) in a VMAT plan, hardware requirements increase for VMAT 

treatment planning with respect to IMRT. Furthermore, TPS data storage will need extension, 

especially if the dose per control point will be saved. 

 

Changes in dose prescription  

In the optimisation, machine limits are taken into account. Once an optimal treatment plan is 

achieved, no essential plan parameters should be changed. Especially a change in 

prescription dose would require a new optimisation. 
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4 Patient specific QA for VMAT 

4.1 Introduction 

Previous chapters of this report focus on QA regarding treatment unit and planning system. 

These procedures ensure that the overall performance of the linac and the planning system 

are within tolerance. However, actual patient treatment plans may include (combinations of) 

treatment parameters that lie outside the scope of these procedures, or may e.g. include 

human errors in the treatment preparation phase. This chapter will focus on patient specific 

QA involving VMAT treatments. The reader is assumed to be familiar with QA for 

conventional IMRT treatments, as described in NCS report 22 [2], and to have already some 

experience in IMRT QA. 

The aim of performing patient-specific QA is to check that the intended treatment for 

individual patients will be correctly delivered. Therefore, it should be verified that: 

 

1. The plan intended for treatment by the radiation oncologist is correctly transferred 

from the planning system to the linac. 

2. The delivered dose on the linac is similar to the dose calculated by the TPS. 

 

There is a fundamental difference between VMAT treatment planning (discrete) and VMAT 

delivery (continuous). In addition, the treatment machine may re-interpret and adapt the 

values of some TPS delivery parameters, such as gantry speed, if these cannot be met. 

Therefore, it is advised to verify whether the dose delivery for a specific plan or class solution 

is in accordance with the planned dose. To confirm whether the approximation used by the 

TPS in mimicking the dynamic behaviour of the treatment unit is accurate, measurements of 

the delivered dose to one point and of dose distributions need to be done. 

For verification of the TPS dose calculations, plan transfer, and the ability of the treatment 

machine to accurately deliver the intended dose, several methods are available. The best 

method for an optimal QA program depends largely on the local workflow and available QA 

devices.  

As patient-specific QA of VMAT plans can be time consuming, the applied methods should 

not only be safe and accurate but also time efficient. By using specific class solutions for 

each tumour site as described in section 3.5, the workload can be reduced significantly. 

Additionally, it promotes similarity in characteristics of treatment plans. This is specifically 

important for VMAT, as studies have shown that planning parameters may have significant 

impact on plan quality as well as QA results [26,29]. By controlling the range of these 
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parameters using class solutions, the amount of QA to be done for each individual patient 

plan can be reduced.  

Recommendations for patient-specific QA for VMAT will be given at the end of the chapter. 

Furthermore the type of evaluation and the acceptance criteria, as well as the frequency and 

type of QA measurements will be addressed. 

 

Ultimately, the QA procedure should be designed in such a way that it includes verification at 

the treatment unit of the prescribed dose for the target volume as well as the organs-at-risk. 

This is however beyond the scope of this chapter but should be kept in mind when designing 

the entire patient-specific QA chain. 

 

4.2 Absolute and relative dose measurements  

A number of different systems are available for dosimetric verification (both relative and 

absolute) that can be used for VMAT measurements [30]. A thorough understanding of these 

measurement systems is crucial since, for example, the detector response can be influenced 

by angular dependence of the system, or by the use of non-water equivalent materials. 

For absolute point dose measurements, ionisation chambers are well suited. Dose 

distributions (both relative and absolute) should be measured with a high spatial resolution (2 

mm or better) using film dosimetry, micro liquid ionisation chamber arrays and EPIDs. For 

lower-resolution absolute measurements, detector arrays can be used. 

In this paragraph the different dosimetric methods for absolute and relative dosimetry and 

their application for the verification of VMAT treatments will be discussed. 

 

4.2.1 Ionisation chambers 

Quantitative dose validation at individual points can be done using ionisation chamber 

measurements. Cylindrical ionisation chambers are used for point-dose measurements 

because of their stability, linear response to absorbed dose, small directional dependence, 

beam quality response independence, and traceability to a primary calibration standard. All 

ionisation chambers exhibit some volume averaging due to their size. Therefore, care should 

be taken that ionisation chambers are only used in relatively homogeneous dose regions. 

Measurements at field edges may lead to larger deviations because of the absence of 

charged particle equilibrium [31–33]. The reader should keep in mind that large number of 

slit-like apertures in VMAT plans increase the likelihood of measuring at field edges, even if 

the composite dose distribution is homogeneous. 
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For verification of the accuracy of the treatment planning system, the daily output fluctuation 

of the linac should be taken into account, as this can be another source of errors in the 

measurements.  

Using a time-resolved read-out of the ionisation chamber, it is possible to check the dose at 

each control point. This can give valuable information in case of deviations [34,35]. Time-

resolved ionisation chamber measurements are however not commonly used in current 

clinical practice.  

 

4.2.2 Thermoluminescent dosimetry 

TLDs can be used for in vivo measurement of absolute dose [36]. They come in very small 

dimensions, ensuring good approximation of point measurements. TLDs exhibit no angular 

dependence of the dose response, and have a linear dose response for typical fraction 

doses used in radiotherapy. The response of TLDs can however be energy- and dose rate 

dependent. To guarantee sufficient accuracy, routine QA of the TLD reader has to be 

conducted with a calibration procedure in the same energy range as the measurement. This 

makes the use of TLDs labour intensive. 

 

4.2.3 Film dosimetry 

Film dosimetry is traditionally used for verification of integral dose distributions in a phantom 

because of its high spatial resolution. If a good calibration procedure is available, film can be 

used for absolute dosimetry. The most commonly used film type is radiochromic film which 

has a number of advantages over radiographic film. The most important one being that no 

film processing facilities are needed, and the energy dependence of these films which is 

much smaller compared to radiographic films.   There are also several issues concerned with 

radiochromic film such as lateral scan artefacts, and inter- and intra-batch variation of the film 

sensitivity that may deteriorate the measurement accuracy and require special attention 

[37,38]. 

For radiochromic film, an optimal dose range exists in which the optical density response 

information can be converted into its dose equivalence. To get an accurate measurement of 

the dose distribution, the treatment dose is commonly scaled to the most sensitive dose 

range of the film. Dose scaling is not preferable using a VMAT plan because the dynamic 

behaviour of the treatment unit will change when the dose is changed. Therefore, films with 

suitable dose response ranges have to be used. For Gafchromic EBT-type films, different 
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scanner colour channels can be used for different dose ranges [39]. Using optimized 

multichannel dosimetry, taking into account the values of all 3 colours simultaneously to 

determine the dose, helps to improve the performance of this type of film dosimetry [40,41]. If 

a certain processing protocol has been selected, the user is strongly advised to stick to that 

protocol. Changing from one protocol to another should be done with great care.  

 

Disadvantages of film dosimetry are threefold. Firstly, the gantry angle dependence of the 

response (although for Gafchromic EBT film this can be neglected). Secondly, the extensive 

calibration procedures that are needed for absolute dosimetry. And finally, the fact that the 

analysis cannot be done instantaneously. Film dosimetry can be a time consuming 

procedure and requires a substantial amount of experience to control it. 

 

4.2.4 Detector Arrays  

Nowadays, a number of different types of detector arrays are available: 2D-arrays, consisting 

of diodes or ionisation chambers; uni- or bi-planar arrays; and cylindrical arrays. The 

usefulness of detector arrays is often limited by their low spatial resolution. Known 

exceptions are arrays utilizing micro liquid-ionisation chambers which may have a resolution 

of 2.5mm. When performing gamma index analysis, depending on the algorithm used to 

calculate the gamma values, low spatial resolution may lead to under-sampling.  

Gantry angle dependence is observed for static planar 2-D arrays whereas this is not 

significant for bi-planar arrays [30]. To obtain an accurate measurement using static planar 

arrays, the use of correction factors is advised [30,42]. Another solution is to rotate the 

detector plane in conjunction with the gantry, so that it is always perpendicular to the beam 

axis. This can for example be done by rotating the phantom synchronously with the gantry 

(using an inclinometer) or by using a dedicated holder with which the dosimetry system is 

mounted directly on the gantry. In this case, care must be taken that the mounting rig is rigid 

enough to prevent sagging [43]. Moreover, one should keep in mind that errors in the 

measured dose distribution resulting from gantry sagging of the linac itself will not be 

detected. When only the integral dose is measured with these devices, gantry angle errors 

during delivery will furthermore not be detected. The measured dose of these devices should 

thus be related to the gantry angle in order to check the delivery of a VMAT beam. 

A number of detector array systems offer the possibility of a 3D dose reconstruction in the 

phantom, based on the 2D measurements. When a 3D dose distribution is used, errors in the 

2D dose measurements - due to small errors in the measurement depth - can be more easily 
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detected. Different methods are available to calculate a 3D dose reconstruction from 2D 

data. It is important that the reconstruction method and its limitations are well understood to 

interpret the results correctly. Some methods use input from the TPS in certain steps of the 

dose reconstruction to compute the dose. As a result, some errors in the TPS will therefore 

not be detected using this verification procedure [44]. 

 

4.2.5 EPID dosimetry 

EPID dosimetry can be used to replace film dosimetry for high-resolution measurements of 

the dose distribution. As the readout of these systems is instantaneous, it is possible to 

perform time-resolved measurements with this technique. The results can be analysed 

instantaneously and no measuring devices have to be set up. As a result, EPID 

measurements are less time consuming than film measurements and can therefore serve as 

an easy means for regular pre-treatment and in vivo verification. A proper calibration 

procedure of the EPID is however needed [45–47]. Reconstruction of the measured dose of 

the EPID (e.g. the detector response or a 3D reconstruction of the dose to a dose plane at 

the isocentre) relies on mathematical models. The assumptions and limitations of these 

models should be well understood by the user. 

A prerequisite for the EPID measurements is the stability of the panel alignment as this has 

impact on the reconstruction of the dose distribution with respect to the machine isocentre. 

These effects could be even more pronounced for VMAT due to the continuous gantry 

rotation and fast de- and acceleration of the gantry [48,49]. Deviations should be taken into 

account in the reconstruction software. It should be noted that the lifetime of the EPID can be 

reduced by its frequent usage [50], and that the availability of commercial portal dosimetry 

systems is limited at the time of writing of this report (2015). Furthermore, errors in the 

integral dose distribution, due to gantry sagging will not show up in these measurements. 

 

4.3 Gamma evaluation 

For the evaluation of the delivered dose distribution compared to the calculated dose from 

the TPS, a gamma analysis [51] is commonly performed. This method has its limitations, as 

the pass rate itself does not contain any spatial information and is poorly correlated to actual 

clinical parameters [52,53]. The gamma evaluation should thus be used with care, and in 

combination with other evaluations like visual inspection of the gamma map and of the 

measured and calculated dose profiles.  
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If any of the critical structures has a dose close to its tolerance value, extra attention should 

be paid to check that deviations in the measured dose distribution do not result in violation of 

these limits.  

Some vendors provide software tools to recalculate the dose on the patient anatomy using 

the dose as measured in a phantom, and subsequently estimate the DVHs of the actual dose 

delivery. These tools might be helpful for the clinical interpretation of the QA results (see e.g. 

A.J. Olch [54]), but a thorough validation of these tools is necessary.  

The achievable pass rates and gamma criteria not only depend on the measurement system 

used but also on the amount of intensity modulation in the treatment plan [29,30,55]. For the 

dose calculation in the TPS the actual VMAT delivery has to be approximated by a finite 

number of static beams. As a result, the number of segments usually is much larger 

compared to conventional IMRT, and the number of parameters in these plans is thus much 

larger. In spite of this, a gamma criterion and pass rates in the same order of magnitude as in 

IMRT are achievable [17]. However, an excessive amount of modulation might result in a 

deterioration of the QA results (and also a high number of MUs), and should therefore be 

avoided if possible [29]. 

 

4.4 Plan transfer validation 

Validation of plan transfers from the TPS to the R&V system should be performed to check 

whether: 

 

1. The plan can be exported from the TPS without errors 

2. All treatment parameters are exported correctly to the linac 

3. All treatment parameters sent by the TPS are within operating limits of the linac as 

defined in the R&V system 

 

The amount and type of testing required depends on the TPS and R&V used. For example, 

Varian uses one single database for storage of the plan parameters of the TPS and R&V 

system. Hence, no transfer errors between these two can occur. In short, knowledge of the 

transfer process is required for a proper design of relevant tests. As checks of the 

connectivity between TPS and linac should have already been performed for the 

implementation of conformal and conventional IMRT treatment (see also NCS report 22 [2]), 

tests can focus on the specific parameters needed for VMAT delivery. The R&V system 

should be able to  

- recognize that the plan should be treated as a VMAT beam 
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- deal with a changing gantry angle for each control point 

- receive the direction of the gantry rotation.  

Furthermore, the dose rate may (but not necessarily has to) be defined per control point, 

which can influence the treatment delivery, depending on the linac manufacturer. 

Once general plan transfer testing has been done for conventional IMRT delivery, according 

to NCS 22, only a limited number of VMAT plans (e.g. 5 different patient plans for per class 

solution) have to be checked for transfer errors. These tests should be performed in the 

clinical environment, using the clinical workflow. An important source of errors that cannot be 

detected with the previous test using a limited number of plans, is the possibility to transfer 

an incorrect plan (i.e. a plan that is not intended for treatment) and the possibility to manually 

alter a treatment plan in the R&V system. Procedures have to be implemented to prevent 

these types of errors, or to verify consistency between the intended treatment plan and the 

plan at the R&V system. 

 

4.5 Plausibility checks 

Plausibility checks verify if the treatment planning parameters have appropriate values for a 

specific patient plan, given the dose and technique used. This can be done e.g. by 

calculating the dose based on the beam settings of the plan, or by ascertaining these 

parameters are within a certain range. The purpose of these checks is to detect large errors 

in the range of 10% dose deviation or more. Furthermore, some of these checks might help 

in identifying which plans are not in accordance with the standard class solution and thus 

need more extensive QA. For VMAT delivery, the same tests can be used that are available 

for conventional IMRT delivery (see NCS report 22, section 4.5.3.2). The following points 

should be considered for VMAT: 

 The number of variables in a VMAT treatment plan is larger compared to 

conventional IMRT. Hence, any manual checking or visual comparison of plans is 

even less feasible. 

 Independent monitor unit calculations often rely on SSDs transmitted by the treatment 

planning system. Not all TPS’s are capable of transmitting an SSD for each individual 

control point in the arc (e.g. only the SSD at the start angle is sent) which could result 

in large deviations in the dose calculation. 

 As already discussed in section 0, the continuous arc delivery is approximated for 

dose calculation by a number of static beams, whereby the MUs are assigned to 

static segments. This also holds for the independent MU calculations and could 

cause deviations from the dose calculated in the TPS. 
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 VMAT plans can contain a large number of segments with only a small dose 

contribution to the isocentre or to any other chosen dose point. This can result in 

large deviations in the dose calculations when the calculation assumes that all 

segments contribute to the calculation point or, when this is accounted for correctly, 

only a small fraction of the segments is checked. 

 Commercial MU calculation software for conventional IMRT sometimes cannot 

handle VMAT plans, or a separate module is needed to do the dose calculation for 

this treatment modality. 

As these plausibility checks should ultimately test if the calculated dose in a reference point 

(usually the isocentre) conforms to the dose as prescribed by the radiation oncologist, the 

prescription dose should preferably be used as reference value for these checks, instead of 

the dose calculated by the TPS in this point. In this way, no additional QA procedure is 

needed to ensure that the correct dose was prescribed in the plan. By using plan data from 

the R&V system, the plausibility checks also provide verification for plan transfer. Finally, for 

checking the linac performance itself, other methods are necessary (see chapter 2). 

  

4.6 Recommendations for patient specific QA 

In this paragraph, recommendations concerning the type and frequency of dosimetric 

evaluations, as well as evaluation criteria for patient-specific QA of VMAT are presented. The 

extent and type of evaluation needed will depend on whether class solutions are 

implemented, and on the degree of experience in both conventional IMRT delivery and 

VMAT. 

 

4.6.1 Absolute and relative dosimetry 

Dosimetric verification can be done using different approaches. Several studies have shown 

that the results of different dosimetric systems are coherent [30]. A thorough understanding 

of the detector response (see section 4.2) is important to interpret the results and determine 

the evaluation criteria. When tools for 3D dose reconstruction are available, a 3D instead of 

2D verification method is recommended. 

 

4.6.2 Gamma evaluation 

A gamma evaluation of the dose distribution with a 3%/3mm criterion is recommended with a 

minimum pass rate of 90% (identical to NCS report 22). Note that this is more stringent than 
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the 5%/5mm criterion with a pass rate of 85% recommended by ICRU rept. 83, but clinical 

experience has shown that this should be achievable. Further investigation of the plan and 

QA measurements by an expert is needed when the mean gamma value is greater than 0.5. 

Low-dose regions should be discarded to avoid false positives due to low signal-to-noise 

ratios. The cut-off value of these low-dose regions depends on the treatment site, equipment 

used an whether a 2D or 3D gamma evaluation is performed. A gamma analysis based on 

absolute dosimetry is recommended. In case this is not possible, the normalisation constants 

should be monitored and should not deviate substantially from their expected values. 

The actual gamma criterion and pass rate used in clinical practice can even be more 

stringent than the above mentioned values and should be determined locally based on 

experience with the equipment, the treatment site and TPS used. The criterion may be 

different for various class solutions depending on required accuracy and the amount of 

intensity modulation in the plan.  

 

4.6.3 Class solutions 

During the development of a new class solution a dummy run procedure is required to test 

the plan transfer and the dosimetric accuracy of the delivery. Once class solutions for VMAT 

treatments have been successfully implemented and are in routine clinical use, periodic 

checks (4 plans every three months) should be performed. This is best done by measuring 

the dose distribution from randomly selected patients, making sure that each class solution is 

regularly checked. When multiple treatment units are used, one should ensure that these 

measurements are regularly performed on all treatment units and not only on a single 

machine. The purpose of these checks is to ensure that the class solution still delivers the 

same plan quality as during its initial introduction. A time trend analysis can furthermore help 

in assessing the achievable accuracy in one’s own institution, detecting (small) systematic 

errors in the treatment process, and improve the overall quality of the entire radiotherapy 

chain [56]. 

 

4.6.4 Frequency and type of patient-specific QA 

The frequency and type of QA required for conventional IMRT has been extensively 

discussed in NCS report 22. When class solutions have been implemented, the same 

guidelines as for conventional IMRT QA also hold for VMAT treatment, a more stringent QA 

regime is not necessary. A summary of the recommendations from NCS 22 can be found in  
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Table 6, the reader is referred to NCS 22 for an explanation of the classes for dosimetric and 

spatial accuracy. 

When starting with VMAT treatments, prior experience with conventional IMRT is highly 

recommended. The results from IMRT treatments can be more easily interpreted than 

measurements from a VMAT plan. As a result, more insight can be gained in the dosimetric 

limitations of the TPS for small, irregular fields and highly modulated beams. Participating in 

a dosimetry audit might furthermore be useful (also for experienced centres) to determine the 

quality of the treatments compared to other centres. By comparing the results of different 

centres (with different workflows and/or equipment), more insight can be gained in improving 

the quality. 

QA results are more dependent on the planning parameters (e.g. inverse planning 

objectives, max. treatment time) when dealing with VMAT [29]. When the amount of 

experience in VMAT is limited, a more extensive dummy run procedure is recommended 

during the development of a class solution to get more insight in this behaviour. After 

acceptance of a class solution, thorough checks need to be performed to see whether the 

treatment plans conform to the class solution, even when an institution has extensive 

experience with VMAT. This can be done by examining the planning objectives and other 

planning parameters, or by looking into the amount of modulation in the treatment plans 

through visual inspection by an expert RTT or physicist. More advanced methods to analyse 

the modulation level of a plan have been developed for conventional IMRT (see e.g. [57,58]), 

and a complementary paper concerning VMAT has recently been published [26]. However, 

this methodology does not take the dynamic parameters into account and only shows limited 

Table 6 Number of pre-treatment verifications and minimally required class of dosimetric 

accuracy and resolution of a QA device for different experience levels. Definition of the 

classes can be found in NCS 22) 

Experience level # of patients 

Pre-treatment 

Dosimetric 

accuracy 

Spatial 

resolution 

No experience with VMAT, development of new 

class solution 

30 Class I Class I 

Experience with VMAT, development of new class 

solution similar to existing solutions 

5 Class I Class II 

Experience with VMAT, development of new class 

solution dissimilar to existing solutions 

10 Class I Class II 

Experience with VMAT (> 100 pts total), existing 

class solution 

All patients Class IV - 

Re-evaluation of class solution 1 Class I Class II 
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correlation with dosimetric accuracy. At the time of writing, no other methodologies with 

extensions to VMAT have been published. Similar approaches might be useful to quantify the 

complexity of a treatment plan, but in the case of VMAT delivery, dynamic parameters like 

the leaf travel speed and dose rate variation should be included. 

Once a certain level of experience is gained in VMAT delivery and a sufficient number of pre-

treatment verifications have been performed, a MU calculation may suffice as pre-treatment 

verification. Although the usefulness of performing pre-treatment MU calculations as a 

means of detecting errors is currently under debate.  

At the time of writing there is insufficient support from the community for replacing this by a 

type-V plausibility check only, where only a MU range check or similar is performed. When 

the MU calculation is however based on a fairly simple algorithm, it can be used to detect 

plans that do not conform to the class solution (e.g. by having more small, off-axis segments 

resulting in larger errors in the MU calculation). The use of the simple MU calculation 

algorithms might thus have added value compared to the more advanced ones. Furthermore, 

when the MU calculation is based on the beam parameters from the R&V system, it can be 

used as a plan transfer check for each patient. 
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