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ABSTRACT 

 

Volumetric modulated arc therapy (VMAT) is a technique for the delivery of intensity 

modulated radiotherapy  (IMRT) whereby  the  linear accelerator  (linac) delivers dose 

continuously while rotating around the patient. VMAT has gained attention due to its 

ability  to  produce  complex  dose  distributions,  deliverable  in  a  much  shorter 

treatment  time  than IMRT. The purpose of  this  thesis was  to  investigate  the clinical 

application  of  VMAT,  and  to  identify  any  benefits  over  IMRT  in  the  areas  of 

treatment planning, delivery, and imaging.  

A VMAT planning  strategy was developed which demonstrates  that complex 

dynamic arc deliveries can be sequenced from static, IMRT‐based control points. For 

prostate  patients,  the  VMAT  solution  demonstrated  superior  sparing  of  critical 

structures compared to IMRT plans. A further comparison of VMAT and IMRT was 

performed with  the  development  of  an  automated  planning methodology, which 

aimed  to  reduce  the  impact of planner bias. Applied over  a  series of nasopharynx 

patients,  the  technique  showed  that  VMAT  achieved  an  improvement  in  parotid 

sparing compared to IMRT. 

To  investigate  the  limitations  on  the  delivery  of  VMAT  plans,  a  software 

emulator was produced to accurately simulate linac motion. The emulator was used 

to  determine  ʹidealʹ  linac  parameters  for  a  range  of VMAT  plans.  Leaf  speed was 

found  to  be  a  limiting  factor  for  the  achievable  plan  complexity,  along with  the 

availability  of  continuous  variable  dose  rate  (CVDR).  For  a  commercial  CVDR 

system,  experiments  confirmed  the  improved  delivery  efficiency,  and  an 

improvement in dosimetric accuracy compared to the binned dose rate (BDR) system. 

An independent dose calculation methodology was developed for VMAT, such 

that accurate pre‐treatment plan QC can be performed. It was found that the accuracy 

of a Monte Carlo simulation was improved when accounting for the effects of realistic 

linac motion.  Finally,  the  impact  of MV  scatter  on  simultaneously‐acquired  cone 

beam  CT  images  was  investigated,  and  a  scatter  correction  methodology  was 

developed and validated. 

This  thesis  shows  that  VMAT  can  offer  an  alternative  to  static‐field  IMRT, 

provided that knowledge of the limitations of dynamic linac motion are accounted for 

within planning. Results  suggest  that modern  linac designs  (i.e.  faster MLC  speed, 

and a higher, continuously‐variable dose rate) are required to achieve robust delivery 

of complex plans. The workflow benefits of VMAT can also be optimised through the 

use  of  independent  dose  calculations  incorporating  delivery  characteristics,  and 

through the use of image guidance from CBCT scans acquired during treatment. 

 

Christopher James Boylan 

The University of Manchester 

Doctor of Philosophy 

‘The effective application of dynamic arc radiotherapy’ 

June 2013 
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1. INTRODUCTION 

 

1.1. Radiotherapy for the treatment of cancer 

 

Radiotherapy  remains  a  widely‐used  technique  for  the  treatment  of  cancer,  with 

approximately 40% of all cancer patients receiving some form of radiotherapy as part 

of their management [1, 2]. The effectiveness of radiotherapy is well established and, 

along  with  surgery  and  chemotherapy,  it  has  been  identified  as  contributing 

significantly  to  improving cure  rates and survival  in  recent decades  [3, 4].  In broad 

terms,  radiotherapy  exploits  the  fact  that  ionising  radiation  causes damage  to  cells 

within  the  body.  Primarily,  the  mechanism  for  induced  cell  death,  mutation,  or 

subsequent  carcinogenesis,  is  radiation  damage  to  DNA  [5].  A  higher  dose  of 

radiation  generally means  a  larger  number  of  DNA  strand  breaks,  and  sufficient 

strand breaks  increase  the probability  of  cell  lethality. For  the  treatment  of  cancer, 

therefore, the intention is to cause sufficient radiation damage to the tumour to break 

the cycle of abnormal cell proliferation. 

 

Crucially,  radiotherapy  causes damage  to both normal  cells  and  tumour  cells. The 

aim of radical radiotherapy, therefore,  is to obtain tumour control while minimising 

the dose  to normal  tissue, such  that acute and  late side‐effects can be  reduced, and 

patient quality of life can be preserved [6]. This can be achieved in a number of ways. 

The linear quadratic (LQ) model for radiation‐induced cell death states that: 

 

S  exp -d - d2           (eq. 1) 

 

where S is the surviving fraction of cells and d is the radiation dose in Gy [5]. α and β 

are  radiosensitivity  parameters,  which  vary  between  different  tissues.  It  is  these 

differences  ‐  and  in  particular  the  different  radiosensitivities  between  normal  and 

tumour cells ‐ which are exploited through the use of treatment fractionation. If d is 

the fractional dose and n is the total number of fractions, taking the natural logarithm 

of equation 1 becomes: 
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 2βdαdnE Sln-          (eq. 2) 

 

Here E  is  the  logarithmic cell kill  (or  ‘effect’). The  ratio α/β  is commonly used as a 

method  of  discriminating  between  different  radiosensitivity  endpoints  in  different 

tissues.  Thus,  fractionation  allows  the  effects  of  differences  in  α/β  ratios  to  be 

maximised over  the  course of  treatment  (Figure 1a). Provided  that  the  tumour  α/β 

ratio  is  greater  than  a  nearby  late‐reacting  normal  tissue  α/β,  fractionation  is  a 

method  of  eliciting  a  larger  response  (cell  kill)  in  the  tumour  than  in  the  nearby 

normal tissue. 
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Figure 1. Demonstrating the principle of a) fractionated radiotherapy (in this case the number 

of fractions n is 10), and b) TCP and NTCP, where in this case an 80% TCP will result in 10% 

NTCP at 75Gy. By optimising the therapeutic ratio, this gap between the induction of normal 

tissue complications and tumour control can be increased.  
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With increasing dose, there is increasing likelihood of tumour response. If cell killing 

through irradiation is considered a random event, it is possible to consider the dose‐

response relationship as approximating a Poisson distribution, such that: 

 

 EexpTCP            (eq. 3) 

 

where TCP  is  the  tumour  control probability  and E  is  the  ‘effect’  from  equation  2. 

Here, equation 3 represents a simplification of the true tumour response – improved 

models  have  been  developed  to  account  for  the  variations  in  inter‐patient 

radiosensitivity  and  for  non‐uniform  irradiation  [7],  giving  the  characteristic  dose 

response  curves  observed  in  Figure  1b.  This  figure  also  shows  the  normal  tissue 

complication probability  (NTCP), where  the effect  in  this  case  is  the onset of  some 

normal  tissue  endpoint  (for  example,  lung  tissue  fibrosis).  In  Figure  1b  it  can  be 

observed that a dose of 75 Gy delivered will elicit an 80% TCP and 10% NTCP. The 

ʹtherapeutic  ratioʹ  is essentially  the  conceptual difference between  these  two values 

and fractionation is one way in which this can be optimised. 

 

In  Figure  1  the  normal  and  tumour  cells  are  receiving  the  same  dose,  albeit with 

different  outcomes  due  to  the  differences  in  radiosensitivity  and  fractionation.  In 

practice radiotherapy  involves  the  irradiation of  large populations of different cells, 

such  that  tissue  response  is  a  function  of  the  dose  distribution  in  a  volume  and 

individual sensitivities. In normal tissues, it is helpful to consider the concept of serial 

and  parallel  organ  structures.  Serial  organs  consist  of  components  (or  ‘subunits’) 

which,  if  damaged  through  irradiation  above  some  critical  level,  cause  the  entire 

organ  to  fail. Parallel organs, on  the other hand, can  tolerate a number of damaged 

subunits before failure. Practically, most organs exist on a scale of relative seriality – 

for example, the spinal cord  is considered a highly serial organ, whereas the  liver  is 

considered  highly  parallel.  For  external  beam  radiotherapy,  delivered with  linear 

accelerators  (linacs), many technological advances have been made to  improve dose 

conformity to the tumour. Figure 2 shows the dose distribution for a typical head and 

neck patient. The plan  is optimised  in  such a way  that  the planning  target volume 
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(PTV, as defined by [8]) is receiving almost a complete prescription dose (in this case 

51.3 Gy), whereas high dose  to  the  spinal  cord  is  avoided,  and  the nearby parotid 

gland  (a mainly  parallel  organ)  is  receiving  a  lower  volume  of  high  dose.  This  is 

achieved through the choice of entrance beam angles, and the use of conformal beam 

shaping defined by multi‐leaf collimators (MLCs). 

 

 
Figure 2. Typical conformal dose distribution for a head and neck (oropharynx) radiotherapy 

patient.  

 

The use of MLCs, alongside developments  in  imaging and  computerised planning, 

enables the therapeutic ratio to be optimised [9]. However, while conformal shaping 

of the treatment beams reduces the dose to normal tissue, it does not avoid it entirely 

due  to  the  impact  of  scattered  and  leakage  radiation.  As well  as  contributing  to 

relatively short‐term  toxicity, scatter and  leakage dose  from  the  treatment beam can 

lead  to  longer‐term  radiation  induced  secondary malignancies,  further emphasising 

the requirement for careful characterisation of planned dose to the patient [10]. 

 

In  this  introduction,  the  concept  of  intensity modulated  radiotherapy  (IMRT)  as  a 

ʹgold  standardʹ  treatment  technique  will  be  discussed,  and  then  volumetric 

modulated arc therapy (VMAT)  ‐ a dynamic technique for the rotational delivery of 

IMRT ‐ will be introduced. The context of the thesis will then be set out with respect 

to the literature, and finally the aims and hypothesis will be described. 
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1.2. From IMRT to VMAT 

1.2.1. Principles of IMRT 

Intensity modulated  radiotherapy  (IMRT)  is  now  an  established  paradigm  for  the 

treatment  of  cancer  [11].  Previously,  conformal  radiotherapy  has  involved  the 

delivery of multiple static beams that often conform to the shape of the target while 

blocking  nearby  organs  at  risk  (Figure  3a).  Each  conformal  beam  nominally  has  a 

uniform  radiation  fluence  profile,  although  this  can  be modified with  the  use  of 

wedges  or  compensators  to  achieve  intensity modulation.  IMRT  is  an  extension  of 

this, in that the in‐plane radiation fluence can be modulated almost arbitrarily, often 

using MLCs (Figure 3b). Through the delivery of multiple IMRT beams, it is therefore 

possible  to  build  a  highly  conformal  dose  distribution  within  the  patient.  The 

technique has allowed  for an expansion of  the  therapeutic ratio  in  the clinic,  in  that 

target  doses may  be  escalated while maintaining  an  acceptable  level  of  toxicity  to 

surrounding tissue [12]. Conversely, IMRT can be used to spare specific organs at risk 

(OARs),  while  maintaining  an  iso‐effective  homogenous  dose  distribution  in  the 

target  [13].  IMRT  has  also  been  used  to  deliver  different  dose  prescriptions  to 

multiple  target  volumes  simultaneously  [14].  This  concept  of  a  simultaneous 

integrated boost (SIB), usually in the context of head and neck radiotherapy, has been 

applied effectively through the use of IMRT. 

 

a)  Conformal plan             b)  IMRT plan 

 
Figure 3. For an example radiotherapy plan with a target volume (PTV) and nearby organ at 

risk  (OAR),  a  four  beam  arrangement  can  be  delivered  with  a)  conformal  radiotherapy, 

whereby the shape of the aperture can be adjusted, but with uniform in‐plane intensity, or b) 

IMRT, where the in‐plane fluence can be modulated to produce improved conformity. 
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Figure  3b  demonstrates  how  multiple  idealised  radiation  fluence  profiles  can  be 

summed to produce the desired dose distribution within the patient. In practice, these 

ideal  fluences are usually delivered  through  the use of MLCs on  the  linac. Whereas 

previously MLCs were  used  only  to define  a  field  shape,  often  conforming  to  the 

beamʹs  eye  view  (BEV)  of  the  tumour  outline,  in  IMRT  the  beam‐shaping  and 

movement capabilities of the MLCs are exploited to build up an approximation to the 

ideal  fluence. This  can be done  in  two ways:  the  ʹstep‐and‐shootʹ method,  and  the 

ʹdynamic MLCʹ (dMLC) method. The step‐and‐shoot method (Figure 4a) is based on 

the principle  that  the  ideal  fluence can be approximated by summing a sequence of 

static, MLC‐defined  fields. The  level of approximation  to  the  ideal  fluence depends 

on physical  constraints  such as  the  leaf width, minimum  leaf gap and  the allowed 

number  of  segments.  For  the  dMLC  delivery  method  (Figure  4b),  there  are  no 

individual segments ‐ instead, the radiation beam remains on while the MLCs move 

across the field with varying velocities. Some method of interpretation is required to 

convert the ideal fluence into a series of instructions for the MLCs [9]. While both of 

these techniques are very different in practice they remain equally valid mechanisms 

for the delivery of IMRT. Furthermore, it is possible to recognise aspects of both the 

step‐and‐shoot  and  dMLC  techniques  in  the  planning  and  delivery  of  arc 

radiotherapy.  

 

a)            b)  

  

Figure 4. a) Step‐and‐shoot  IMRT delivery  involves  the summing of static,  individual MLC 

segment to produce an approximation to the ideal fluence. b) Dynamic MLC delivery uses a 

continuous beam delivery while sweeping the MLCs across the field at different velocities to 

produce the desired fluence. 
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1.2.2. Inverse planning 

 

The complexity of IMRT means that inverse planning is commonly used to generate 

the  treatment  plans.  The  concept  of  inverse  planning  is  that  the  desired  dose 

distribution  is  first  described  through  the  definition  of  plan  objectives  and 

constraints.  The  treatment  planning  system  then  searches  for  a  set  of  delivery 

parameters  that best meet  the  objectives. The  inverse  optimisation problem  can be 

described in general terms (from Webb [15]): if D is the desired 3D dose distribution 

and  b  is  the  vector  of  the  beam  radiation  fluence,  then  they  are  linked  by D=A.b, 

where A  is  the matrix  linking  the dose  element  to  the beam  element  (in  treatment 

planning  systems,  this  constitutes  the  dose  deposition  algorithm  or  kernel).  The 

optimisation problem posed is to find: 

 

b 
D

A
            (eq. 4) 

 

This problem is ʹill‐conditionedʹ, in that there are a number of possible fluences b that 

when  operated  on  by  A  give  the  desired  distribution  D  [15].  Furthermore,  this 

generalisation  requires  both  positive  and  negative  values  for  b,  which  are  not 

possible. As negative fluences are not allowed, only an approximation to the desired 

dose distribution is ever possible [16]. 

 

To  reduce  the  ill‐conditioning  of  the  optimisation  problem,  the  treatment  planner 

must  provide  the  system  with  a  set  of  constraints.  This  can  include  setting  the 

number and orientation of  the beams, as well as  their energy and delivery method 

(e.g.  step‐and‐shoot). Dose‐volume  based  constraints  can  also  be  applied,  such  as 

ʹallow  no more  than  X%  of  the  target  volume  to  receive  less  than  Y Gyʹ.  Similar 

constraints usually  also  exist  for OARs. During optimisation,  each  constraint has  a 

ʹcostʹ or ʹobjective valueʹ. This is a measure of how well the constraint is being met by 

the current plan, and is defined by Zhang et al [17] as: 

 

 19



  
n

nn DDf
20

N

1
          (eq. 5) 

 

where N is the number of voxels in that constraintʹs region of interest, D is the current 

dose,  and D0  is  the desired dose. As  a measure  of  how  the whole  optimisation  is 

progressing,  the weighted sum of all objective values gives  the  ʹcomposite objective 

functionʹ: 

 


i

ii fwF           (eq. 6) 

 

where  the w  is an  individual weighting or  importance  factor  (often  selected by  the 

planner)  for  the  constraint  i.  During  inverse  optimisation,  the  fluence  b  is  first 

initialised with either uniform or small random values. A  three‐step process  is  then 

undertaken: 1) dose to the patient is calculated from the current fluences; 2) a search 

direction x is established from the cost function F, based on the desired objectives and 

current dose distribution, and a step size a is calculated; 3) the fluence is then updated 

by adding (x.a) to the previous values, and the process begins again at step 1. After 

each dose calculation  if a stopping criterion  is met  then  the optimisation will  finish 

and  the  plan  is  considered  complete.  Modern  treatment  planning  systems  have 

different methods for determining x and a: for example, the algorithm present within 

the  Pinnacle  planning  system  (Philips  Medical  Systems,  Madison,  USA)  uses  a 

gradient  descent  algorithm  which  only  accepts  changes  which  reduce  the  cost 

function. Other methods  can  include  steepest descent methods,  conjugate  gradient 

algorithms or stochastic optimisation [18].  

 

Once optimisation  is  finished,  the result  is a set of  fluences which are  ideal but not 

necessarily  deliverable.  As  described  earlier,  some  method  is  then  required  to 

approximate the ideal fluences if the step‐and‐shoot method is to be used. However, 

some  modern  planning  systems  now  have  methods  for  integrating  machine 

constraints within  the optimisation process,  rather  than afterwards  [19]. This direct 

aperture optimisation (DAO) thus produces plans which are immediately deliverable: 
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i.e.  they consist of a set of MLC segments and beam weightings. As will be shown 

within  this  thesis,  this  knowledge  of  the  physical  capabilities  of  the  linac  during 

inverse  optimisation  is  essential  for  the  production  of  accurate  arc  radiotherapy 

treatment plans. 

 

1.2.3. Implementation of IMRT 

 

IMRT  presents  specific  challenges  for  radiotherapy  departments  that  are  not 

necessarily observed for conventional or conformal techniques [20]. These challenges 

exist  at  each  stage  of  the  radiotherapy  process.  In  terms  of  planning,  the  use  of 

inverse optimisation is computationally expensive, and requires robust determination 

of  class  solutions  for various  treatment  sites  [21]. Furthermore,  from  the  clinicianʹs 

perspective, if a process of dose escalation is to be undertaken  which often requires a 

high degree of conformity to the target volumes with respect to nearby OARs – then 

accurate delineation is necessary. It may be applicable, therefore, to consider the use 

of more  than  one  imaging modality,  for  example  PET‐CT  for  outlining  the  target 

volume  in  head  and  neck  cancers  [22].  The  movement  towards  more  targeted 

radiotherapy, often  involving much sharper dose gradients  from  the PTV  to nearby 

OARs, means that the patient set‐up needs also to be closely controlled. The uptake of 

IMRT in many departments has been accompanied by increased use of on‐treatment 

imaging  [23],  such  as  x‐ray  cone‐beam  computed  tomography  (CBCT).  Figure  5 

shows how such devices are positioned on the  linear accelerator [24]. Image guided 

radiotherapy (IGRT) is the use of regular patient imaging over the course of treatment 

for  the purposes  of monitoring  and,  if necessary,  adjusting  the  treatment position. 

IGRT may also be accompanied by patient  immobilisation devices such as moulded 

shells  for head and neck patients. There are presently a number of  techniques and 

protocols  for  performing  IGRT,  with  the  overall  aim  of  monitoring  the  internal 

anatomy  in  the  region  of  the  treatment  volume,  and  ensuring  that  the  patient  is 

positioned at each fraction as close as possible to the planned geometry.  
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Figure 5. Geometry of  the cone‐beam CT  (CBCT) system  for Elekta  linear accelerators. The 

imaging beam  is normal  to  the  treatment beam, and usually  rotates  in a complete 360° arc 

around the patient, or 200° for ‘half‐rotation’ scans.

 

Another  significant  challenge  for  the practical  implementation of  IMRT  is ensuring 

the accuracy of delivery. IMRT fields (both step‐and‐shoot and dMLC) require highly 

accurate positioning of the MLCs, and a number of quality control regimes have been 

proposed  to monitor  this  [9].  Furthermore,  IMRT  control  points  can  involve  small 

field  sizes  and  low  radiation  output  (i.e.  a  small number  of monitor units  (MUs)), 

meaning  that  dose  calculations  have  to  be  carefully  characterised.  A  number  of 

studies  have  discussed  the  accuracy  of  small‐field  dosimetry  from  commercial 

planning systems, which often employ analytical algorithms  for  the computation of 

dose  [25]. Furthermore,  the ability of  the  linac  to reliably deliver short exposures  in 

step‐and‐shoot  IMRT has  to be carefully characterised  [26].  It  is  for  this  reason  that 

IMRT  is  usually  accompanied  by  a  programme  of  pre‐treatment,  patient‐specific 

quality  assurance. Many  dosimetric  phantom  devices  now  exist  to  verify  that  the 

delivered  patient  plan matches  the  calculated  dose  distribution within  acceptable 

limits [27, 28]. It is also acknowledged that some method of secondary, independent 

dose  calculation  is  important  for  IMRT,  due  to  the  small,  potentially  unusually‐

shaped fields and complexity of delivery [29, 30]. 
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1.2.4. Clinical argument for IMRT 

 

Despite  these  challenges,  there  is  a  clear  clinical  argument  for  IMRT  [11]. A wide 

range of sites are now  treated with  IMRT as  the standard of care, with  the prostate 

being the most common site treated with IMRT worldwide [31]. The prostate presents 

a typical problem for radiotherapy, in that the treatment site is close to radiosensitive 

OARs such as  the rectum, bladder and small bowel. Dose escalation  to  the prostate 

has  been proposed  by  a  number  of  studies  [32,  33],  and hypofractionated  regimes 

(exploiting  the possible  low  α/β  ratio of prostate  cancer) have  also been  suggested 

[34].  Ultimately,  high  rates  of  toxicity  in  the  bladder  and  rectum  have  been  the 

limiting factors in these studies, when using conventional or conformal radiotherapy. 

Zelefesky et al  [35] noted  that conformal radiotherapy allowed only an escalation of 

65‐70Gy2  to  the  tumour  leading  to  a  poor  level  of  local  control  (where Gy2  is  the 

radiobiologically equivalent dose delivered in 2Gy fractions). IMRT, however, allows 

for  the delivery of  concave  fluences,  reducing dose  to  the  surrounding organs and 

thereby  enabling  escalation  of  the  prescription  dose  (>81  Gy2  proposed  by  [35]). 

Using a standard dose and fractionation, Zelefesky reported a reduction in late grade 

2 rectal toxicity (proctitis) from 14% with conformal radiotherapy to 2% with IMRT, 

and other studies have reported similar outcomes [36]. A recent systematic review of 

IMRT  for prostate  cancer  also noted  the  reduction of  acute  and  late  toxicity  in  the 

context of radical radiotherapy [6]. 

 

While  prostate  cancer  remains  the  most  commonly  treated  site  with  IMRT 

worldwide, two separate surveys have shown that head and neck cancer is the most 

commonly treated site in the UK [37, 38]. The argument for the use of IMRT in head 

and neck cancer  follows similar  reasoning  to prostate cancer: with  the proximity of 

numerous  radiosensitive OARs  there  is difficulty  in achieving  local  tumour  control 

without also causing significant toxicity. The presence of highly serial organs such as 

the  spinal  cord,  brainstem  and  optic  nerves means  that  a  sharp  fall‐off  in  dose  is 

required if coverage to the target volume is to be maintained. Furthermore, there are 

also more parallel OARs which,  if  irradiated above certain dose‐volume  tolerances, 
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increase the likelihood and severity of toxicities which can impact on patient quality 

of life (such as the loss of salivary function through irradiation of the parotid glands). 

There  is  increasing evidence to suggest that IMRT reduces acute and  late toxicity  in 

head  and  neck  patients.  In  particular,  the  PARSPORT  study  reported  significant 

reduction  in xerostomia  (along with  faster  recovery of  saliva production) when  the 

parotid glands were  spared using  IMRT  in  the  treatment of pharyngeal  squamous‐

cell  carcinoma  [13]. A  review  by OʹSullivan  et  al  [39]  identifies  other  randomised 

clinical trials which demonstrate that IMRT provides improved parotid sparing, and 

hence improved salivary function, when compared to conformal radiotherapy [40]. 

 

Staffurth  [11],  in  reviewing  a  number  of  clinical  studies  for  IMRT,  suggested  that 

there  is  sufficient  consistent  evidence  to  widely  implement  IMRT  in  the  United 

Kingdom  for  certain  cancer  sites.  However,  the  UK  uptake  of  IMRT  since  its 

introduction  in  the  1990s has been  slow  [41]. The National Radiotherapy Advisory 

Group  (NRAG),  established  to  address  the  shortfall  in  overall  provision  of 

radiotherapy in the UK, proposed that 33% of all radical fractions should be delivered 

with  IMRT.  In  a  2007  survey  it was  reported  that  less  than  half  of  radiotherapy 

centres had any means of delivering IMRT [37], and a recent report has estimated that 

inverse‐planned IMRT accounted for ~6.8% of all treatment episodes in 2011/12 [41]. 

A 2008 survey by Mayles [38] suggested that the main reasons for the slow uptake of 

IMRT are insufficient physics support, along with a lack of funding and appropriate 

equipment. Various studies have  identified  the additional planning complexity and 

quality  assurance  processes  as  also  placing  significant  strains  on  resources  for  the 

implementation  of  IMRT  [6,  20]. While  IMRT  has  been  deemed  potentially  cost 

effective with respect to improved patient quality of life [42], there remain challenges 

for  its  initial  implementation  in  the clinic, and  the most efficient use of resources  to 

deliver IMRT.  
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1.3. Principles of VMAT 

 

Volumetric modulated  arc  radiotherapy  (VMAT)  is  a  technique  for  the delivery  of 

IMRT whereby the dose  is delivered continuously  in an arc around the patient [43]. 

As shown in Figure 6, VMAT can be delivered using a conventional linear accelerator 

by  exploiting  the  dynamic  aperture  shaping  from  the  multi‐leaf  collimators. 

Crucially,  VMAT  is  capable  of  producing  intensity modulated  dose  distributions 

similar  to  those achieved by  fixed‐beam  IMRT, but  in a much shorter delivery  time 

[44]. VMAT has gained recent attention  in the clinical setting due to the potential to 

increase the provision of intensity modulated treatments for a given linac.  

 

 
Figure 6. VMAT  involves  continuous  radiation delivery while  the  linac  rotates  around  the 

patient. MLC shapes are varied dynamically, while the dose rate and/or gantry speed can be 

modulated to achieve the desired dose delivery. 

 

The development of VMAT closely tracked the development of IMRT from the early 

1990s, but did not gain widespread interest until becoming commercially introduced 

in 2009 [43]. The delivery of radiotherapy using arcs rather than fixed beams is not a 

new concept, however, with a rudimentary form of conformal arc therapy proposed 

as  early  as  1965  [45].  In  1982,  Brahme  et  al  built  on  this work  and  demonstrated 

formally that to achieve a uniform dose to a nominal target wrapped within an organ 

at risk, then the radiation delivered in an arc around the target would need to have a 

non‐uniform  fluence  distribution  [46].    In  the  1990s  the  concept  of  intensity‐
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modulated  radiotherapy  was  the  catalyst  for  the  development  of  ʹtomotherapyʹ, 

whereby  a  megavoltage  fan  beam  is  rotated  around  the  patient  in  geometry 

analogous  to a CT scanner  [47]. Through  the use of a simple binary collimator,  it  is 

possible  to build up an  intensity modulated dose distribution  in  slices  through  the 

target  volume, while  indexing  the patient  through  the machine  on  a  couch. While 

highly  effective,  the  requirement  for  a  dedicated  tomotherapy machine  led  some 

researchers  to  investigate  the use of arc  therapy on conventional  linear accelerators 

fitted with MLCs.  Yu  [48]  introduced  intensity modulated  arc  therapy  (IMAT)  in 

1995, whereby  tomotherapy dose distributions were  reproduced on a  linac  through 

the delivery of a series of overlapping arcs. At this stage, IMAT plans were produced 

with a forward‐planned solution, which approximated tomotherapy intensity profiles 

using a sequence of MLC segments. However,  the use of multiple  forward‐planned 

arcs  (usually 3‐5) only demonstrated a plan benefit over conventional or conformal 

therapy, rather than IMRT deliveries [49, 50]. 

 

In the past decade, the commercial TomoTherapy system (Accuray, Sunnyvale, USA) 

has  demonstrated  highly  conformal  dose  distributions,  allowing many  centres  to 

quickly  implement  complex  intensity modulated  treatments with  a  dedicated  unit 

[51]. The search for an equivalent linac‐based solution continued with several authors 

attempting to determine an inverse‐planned technique for IMAT which would result 

in  the  desired  dose  distribution  deliverable  in  a  single  arc  [52,  53].  This  was 

subsequently termed VMAT. It is possible to build up an analogy for VMAT inverse 

planning by considering the fixed‐field IMRT method. For IMRT, equation 4 required 

the inverse optimisation of the fluence b to produce a desired dose distribution D. If b 

has uniform  intensity but an arbitrary 2D shape  (for example, defined by an MLC), 

then the fluence from one IMRT beam is: 

 





N

i 1
iIMRT bb               (eq. 7) 

 

where,  for an  ‘ideal’ continuously variable  IMRT  field,  N . For M beams with 

different gantry angles (Ω), the complete radiation fluence would then be: 
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IMRTIMRT bB                (eq. 8) 

 

Around a VMAT arc  there  is no  instantaneous modulation of  fluence,  such  that, at 

each gantry angle,  N = 1 in equation 7. However, as VMAT involves the continuous 

delivery  of  radiation  during  rotation,  then  M   in  equation  8.  For  VMAT, 

therefore, the complete fluence is: 

 

    d bBVMAT                (eq. 9) 

 

Thus, IMRT allows only a coarse sampling of the gantry angles but with potentially 

highly  modulated  beams,  whereas  VMAT  utilises  all  of  the  gantry  angles,  but 

without any  instantaneous modulation of beam  intensity. For  inverse planning,  it  is 

not  feasible  to  evaluate  BVMAT  =  D/A  as  in  equation  4.  Firstly,  it  would  be 

computationally  expensive  for  the  inverse  optimiser,  as  there  would  be  a  large 

number of parameters  if Ω  is considered a continuous variable. Secondly,  there are 

restrictions on the linac (such as maximum leaf speed) if the plan is to be delivered in 

practice. Furthermore, optimisation does not need to take place at every gantry angle. 

It has been shown that there is a number of beams above which no benefit is achieved 

to produce the desired intensity modulated dose distribution [54]. 

 

On  this  latter  point,  theoretical  considerations  of  VMAT  have  focussed  on 

determining what level of modulation is achievable in a single arc compared to fixed‐

field IMRT [55]. Bortfeldʹs work [54] extended the theory that only a finite number of 

intensity modulated beams are required to approximate an ideal dose distribution, to 

take account of VMAT delivery. It was shown that, if intensity modulated beams are 

delivered  in  short,  abutting  arcs  rather  than  from  fixed  beam  angles,  then  the 

delivered dose distributions are approximately equivalent. This was one of  the  first 

theoretical justifications demonstrating that VMAT could provide an equivalent level 

of modulation  to  IMRT. One  conclusion  to be drawn  from  this  is  that  any  inverse 
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optimiser for VMAT needs only to generate a set of fixed control points, separated by 

a gantry angle spacing (ΔΩ). 

 

Thus,  the  development  of  single‐arc  VMAT,  producing  plans  that  are  able  to  be 

delivered in a significantly shorter treatment time than IMRT, has required a practical 

planning methodology whereby MLC segments spaced equidistantly around an arc 

are inverse‐optimised. The gantry spacing required is determined partly by the level 

of modulation required by the plan. However, it is also important to consider how the 

treatment planning system approximates the continuous dose delivery. As shown in 

Figure  7,  if  the  treatment  planning  system  only  calculates  dose  through  a  coarse 

representation of the arc (e.g. every 10 degrees), then the patient dose will be under‐

sampled  at  distances  far  from  the  rotational  axis  (i.e.  the  isocentre).  Furthermore, 

work by Webb and McQuaid [56] suggested  that a gantry angle spacing of ΔΩ < 5° 

was required  if a fixed  intensity modulated beam  is to be approximated by a  ‘small 

arc’ between control points. In practice, many treatment planning systems allow this 

parameter to be adjusted [57]. 
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Figure  7.  For  a  cylindrical model  of  a  patient  (inset) with  a  diameter  60cm, with  equally 

spaced 4cm2 beams applied to the isocentre, this graph indicates the fraction of the sampled 

fluence at 15cm  from  the  isocentre  (indicated by  the dashed  line). For  increasing values of 

ΔΩ,  the  sampling  of  the  fluence  gets  lower,  and  hence  the  dose  calculation  is  a  poorer 

approximation to continuous VMAT delivery. 
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The  above  theoretical  considerations  of  VMAT  planning  require  that  the  linear 

accelerator is able to deliver a sequence of arbitrary MLC shapes in an arc, each with 

an arbitrary number of monitor units. In reality, due to the physical constraints of the 

linac,  this means  that  the  dose  rate  and/or  gantry  speed  needs  to  be modulated 

between  each  control  point  [43]. As will  be  examined  further  in  this  thesis, MLC 

motion ultimately determines  the  choice  of  gantry  speed  or dose  rate.  It  has  been 

suggested  previously  that  one  of  the  reasons  for  the  relatively  slow  commercial 

interest  in  VMAT was  the  lack  of  suitable  linac  control  systems  to  govern  these 

dynamic changes [52]. However, modern control systems are now capable of varying 

gantry  speed,  dose  rate,  and  individual  MLC  speed  in  order  to  achieve  highly 

complex dose delivery. As this thesis will show, there are a number of physical linac 

limitations which need  to be considered  in  the planning process  to ensure accurate 

and deliverable VMAT treatments. 

 

Since  becoming  commercially  available  in  2009,  there  have  been  two  main 

implementations of arc radiotherapy: Elekta VMAT (Elekta, Crawley, UK) and Varian 

RapidArc  (Varian Medical  Systems, Palo Alto, USA). There  exist  also  a number  of 

software  solutions  for  the  production  of VMAT  plans,  such  as  the Varian  Eclipse 

planning system, Pinnacle, and the Elekta planning systems (XiO and Monaco). In the 

context of this thesis, only the Elekta VMAT delivery and the Philips Pinnacle system 

are used, although many of  the  conclusions are valid  for other  implementations.  It 

should also be noted that ʹVMATʹ (as introduced by Otto [58]) is used throughout this 

thesis as a generic term for the delivery of arc radiotherapy through the modulation 

of MLC motion, dose rate and/or gantry speed. It is adopted here to avoid confusion 

with  other  forms  of  arc  radiotherapy  (such  as  IMAT),  which  have  previously 

involved different modes of delivery. 

 

1.4. VMAT research and context for thesis 

 

VMAT remains a relatively novel treatment technique, and as such there has been a 

wide‐ranging programme of  research  since  its  commercial  introduction  [43]. While 
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fixed‐field  IMRT  remains  the most  common method  for  the delivery of modulated 

dose distributions, VMAT  is gradually  becoming  a  standard  feature  on many new 

linear accelerators. The ability to produce similar dose distributions to IMRT within a 

shorter delivery  time  is  attractive  to departments  seeking an  improvement  in  their 

provision  of  complex  radiotherapy.  However,  in  order  to  be  considered  a  valid 

alternative  to  fixed‐field  IMRT,  VMAT  needs  to  demonstrate  equivalence  or 

improvement  throughout  the  radiotherapy process. Broadly,  the  research  topics  for 

VMAT  have  been  in  three  areas:  treatment  planning,  delivery,  and  imaging.  The 

purpose of  this section  is  to provide  the context  for  the research projects within  the 

present thesis, and to identify the current clinical implementation of VMAT in these 

three areas. 

 

1.4.1. Treatment Planning 

 

As described in section 1.3, VMAT requires inverse planning to determine a sequence 

of MLC shapes, each with their own number of monitor units, in order to produce the 

desired dose distribution. For  example, a  single arc prostate VMAT plan with a 4° 

gantry  angle  spacing  will  have  90  available  control  points.  Inverse  optimisation, 

therefore, has  to  find  the  appropriate MLC  shapes  and beam weightings  for  all  of 

these  control points, given  the objectives and  constraints of  the plan. Some  inverse 

planning  strategies  for VMAT  (Figure  8)  have  previously  set  up  a  series  of  fixed 

beams around  the patient, and  then searched  for  ideal  fluence profiles  for each  [52, 

59‐61]. Then, these ideal profiles are converted into a sequence of MLC positions in an 

arc. At the conversion stage, the limitations of the delivery are taken into account ‐ i.e. 

the sequence of MLC positions and monitor units must be such that the linac is able 

to  select an appropriate, deliverable gantry  speed and/or dose  rate. This process of 

ideal  fluence  generation  followed  by  conversion  to  a  set  of MLC  instructions  is 

analogous to the two‐step IMRT inverse planning procedure described in section 1.2.  
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Figure 8. Overview of the different planning techniques for VMAT. Adapted from [60]. 

 

As also described in section 1.2, this two‐step solution has a potential problem, in that 

the converted plan can only offer a broad approximation  to  the  ideal  fluences. This 

has led to more recent efforts determining an inverse planned solution for VMAT that 

incorporates  direct  aperture  optimisation,  where  knowledge  of  the  linac  delivery 

constraints are  incorporated within the optimisation [60]. One such DAO solution  is 

that  proposed  by  Otto  [58],  which  was  subsequently  developed  into  the  Eclipse 

planning  system.  This  method  begins  by  optimising  a  small  number  of  discrete 

control  points  around  an  arc,  where  the MLC  positions  and MU  weightings  are 

optimised  iteratively with  respect  to  the objectives  and  constraints  (including  linac 

delivery  constraints).  After  a  number  of  iterations,  a  new  control  point  is  added 

halfway  between  the  existing  control  points,  and  the  optimisation  continues.  This 

process then repeats until the desired final control point spacing is reached (e.g. 4°). 

Otto  demonstrates  that  this  algorithm  is  capable  of  dose  distributions  similar  to 

IMRT. Importantly, the integration of linac constraints within the optimisation means 

that  the plan deliveries are efficient, with a beam‐on  time of < 2 minutes  for plans 

previously delivered with IMRT in ~ 7 mins. Within this thesis, Publication 1 (section 

2.1)  expands  on  the  concept  of DAO‐based  planning,  by  investigating whether  an 

existing  static  IMRT  optimisation  technique  can  be  used  to  produce  high  quality 

VMAT radiotherapy plans. 
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Following  the availability of  two commercial planning solutions  (‘RapidArc’ within 

Eclipse and ‘SmartArc’ within Pinnacle), there have been a large number of treatment 

planning studies investigating the clinical potential of VMAT compared to IMRT. In 

the clinical sites of the prostate,  lung and head and neck, VMAT has been shown to 

produce very similar dose distributions to fixed‐field IMRT. Single dose level prostate 

VMAT has been demonstrated by a number of authors [62, 63]. In all of these studies, 

the  VMAT  solution  demonstrated  equivalence  or  improvement  in  PTV  coverage 

compared  to  IMRT.  A  more  complex  test  of  VMAT  is  the  application  of  a 

simultaneous boost, or the delivery of different dose prescriptions to multiple PTVs. 

Yoo et al [65] found that RapidArc plans performed worse than IMRT when treating 

the  prostate,  seminal  vesicles  and  lymph  nodes  in  a  two  dose‐level  protocol. 

Conversely, two studies delivering a SIB to an intraprostatic lesion found that VMAT 

allowed for improved sparing of OARs compared to IMRT [66, 67]. 

 

Head and neck VMAT has had slower uptake in clinics. Some studies have found that 

it  is  difficult  to  produce  adequate  dose  distributions  on  complex  head  and  neck 

geometries with  one  or  two  arcs  [68]. Other  studies  have  had more  success, with 

Bertelsen  [44] demonstrating  the  feasibility of single‐arc VMAT  for oropharynx and 

hypopharynx  patients  treated with  a  three dose‐level  prescription.  In  this  study  it 

was found that target coverage was comparable to IMRT while the dose conformity 

was  significantly  improved.  As  such,  doses  to  the  spinal  cord,  parotids,  and 

submandibular glands were significantly reduced compared to the IMRT solution. 

 

In general, VMAT vs. IMRT planning studies have shown a trend for similar coverage 

of  target volumes.  In  some  centres, arc  therapy has been  successfully  implemented 

into clinical use as a supplement to the provision of IMRT, and no significant changes 

in patient management have  been  identified  [69‐72]. However,  it  is  apparent  from 

many  of  these  studies  that,  in  attempting  to  reproduce  existing  IMRT‐like  dose 

distributions, potential improvements in plan quality from VMAT have not been fully 

explored.  Objectively  identifying  the  potential  benefits  of  VMAT  over  IMRT  is 

hindered  partly  by  the  difficulty  in  performing  technique  planning  studies. 
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Comparative  planning  studies  are  essential  when  assessing  a  new  treatment 

technique,  and  often  involve  parallel  planning  of  a  cohort  of  patients  with  the 

established method  (e.g.  fixed‐field  IMRT) and  the method under  investigation  (e.g. 

VMAT). However, many  planning  studies  are  subject  to  bias  in  their  design:  for 

example,  inter‐planner  variability,  or  lack  of  equivalent  experience  with  both 

techniques. Attempts  to  reduce bias  in planning studies, such as choosing  identical 

optimisation  parameters  for  both methods, may  also  be  invalid,  particularly  if  the 

optimisation  algorithm  employed  is  significantly different between  each  technique. 

This question of bias in technique comparison studies is addressed in Publication 2, in 

which  a  novel  approach  was  developed  to  compare  VMAT  and  IMRT,  whereby 

planner bias is minimised through the use of an automated planning system.  

 

Concern has previously been expressed about the impact of the low dose component 

of VMAT [73] – a rotational delivery means a larger volume of the patient is observed 

to receive a low dose (i.e. < 10 Gy). While these doses may not result in acute harm to 

surrounding tissue, there is the need to assess the risk of radiation‐induced secondary 

malignancies,  and  to  quantify  this  risk  against  other  forms  of  radiotherapy. 

Previously, the move from conventional to IMRT treatments elicited a similar debate 

within  the  literature  [74,  75].  For VMAT,  the  use  of  a  continuous  rotational  dose 

calculation, incorporating a characterisation of linac head leakage and scatter, would 

be required for accurate estimations of low dose within the patient. This is discussed 

further in section 3.5. 

 

1.4.2. Delivery and Quality Control 

 

It  is  well  established  in  the  literature  that  VMAT  can  reduce  treatment  times 

compared to IMRT. Several studies have reported a 30‐50% reduction in delivery time 

for prostate plans  [62,  63,  66],  accompanied  by  a  reduction  in  the  total  number  of 

monitor units required. Matuszak et al [76], assessing the use of VMAT for a range of 

treatment sites, reported a mean delivery time reduction of 78% compared to IMRT. 

Such  time advantage has been exploited particularly  for  the delivery of stereotactic 
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lung  treatments  [77‐79] which, due  to  their high dose per  fraction, often have  long 

beam‐on  times  using  fixed‐field  IMRT.  For  complex  head  and  neck  treatments, 

Vanetti [80] found that RapidArc could deliver equivalent‐quality dose distributions 

in 70‐90s compared to ~15 minutes with IMRT. These reduced delivery times have a 

number  of  potential  benefits.  Many  of  the  above  papers  refer  to  the  ability  for 

improved patient  throughput, and acknowledge  the  improved patient  comfort and 

potential reduction  in  intra‐fraction motion (although this has not yet been formally 

demonstrated). 

 

 
Figure 9. The  required  linac motion depends on  the  required MLC  travel  (MLCi  to MLCf), 

over gantry distance ΔΩ. 

 

The  treatment  time  efficiency  is  determined  partly  by  the  planning  system  (as 

described  in  section  1.4.1),  and partly by  the  linac  itself. The Elekta VMAT  system 

allows dose  rate and gantry speed  to be modulated  in order  to achieve  the desired 

delivery [81]. As shown in Figure 9, from any given initial control point (MLCi, MUi) 

to  the next (MLCf, MUf),  the  linac must  first determine how many monitor units  to 

deliver, and over what gantry distance. Thus the required gantry speed is: 

 

  binif DRMUMU
GS




         (eq. 10) 

 

where DRbin  is  the current dose  rate of  the  linac. Equation 10 must be evaluated  to 

ensure that it is <= GSmax, which is the maximum allowed gantry speed of 6°/s, set out 
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by the International Electrotechnical Commission (IEC) standards. The original Elekta 

VMAT  system  allowed  for  a  fixed  set  of  dose  rate  bins  (e.g.  600  MU/min,  300 

MU/min,  150  MU/min,  75  MU/min…).  Once  the  appropriate  DRbin  that  satisfies 

equation 10 has been selected, then: 

 

GS
TCP


           (eq. 11) 

 

where TCP is the control point time. However, the finite MLC speed provides another 

time constraint (Tlim) on the system: 
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         (eq. 12) 

 

where vmax is the maximum possible leaf speed. If Tlim>Tcp then the dose rate bin again 

needs to be stepped down and equation 10 re‐evaluated. This process is then repeated 

for every control point in a VMAT arc. 

 

It  is preferential  for  the dose rate  to be as high as possible. Sequential MLC control 

points  which  require  a  slowing  of  the  dose  rate  and  gantry  speed  tend  to  be 

preferentially avoided  in  the plan optimisation process.  In part  this aids  the overall 

speed of delivery, but it also acknowledges the observed adverse effects of low dose 

rates ‐ particularly problems with beam stability, flatness and symmetry [82, 83]. The 

dosimetric output of linear accelerators (and most other quality control tests) tend to 

be  performed  at  the  maximum  dose  rate,  and  for  fixed‐field  IMRT  there  was 

previously no requirement for the modulation of dose rate.  

 

This raises an important aspect of VMAT delivery: one of the purported advantages 

of VMAT has been the ability to retrospectively  install VMAT capability on existing 

linear accelerators. As such, existing MLC design and gantry motion capabilities have 

not necessarily been optimised to take account of the significant additional dynamic 

requirements for VMAT delivery. Rangaraj et al [81] noted that there has been a lack 
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of  full  characterisation of  the  constraints on VMAT delivery. Furthermore, Bortfeld 

and Webb [55] suggest that with VMAT there is currently a distinct trade‐off between 

treatment efficiency and plan quality.  It may be possible  in  the planning process  to 

produce  highly  delivery‐efficient  plans  (i.e.  low  modulation  between  consecutive 

control  points),  but  this would  reduce  the  overall  plan  quality. Within  this  thesis, 

Publication 3 (section 2.3) investigates the efficiency versus plan quality trade‐off, and 

attempts  to  improve  the  characterisation  of VMAT  through  the  development  of  a 

delivery emulator.  

 

Publication 3 also investigates the effects of allowing the dose rate to be continuously 

variable rather than restricted to fixed bins. Continuously variable dose rate (CVDR) 

VMAT was subsequently introduced onto the Elekta platform as part of the ʹIntegrityʹ 

control  system  update. Rather  than  5  fixed  bins,  the CVDR  system  allows  for  255 

equally‐spaced dose rate bins, such that there are smaller steps for the DRbin variable. 

This has a number of consequences for delivery efficiency: the average dose rate will 

be  higher,  the  gantry  speed will  be  generally  faster with  fewer  sharp  changes  in 

speed,  and  therefore  delivery  time will  be  shorter.    In  a  validation  study  of  the 

Integrity system, Bertelsen et al [84] confirmed that the introduction of CVDR resulted 

in faster deliveries than binned dose rate (BDR). Publication 4 (section 2.4) builds on 

this work by comparing BDR and CVDR delivery over a range of prostate and head 

and neck patients, and determines  their effects on beam  stability, MLC positioning 

accuracy, and overall plan dosimetry. 

 

It  is clear  from  this section  that VMAT delivery  is a complex process, requiring  the 

linear accelerator to modulate various dynamic components simultaneously. As such, 

there  is  a  strong  requirement  for  routine  preventative maintenance  of  the  linacs, 

along with quality control (QC) regimes to ensure that the delivery system is working 

as expected. Whereas QC regimes for fixed‐field IMRT are already well established in 

the  literature  [18],  the  question  of what  additional QC measures  are  required  for 

VMAT remains a point of discussion [82, 83, 85].  Many VMAT QC papers recognise 

that there are three aspects of VMAT delivery which need to be routinely monitored: 
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leaf motion, gantry motion and dose rate variability. Ling et al [86] suggests QC tests 

which hold one of these variables constant while measuring the  interdependency of 

the other  two. An  important  aspect of quality  control  for VMAT  is  that, while  the 

individual components of delivery can be checked independently, a set of tests need 

to  be  developed  which  check  the  synchronisation  of  these  components.  This  is 

discussed further in section 3.4. 

 

In  clinical  practice,  radiotherapy  treatments  also  require  some  provision  for  pre‐

treatment QC of patient plans [87]. For IMRT there are a number of established plan 

QC techniques for verification measurements on the linac. It is becoming increasingly 

common,  however,  for  only  a  subset  of  IMRT  plans  to  have  dosimetric 

measurements, with the remainder having a secondary independent dose calculation, 

of which  there are  several  commercial  implementations  [29, 30]. This  is presently a 

source of debate within  the  literature  [88]. The argument  for reduced pre‐treatment 

measurements  is  that  dosimetric  accuracy  (and  therefore  patient  safety)  can  be 

ensured with multiple redundant quality control procedures for the planning system, 

checking of  the plan  transfer  integrity and monitoring  the delivery. Advances  in  in‐

vivo dosimetry for IMRT also adds a further level of dosimetric confidence [89]. 

 

However,  a  strategy  of  reduced  pre‐treatment  verification measurements  could  be 

problematic  for  VMAT.  As  discussed  in  this  section,  VMAT  treatment  plans  are 

highly dependent on the ability of the  linac to dynamically vary gantry speed, dose 

rate  and MLC motion. Detailed knowledge of plan deliverability  is not necessarily 

available in conventional planning systems or secondary dose calculators. Instead, as 

shown in Figure 10, there are a number of dosimetry devices for VMAT pre‐treatment 

plan QC, many of which involve the delivery of the plan to detectors in a cylindrical 

geometry  [90]. The proposed workflow benefit with VMAT may currently be offset 

by the requirement for additional plan verification time on the linac. The motivation 

for Publication 5 (section 2.5) was therefore to develop a novel software tool which is 

able  to  perform  pre‐treatment  verification  of  VMAT  plans  without  linac 

measurements.  This  publication  details  the  integration  of  a  software  delivery 
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emulator with  a Monte  Carlo  dose  calculation  algorithm  in  order  to  produce  an 

independent secondary dose calculator for VMAT. 

 

     
 

Figure 10. Pre‐treatment plan QC devices for VMAT. Left, the Delta4 phantom, consisting of 

two planes of diodes  in a cylindrical geometry. Centre, the Octavius phantom, containing a 

2D ion chamber array. Right, the ArcCheck phantom, in which diodes are placed around the 

circumference of the cylinder. 

 

1.4.3. Imaging 

 

As discussed in section 1.2, the use of image guided radiotherapy has been essential 

for the effective application of IMRT. Verellen et al [23] notes that the increasing use 

of  IGRT  is  allowing  the  therapeutic  ratio  to  be  optimised  by  allowing  for  routine 

monitoring  of  the  patient  internal  anatomy with  reference  to  the  PTV  and  nearby 

OARs.  For  high‐risk  prostate  cases,  a  daily  IGRT  regime  using  electronic  portal 

images and fiducial markers has also been associated with improved tumour control 

[91].  Furthermore,  the  use  of  cone‐beam  CT  (Figure  5)  has  been  demonstrated  as 

effective by various authors  for positional verification  [92, 93], motion  tracking  [94] 

and adaptive re‐planning [95]. 

 

The geometry of CBCT systems requires that the linear accelerator is rotated around 

the  patient  in  order  to  acquire  a  sufficient  number  of  projections  for  CT 

reconstruction. This rotational geometry has led to some investigations as to whether 

CBCT images can be acquired simultaneously during VMAT delivery [96]. Nakagawa 

[92] demonstrated that it was possible to reconstruct simultaneously‐acquired CBCTs 

to verify the position of the prostate during VMAT treatment. This has a number of 

 38



potential  benefits:  firstly,  knowledge  of  internal  anatomy  during  treatment  (rather 

than  before  or  after)  would  provide  more  relevant  information  for  positional 

verification and potential dosimetric assessment [92]. Some studies also suggest that 

knowledge of patient  intra‐fraction motion  is  important, and simultaneous  imaging 

has been applied  to  track  internal motion during delivery  [97]. For highly complex 

radiotherapy  (i.e.  stereotactic  treatments,  dose  escalation,  and  adaptive  or margin‐

reduction strategies), such information would be valuable. Furthermore – in keeping 

with  the  other  proposed  benefits  of  VMAT  ‐  simultaneous  CBCT  can  reduce  the 

amount of  in‐room  time  for  the patient, as both  treatment and  imaging are possible 

within one rotation of the linac gantry. This may in turn provide an extra advantage 

r patient throughput.  

l  patient  set‐up  procedures  to 

inimise the risk of gross random positioning errors. 

 

 

fo

 

It  should  also  be  noted,  however,  that  simultaneously‐acquired  CBCTs may  only 

provide  an  ‘offline’  assessment  of  patient  position,  and  some  IGRT  protocols may 

require pre‐treatment positional verification.  If systematic patient positioning errors 

are  considered  the  most  clinically  important  [98],  then  it  is  possible  to  envisage 

simultaneous  CBCTs  being  used  as  part  of  an  offline  ‘no  action  level’  imaging 

protocol.  Such  a  strategy would  also  require  carefu

m

 
 
Figure 11. The effect of MV scatter on CBCT scans. On the left is a standard CBCT taken prior 

to VMAT delivery. On  the  right  is  the  same patient  scan  taken during  the delivery of  the 

VMAT treatment. 
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Simultaneous  CBCTs  are  only  useful  if  they  can  provide  images  which  are  of 

sufficient  clinical  quality  to  perform  IGRT.  In  practice,  these  acquisitions  are 

degraded  by  treatment  beam  scatter  from  the  patient,  linac  head  and  support 

structures onto the imaging panel. This is shown in Figure 11. The effect of this scatter 

has been discussed previously [99], whereby the visibility of low contrast soft tissue 

boundaries is reduced. As a consequence, simultaneous CBCTs require some method 

r scatter reduction  (or avoidance)  in order  to recover  the  image quality. The main 

  i a

tion  6  proposes  an  alternative  scatter 

orrection method  for  simultaneous  VMAT‐CBCT, which  attempts  to  address  the 

mitations of the other proposed methods. 

 

 

fo

proposed methods are shown schematically in Figure 12.  

 

Van Herk et al  [100] proposed alternating  the acquisition of  the projections between 

ʹkV‐onʹ and ʹkV‐offʹ, such that the imaging panel records an image of the MV scatter 

for  each  standard  projection.  This  scatter  image  is  then  used  to  correct  the 

corresponding projection image. The method proposed by Ling et al [101] divides the 

linac arc  into interlaced sectors for  maging and treatment. As such, the kV  nd MV 

beams  are  not  applied  simultaneously,  and  no  scatter  is  present  within  the 

reconstructed  CBCTs.  However,  both  of  these  correction  techniques  involve 

significant  compromises.  The  van  Herk method  reduces  the  number  of  acquired 

projections  by  half, which  (as  is  acknowledged  by  the  authors) will  impact  upon 

image quality, particularly  in  the context of  faster VMAT deliveries. While  the Ling 

method  is  capable  of  producing  scatter‐free CBCT  reconstructions,  it  increases  the 

delivery  time  by  periodically  interrupting  the  treatment  beam.  It  is  also  not  clear 

what effect this latter methodology has on the quality of the plan or the accuracy of 

the  delivery.  Within  this  thesis,  Publica

c

li
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Figure  12.  The  various  proposed  techniques  for  scatter  reduction  in  simultaneous  CBCT 

acquisition.  Yellow  indicates  kV  delivery  while  blue  indicates MV  delivery  over  an  arc. 

Method 3 is applied in publication 6, whereby a separate ‘scatter map’ is applied to correct the 

images. 

 

 

1.5. Hypothesis and Aims 

 

The  overall  aim  of  this  thesis  is  to determine  the most  effective  application  of  arc 

radiotherapy,  and  to  investigate whether  this  relatively  new  technique  can  offer  a 

benefit  over  IMRT  in  terms  of  the  treatment  quality  and  the  impact  on workflow. 

While the delivery time benefit of VMAT has already been well established, questions 

still  remain about  the overall effectiveness of VMAT as a potential  replacement  for 

fixed‐field IMRT. If it is to be considered a viable, beneficial alternative, VMAT must 

offer equivalence or improvement throughout the radiotherapy process. Projects have 

been undertaken in the areas of treatment planning, delivery and imaging in order to 

improve  the characterisation of VMAT and  to determine  the optimal application of 

this technique in the clinic. An overview of the aims are given below: 

 

Treatment Planning 

 Characterise VMAT plan optimisation by  investigating whether  static  IMRT 

control points can be sequenced into a dynamic arc. 

 Develop an objective, bias‐free plan  comparison methodology  to  investigate 

the difference between IMRT and VMAT for complex patient plans. 
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Delivery and Quality Control 

 Investigate the limitations of various dynamic components of VMAT delivery 

through the development of a realistic linac emulator.  

 Determine whether  continuously  variable  dose  rate VMAT  demonstrates  a 

dosimetric  improvement  over  binned  dose  rate VMAT,  and  investigate  the 

reasons for any such improvement. 

 Determine whether it is possible to reduce the requirement for pre‐treatment 

VMAT  plan  verification  by  developing  an  independent  secondary  dose 

calculation methodology.  

 

Imaging 

 Investigate  the  feasibility and practicability of  simultaneous  imaging during 

VMAT treatment, and develop a MV scatter correction method.  

 

1.6. Structure of Thesis  

 

Permission  has  been  sought  and  obtained  to  submit  this  thesis  in  the  alternative 

format. While  the  projects  listed  above  are  inter‐related,  they  lend  themselves  to 

individual  experimental  investigations.  The  structure  of  this  thesis,  and  hence  the 

narrative of the research, is given below. 

 

Publication 1 (section 2.1) investigates whether clinically‐acceptable VMAT plans can 

be  produced without  a  dedicated  optimisation  algorithm.  Instead,  a methodology 

was  developed which  sequences  VMAT  beams  directly  from  static  IMRT  control 

points.  Crucially,  this  methodology  incorporates  knowledge  of  the  dynamic 

constraints  of  the  linac,  such  that delivery  efficiency  can  be  considered during  the 

planning  process. A  single‐arc  solution  for  prostate  patients  is  demonstrated  and 

plans are compared to the standard IMRT approach.  

 

Due  the  potential  difficulties  in  performing  objective  planning  studies  between 

VMAT and  IMRT, Publication 2 details  the development of an automated planning 
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technique. The  technique  ‐ which  involves  the  iterative adding and modification of 

optimisation objectives and constraints, governed by a set of clinically‐defined rules ‐ 

is  demonstrated  for  complex  three  dose‐level  nasopharynx  plans.  Three  strategies 

were  investigated:  comparing VMAT  vs.  IMRT  for  standard plan  creation, parotid 

sparing, and dose escalation.  

 

An  important  component  of  Publication  2 was  that  the  delivery  constraints were 

relaxed during VMAT optimisation, such that they have a low bearing on the plans. 

This  assumed  that  the  linac  is  capable  of  efficient,  accurate  delivery  for  complex 

treatments. The efficiency of VMAT delivery is considered in detail in Publication 3, 

which involves the development of a realistic linac emulator. For a set of prostate and 

head and neck plans, the software emulator  is used to  investigate the  impact of  leaf 

speed,  jaw  speed,  and  dose  rate  on  VMAT  delivery  efficiency.  Furthermore,  the 

impact of continuously variable dose rate  is  investigated. Following  the commercial 

availability  of  CVDR  for  the  Elekta  system,  Publication  4  then  experimentally 

investigates  the  effects  of  CVDR  and  BDR  on  beam  stability,  MLC  positioning 

accuracy and overall plan dosimetry. 

 

Both Publications 3 and 4 discussed the potential for ideally‐efficient VMAT delivery, 

even  for  complex  treatment plans. However,  this delivery  time benefit  is  currently 

offset by an  increased burden of pre‐treatment plan QC on  the  linac. Publication 5 

addresses  this  point,  and  investigates  the  development  of  a  Monte  Carlo‐based 

verification  system  for  VMAT.  The  intention  of  this  system  is  to  incorporate 

knowledge of realistic linac motion into accurate calculations of dose, such that a full 

dynamic calculation (i.e. delivery between control points) can be performed. As such, 

it differs from other VMAT Monte Carlo systems which have previously focussed on 

simulating static control points [102], or retrospectively reproducing the motion from 

log  files  [103]. This model  is assessed  through comparison  to measurements on  the 

linac and is incorporated into an automated plan verification system, allowing direct 

Monte Carlo calculation scheduling from a treatment planning system export. 
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Publication 6 investigates an area in which VMAT may offer a benefit over IMRT for 

image  guided  radiotherapy.  This  publication  investigates  how  workflow  may  be 

maximised  by  allowing  for  patient  imaging during delivery,  rather  than  before  or 

after  the  treatment. A novel strategy  for scatter correction  is  introduced, and  image 

quality is assessed using both phantom and patient measurements. 

 

Four of these papers have been published  in academic  journals (Publications 1, 3, 4, 

and 6), while  two are  currently  in  the peer‐review process  (2 and 5). Prior  to  each 

presented  paper,  a  description  of  the  author’s  contribution  is  given.  A  general 

discussion is given in section 3, in which the outcomes of each of the publications are 

considered. Additional work undertaken as part of  this  thesis, and proposed  future 

investigations, are also discussed in section 3. 
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2. PUBLICATIONS 

2.1. Publication 1 

 

A VMAT planning solution for prostate patients using a commercial treatment 

planning system 

 

Published in Physics in Medicine and Biology, 2010, vol. 55, pp. N395‐N404 

 

Authors: 

CJ Boylan 

C Golby 

CG Rowbottom 

 

Author Contributions   

Hypothesis: 

I  proposed  the  hypothesis  that  statically‐created  IMRT  segments  could  be  used  to 

generate VMAT plans of similar quality to the existing treatment method.  

   

Methodology: 

I developed the planning solution, including determining the optimum control point 

spacing and the strategy for the production of the static MLC segments. The external 

scripting software was written by a computer scientist in the department. I designed 

the  experiments  to  test  the  VMAT  planning  solution.  Myself  and  CG  took  the 

dosimetric verification, resilience and repeatability measurements.  

 

  Analysis: 

I performed all of the analysis and wrote the manuscript, which was approved with 

minor modifications by the other authors. 

 

10 pages 
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Abstract
Volumetric modulated arc therapy (VMAT) is a rotational delivery technique
which offers the potential of improved dose distributions and shorter treatment
times when compared to fixed-beam intensity-modulated radiation therapy
(IMRT). This note describes the use of an existing treatment planning system
(Philips Pinnacle3 v.8.0), supplemented by in-house software, to produce a
single-arc VMAT prostate plan. While a number of planning systems for the
Elekta VMAT platform are commercially available, the use of an in-house
solution has allowed more detailed investigations of VMAT planning, as well
as greater control over the optimization process. The solution presented here
begins with a static step-and-shoot IMRT approach to provide initial segment
shapes, which are then modified and sequenced into 60 equally spaced control
points in a 360◦ arc. Dose–volume histogram comparisons demonstrate that this
VMAT planning method offers multiple dose level target coverage comparable
to that from a standard IMRT approach. The VMAT plans also show superior
sparing of critical structures such as the rectum and bladder. Delivery times
are reduced with the VMAT method, and the results of dosimetric verification,
resilience and repeatability tests indicate that the solution is robust.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Volumetric modulated arc therapy (VMAT) offers the potential to deliver intensity-modulated
dose distributions comparable to or better than those produced by conventional intensity-
modulated radiation therapy (IMRT) treatments, in a shorter delivery time (Palma et al 2008,
Shaffer et al 2010, Rao et al 2010). As described by Otto (2008), the technique involves
varying a linear accelerator’s dose rate, field shape and gantry speed in an arc to produce
the desired dose distribution. The Elekta VMAT solution (Elekta Ltd, Crawley, UK) which
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is considered in this note has been successfully commissioned by this centre and has been
found by others to be a robust method for delivering conformal radiotherapy (Bedford and
Warrington 2009).

In IMRT treatment planning, inverse-planned solutions are commonplace. However,
VMAT provides a more complex problem for the optimization algorithm. There are a large
number of parameters to be optimized, and a variety of machine limitations which must
be taken into account. The maximum leaf speed, jaw speed and gantry speed affect the
efficiency of VMAT delivery and the dosimetric quality of the plans. Furthermore, the Elekta
VMAT system chooses from a discrete set of dose rates in order to deliver the desired dose.
For example, a nominal maximum dose rate of 600 MU min−1 yields dose rate bins of
600 MU min−1, 300 MU min−1, 150 MU min−1, 75 MU min−1, 37 MU min−1 and 18 MU
min−1. Ideally these constraints should be considered as part of the inverse optimization, such
that the resultant plan is capable of being delivered accurately and efficiently.

There are a number of planning solutions available for Elekta VMAT, including the
SmartArc module for the Pinnacle3 v.9.0 treatment planning system (Philips Medical Systems,
WI, USA). SmartArc uses an optimization algorithm described by Bzdusek et al (2009), and
although the clinical version of the software has only recently been released, it has been shown
to produce VMAT plans of equivalent quality to IMRT for certain sites (Guckenberger et al
2009, Bertelsen et al 2010). Other VMAT planning methods have been proposed by Bedford
(2009), Cao et al (2009) and Matuszak et al (2010)—all of which implement aspects of the
earlier Pinnacle v.8.0 planning system.

While the initial results from SmartArc appear promising, ‘in-house’ planning methods
currently allow for more detailed investigations of VMAT planning, providing more flexibility
and control over the optimization process, and include the ability to adjust control point
parameters (such as leaf positions and weighting) after the optimization process has finished
(not currently possible with SmartArc).

This note describes the commissioning of a VMAT planning solution for prostate patients,
using Pinnacle v.8.0 and software developed in-house. The solution, which delivers multiple
dose level distributions comparable to IMRT, produces a single 360◦ arc which can be delivered
in a short time and to a high degree of dosimetric accuracy. Dynamic machine constraints are
considered in the in-house software, such that the resultant plan is deliverable and efficient.
Comparisons are made with step-and-shoot IMRT by evaluating dose–volume parameters
and conformity to the Conventional or Hypofractionated High dose Intensity-modulated
radiotherapy for Prostate cancer (CHHIP) trial protocol (Khoo and Dearnaley 2008). The
results of dosimetric verification using a three-dimensional detector array are described, and
the repeatability and resilience of delivery are investigated.

2. Methods

2.1. Treatment planning process

2.1.1. Plan setup and prescription. The treatment planning system used was Pinnacle3

v.8.0m, with the direct machine parameter optimization (DMPO) module for IMRT. Prostate
patients were CT scanned in a supine position according to a standard protocol with 5 mm
axial slice width. The organs at risk (OARs) were contoured (rectum, bladder, femoral heads,
urethral bulb and bowel) and target volumes were expanded according to the CHHIP protocol.
For the pre-clinical commissioning patients described in this note and the clinical VMAT
patients, the dose prescribed was 57 Gy in 19 fractions (equivalent to group 3 of the CHHIP
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Table 1. Selection of some of the relevant dosimetric quality parameters outlined in the CHHIP
trial protocol.

CHHIP trial parameter Constraint (%)

PTV1 min 76
PTV2 min 91
PTV3 min 95
PTV3 median 99–101
Bladder V68 max 50
Bladder V81 max 25
Bladder V100 max 5
Rectum V68 max 60
Rectum V81 max 50
Rectum V88 max 30
Rectum V95 max 15
Rectum V100 max 3

trial). The trial also specified three dose levels to three different planning target volumes
(PTVs); these are detailed along with other specifications in table 1.

2.1.2. Initial optimization. 15 equi-spaced 8 MV beams (24◦ apart) were added to the plan
starting at a gantry angle of 192◦ and ending at 168◦. A fixed collimator angle of 10◦ was
applied to avoid excessive inter-leaf leakage dose to the patient from the rotational delivery
technique. DMPO was then used to create a ‘step-and-shoot’ plan, using a class solution of
dose constraints derived from a standard IMRT solution. The optimization parameters were
set such that the maximum number of control points was 26 (i.e. each beam contains 1 or 2
control points after optimization). The minimum segment area was set to 20 cm2 and segments
with less than 6 MUs were removed at this stage. Low-weighted segments can result in a
poorer quality delivery, due to the inherent instability of the linear accelerator at low dose
rates. The dose calculation was performed with a collapsed-cone convolution algorithm, using
a dose grid resolution of 0.3 cm. Over 25 iterations, DMPO produced control points similar
to those shown in figure 1.

2.1.3. External sequencing of control points. At this stage there were 15 equi-spaced beams
each with one to two control points. A Java application was developed in-house which
interrogated the Pinnacle file system and modified the plan, dividing each beam containing
two control points into two separate beams containing one control point each. Optimizing 15
fluence maps with a coarse gantry angle spacing and then re-sequencing the control points
into an arc reduced the computation time considerably compared to optimizing 26 fluence
maps initially (this is a similar principle to the one employed by Bzdusek et al (2009)). The
two new beams were shifted 6◦ in either direction, such that the spacing was 12◦ between
the beams. The individual weighting of each control point, and hence the number of monitor
units, was retained. For the beams that contained a single control point at the end of the
DMPO optimization, the beam was split into two identical control points, shifted 6◦ in either
direction, and the half the MUs from the original control point were given to each new beam.
At the end of this process the arc contained 30 equi-spaced beams, from gantry angle 186◦ to
174◦.
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Figure 1. The two control points produced by DMPO for an example prostate patient for 3 of the
15 beams.

As there may be large differences in shape between each pair of control points, the amount
of leaf motion between each of the newly created beams was minimized. In order to achieve
this, the in-house software used a linear search (employing a ‘greedy’ algorithm) to determine
the most efficient order of each pair of control points. The algorithm examined the leaf and
jaw positions between adjacent control points, and ordered them such that leaf and jaw motion
was minimized. In doing this, limitations of the VMAT delivery (i.e. maximum leaf and jaw
travel per degree) were taken into account within the software to help to improve the efficiency
of the resultant plan. The speed of delivery of a VMAT plan is determined by the dose rates
selected by the linear accelerator, which is in turn determined by the difference between the
positions of the leaves, jaws and gantry of adjacent control points. Minimizing leaf motion
between the available control points ensures that the dose rate bins selected by the linac control
system are as high as possible.

2.1.4. Interpolation of control points. Due to the continuous delivery of VMAT plans,
initial testing indicated that the 30-beam step-and-shoot plan did not lead to a delivered dose
distribution which matched the planning system prediction. Further investigation demonstrated
that the coarse representation of 30 equi-spaced beams was not an adequate approximation to
the continuous arc delivery employed by VMAT with a high degree of modulation between
control points in the arc. Other authors have discussed the control point sampling required
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Figure 2. An example of four consecutive control points produced by the VMAT planning solution.
Leaves outside of the field have been adjusted so that they remain stationary throughout the arc.

for accurate dosimetry (Otto 2008, Webb and McQuaid 2009, Feygelman et al 2010), and
adequate results using 4 or 6◦ spacings for prostate cases have been demonstrated (Bzdusek
et al (2009) and Cao et al (2009), respectively). Therefore, a series of interpolated beams were
added midway between each existing beam, taking an average of the leaf and jaw positions
between adjacent control points. This was done again using the in-house software, and a plan
with 60 equi-spaced beams with 6◦ between each control point was produced. Monitor units
were distributed such that half the MUs from the next control point in the arc were assigned
to the interpolated beam.

2.1.5. Re-optimization and final dose calculation. After the control points were ‘split’ and
interpolated, a further optimization step was required to refine the multi-leaf collimator (MLC)
positions and beam weights and ensure that the dose distribution was clinically acceptable.
This was achieved by running DMPO with the same parameters as the initial optimization, but
using the 60 control points as the starting point for the optimization. The DMPO optimization
process then made small changes to both the leaf positions and segment weights to minimize
the overall cost function. The maximum number of iterations was set to ten and the final dose
calculation was performed.

At this stage, steps were taken to ensure that the delivery was as efficient as possible.
Due to the 10◦ collimator twist, the superior–inferior (Y) jaws were inspected and altered
if the high dose region extended outside of the PTV. Following the final re-optimization
and dose calculation it was found that leaves outside of the treatment field were required to
move a significant amount between control points. This unnecessary motion increased the
delivery time, as the gantry speed and dose rate had to be reduced to wait for the out-of-
field leaf motion to finish. It was also found that these plans resulted in poorer dosimetric
verification results. Therefore, leaf motion outside of the field was minimized on Pinnacle
prior to export and delivery. Figure 2 shows an example of four adjacent control points after
sequencing.

The approved plans were exported in DicomRT plan format to a record-and-verify system
(MOSAIQ). MOSAIQ converts the exported files into RTP format, which are simple text files
containing the plan details including the beam parameters and monitor units. At this stage,
the RTP file consisted of 60 discrete beams each containing one control point. In order for
MOSAIQ and the linear accelerator control system to recognize and deliver the plan as a
VMAT treatment, the RTP file had to be reformatted to contain one beam with 60 control
points with the gantry angle changing in each. This was achieved with a further piece of
software, Arc Converter (William Beaumont Hospital, MI, USA), which was modified and
tested in-house. The plans were then imported into MOSAIQ and could be delivered as VMAT
prescriptions.
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2.2. Pre-clinical testing and verification

Commissioning for the VMAT planning solution consisted of creating plans as described
above on five randomly chosen prostate patients previously treated with IMRT. Dose–
volume statistics were recorded for the IMRT and VMAT plans, along with CHHIP trial
parameters.

Dosimetric verification was performed on the five patient plans using a three-dimensional
detector array (Delta4, Scandidos, Sweden). The Delta4 has been demonstrated to be an
appropriate device for the verification of VMAT treatments (Bedford et al 2009). Gamma
analysis was performed at the 3%/3 mm level, within the 20% isodose.

The resilience of delivery was also investigated using one of the five patient plans
as a reference plan. Using the Delta4, the dosimetric effects of delivery under non-ideal
scenarios were studied. These scenarios were: (a) interruption of the beam mid-treatment,
(b) termination of the beam with completion on a partial beam, (c) simulated communication
failure (i.e. manually disconnecting the MOSAIQ system from the linac control system mid-
treatment) with completion on a partial beam, (d) termination of the beam on a symmetry
error (i.e. manually changing the beam symmetry mid-treatment) with completion on a partial
beam and (e) deliveries separated by a time frame of greater than 3 months.

Finally, the effects of symmetry and flatness on dosimetric repeatability were investigated.
The reference plan was delivered to the Delta4 with the symmetry of the treatment beam
adjusted to be ±5% in both the gun-target (GT) and transverse (AB) directions. 5% asymmetry
is an extreme test which lies beyond the clinical tolerance of the linear accelerator.

3. Results

3.1. Comparison to IMRT plans

A dose–volume histogram (DVH) comparison between the VMAT and IMRT plans for one
of the commissioning patients is shown in figure 3. Target volume coverage (PTV1, PTV2
and PTV3) is equivalent for both techniques, demonstrating the ability of the VMAT solution
to produce multiple dose level distributions. The VMAT plans offer superior avoidance of
critical structures such as the rectum and bladder, which receive a lower volume of low to
intermediate dose when compared to IMRT. The femoral heads receive a higher volume of low
dose in the VMAT plan, although at around 15 Gy the histograms cross over and the VMAT
plan is superior to the IMRT plan. In the example shown, dose to the bowel is higher in the
VMAT plan, but at the CHHIP dose level of 38.76 Gy the absolute difference in irradiated
volume between the VMAT and IMRT plans is 0.3 cc.

CHHIP parameters for all five patients are shown in figures 4(a)–(c). Again, target volume
coverage is similar between the two techniques. OAR constraints are met by both techniques,
with the VMAT plans performing better at the low to intermediate dose range for the rectum
and bladder. The whole body volume receiving 20 Gy or more is lower for VMAT than for
IMRT, indicating better conformality in the high dose region. As with many rotational delivery
techniques, the volume of body receiving lower doses of >5 Gy and >10 Gy is higher for
VMAT. However, the differences in low dose volumes between VMAT and IMRT are not
significant; over the five patients the average V5 for the body (volume receiving 5 Gy or more)
is 6558 (±825) cc for VMAT compared to 5977 (±632) cc for IMRT.

For the five patients examined as part of commissioning, the number of monitor units
required for VMAT delivery is less than for step-and-shoot IMRT delivery (mean 521 MU
versus 555 MU, respectively). Studies that compare SmartArc-produced single-arc VMAT
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Figure 3. Dose–volume histogram (DVH) curves for one of the five prostate patients planned
as part of the VMAT commissioning. The solid lines represent a standard IMRT approach, and
the dashed lines represent the VMAT plan. LFH and RFH are the left and right femoral heads,
respectively.

with step-and-shoot IMRT plans show a slightly larger reduction in monitor units (∼10%
reported by Bertelsen et al (2010), Guckenberger et al (2009)). Much larger differences
in MU (up to 50%) have been reported when comparing VMAT to sliding-window IMRT
plans (Zhang et al 2009, Palma et al 2008), although this is mainly due to the nature of
sliding-window delivery.
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Figure 4. Comparison of CHHIP parameters for the IMRT and VMAT plans for the five
commissioning patients. (a) Doses to the target volumes, which are similar between the two
techniques. (b), (c) The volume of the rectum and bladder receiving three relevant CHHIP doses
respectively (e.g. V54 Gy refers to the volume of the OAR receiving 54 Gy of the prescription
dose).

3.2. Verification

All commissioned plans were transferred to the linear accelerator and delivered successfully.
The mean delivery time was 2.5 min (range 2.3–2.9), and the clinical plans now being treated
are of a similar duration. VMAT offers an improvement compared to the time taken to deliver
five fixed IMRT fields, which for the commissioning patients examined here was on average
6.0 min (range 5.1–6.6).

All VMAT plans verified successfully on the Delta4 with >95% of pixels within the
20% isodose having a gamma index of <1 at the 3%/3 mm level. This is a similar level of
verification achieved when using the Delta4 to verify IMRT prostate patients.

3.3. Delivery resilience

When using the original (uninterrupted) VMAT delivery as a reference on the Delta4, no
significant deviation was observed for any of the resilience scenarios studied with a 100% pass
for a gamma analysis of 2%/2 mm within the 20% isodose being achieved in all cases. When
a deliberate 5% asymmetry was introduced into the beam, the percentage gamma pass values
remained at all times above 90% when compared to the reference plan delivered without any
asymmetry.

4. Discussion

A VMAT planning solution has been developed using the Pinnacle v.8.0 treatment planning
system supplemented by software developed in-house. Crucially, the VMAT solution
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demonstrated here can produce a multiple dose level plan capable of being delivered in a
single arc in a shorter treatment time than IMRT. DVH analysis shows that the planning
process produces target volume coverage of equivalent quality to this centre’s IMRT solution
for prostate patients. The VMAT solution also achieves lower doses for the OARs. When
considering the CHHIP trial parameters, which provide a good overall indication of dosimetric
quality, the VMAT plans again performed well.

The process of beginning with static beams that contain several step-and-shoot segments
and sequencing them into an arc has been demonstrated elsewhere (Cao et al 2009) and is
the starting point of the Pinnacle SmartArc optimization (Bzdusek et al 2009). The method
described here also orders each pair of control points so that leaf motion is minimized. Using
an in-house solution has enabled this department to investigate in detail the planning and
delivery aspects of VMAT, and has allowed a greater degree of flexibility and control over the
optimization.

In terms of efficiency, the VMAT plans demonstrate a delivery time similar to that reported
elsewhere for single-arc prostate treatments treated with an Elekta linac (Bedford 2009, Cao
et al 2009). Shorter treatment times have been reported for the Varian RapidArc solution
(∼1 min, Zhang et al (2009)), which is due in part to the availability of continuously variable
dose rates for Varian linacs. Similarly, the modest reduction in monitor units required for
VMAT plans compared to step-and-shoot IMRT plans is as expected. The literature suggests
that SmartArc offers a potential ∼10% reduction in monitor units from step-and-shoot prostate
IMRT, compared to ∼6% demonstrated here. Again, larger reductions have been reported
comparing VMAT with sliding-window IMRT delivery.

The efficiency of VMAT delivery is strongly influenced by the planning strategy employed.
While developing the prostate planning method outlined in this study, it was found that the
speed and accuracy of VMAT delivery was improved when leaf motion outside of the treatment
field was reduced. In practice, efforts can be made throughout the planning process to inspect
the individual control points, identify any unnecessary leaf and jaw motion, and attempt to
reduce it.

In summary, the VMAT planning solution demonstrated here delivers dose distributions
of comparable quality to IMRT in a single arc and in a shorter treatment time. Delivery has
been verified to a high degree of dosimetric accuracy and resilience tests also indicate that the
solution is robust. This planning process has been introduced clinically for a subset of prostate
patients at our institution.
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Abstract 

 

Background and Purpose 

In  this  study  a  novel,  user‐independent  automated  planning  technique  was 

developed  to objectively compare volumetric modulated arc  therapy  (VMAT) and 

intensity modulated radiotherapy  (IMRT)  for nasopharyngeal carcinoma planning, 

and  to determine which  technique offers a greater benefit  for parotid‐sparing and 

dose escalation strategies. 

 

Material and Methods 

Ten patients were investigated, with a standard prescription of three dose levels to 

the target volumes (70, 63 and 56 Gy), using a simultaneous  integrated boost  in 33 

fractions. The automated tool was used to investigate three planning strategies with 

both  IMRT  and VMAT:  clinically‐acceptable  plan  creation,  parotid  dose  sparing, 

and dose escalation. 

 

Results 

Clinically‐acceptable plans were achieved for all patients using both techniques. For 

parotid‐sparing,  automated  planning  reduced  the mean  dose  to  a  greater  extent 

using VMAT  rather  than  IMRT  (17.0 Gy  and  19.6 Gy,  respectively, p  <  0.01). For 

dose escalation  to  the mean of  the main clinical  target volume, neither VMAT nor 

IMRT offered a  significant benefit over  the other. The OAR‐limiting prescriptions 

for VMAT ranged from 84 – 98 Gy, compared to 76 – 110 Gy for IMRT.  

 

Conclusions 

Employing  a  user‐independent  planning  technique,  it was  possible  to  objectively 

compare VMAT and  IMRT  for NPC  treatment  strategies. VMAT offers a parotid‐

sparing improvement, but no significant benefit was observed for dose escalation to 

the primary target. 

Publication 2  1 



Introduction 

 

Intensity modulated  radiotherapy  (IMRT)  is  an  established  treatment  option  for 

patients with nasophanyngeal carcinoma [1, 2]. The ability to deliver complex dose 

distributions  has  allowed  the  delivery  of  simultaneous  integrated  boosts  (SIB)  to 

gross  tumour volumes  (GTV) alongside  lower dose  levels  to at‐risk nodal  regions 

[3]. With  intensity‐modulated plans  it has been possible  to reduce doses  to nearby 

organs  at  risk  (OAR).  It  has  been  shown  that  xerostomia  rates  in  nasopharynx 

patients  can  be  significantly  reduced  by  lowering  the mean  parotid  doses  using 

IMRT [4]. Conversely, studies have indicated that IMRT (accompanied by advances 

in  functional  imaging)  may  be  effective  in  improving  the  therapeutic  ratio  by 

escalating  the  dose  to  the  tumour  bed  [5‐7].  The  concept  of  isotoxic  planning  – 

escalating the prescription dose until limiting organ at risk tolerances are met – has 

been demonstrated in a variety of clinical sites, including head and neck [8]. Such a 

technique  is  reliant on  the ability  to deliver highly complex, modulated  treatment 

fields.  

 

In many centres, the provision of IMRT has been accompanied (and  in some cases 

supplanted) by the availability of volumetric modulated arc radiotherapy (VMAT). 

VMAT allows intensity‐modulated dose distributions to be delivered by rotating the 

linear accelerator  (linac) around  the patient while dynamically varying  the gantry 

speed,  dose  delivery  rate,  and  multi‐leaf  collimator  (MLC)  positions  [9].  This 

delivery method results in a much faster treatment time, and is often accompanied 

by a lower number of monitor units when compared to sliding window delivery of 

IMRT  fields  [10‐12]. Several  treatment planning  studies have  compared VMAT  to 

IMRT  for head  and neck  treatments  [13‐16],  including nasopharyngeal  carcinoma 

[17‐19]. Generally, VMAT has been found to provide similar target coverage to 7‐9 

field IMRT, while maintaining an acceptable or lower dose to nearby organs at risk. 

Mean  parotid  doses  have  also  been  shown  to  be  similar  or  slightly  lower with 

VMAT [17, 19].  
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When moving to a new technique such as VMAT, planning studies are essential to 

determine  any  dosimetric  differences  to  the  established  technique  (in  this  case 

IMRT). However,  there  are  a  number  of  inherent  problems  and  difficulties with 

computerized treatment planning studies. Foremost amongst these  is the  influence 

of  the planner. VMAT,  like  IMRT,  involves  the selection of constraints  for  inverse 

optimization  and  an  appropriate  selection of  constraints  is  essential  to produce  a 

plan which meets  all  of  the  treatment  objectives. Many  planning  studies  do  not 

account  for  the  possibility  that  the  planner  experience  with  each  treatment 

technique may not be the same. Furthermore, there is the question of whether these 

studies are subject to expectation bias – that is, un‐blinded treatment planning may 

lead to users inadvertently biasing their plans in favour of the new technique. Some 

planning  studies  attempt  to  reduce  user  bias  by  using  identical  optimization 

constraints  for  both  techniques  (in  this  case  IMRT  and  VMAT).  However,  the 

optimization algorithms  themselves may be quite different  [20, 21],  such  that  this 

may not allow a fair comparison.  

 

Ideally, comparative planning studies should  involve a user‐independent selection 

of  treatment  planning  parameters,  with  the  plan  aims  clearly  defined  by  the 

clinician from the outset. Automating the choice of optimization constraints would 

thus  eliminate  user‐dependence  of  the  results,  and  allow  for  a  fair  comparison 

between  treatment  methodologies.  Such  automated  decision‐making  techniques 

have been demonstrated previously, such as the use of artificial neural networks to 

determine appropriate beam orientations [22]. More recently, an algorithm has been 

introduced which  allows  for multi‐criteria  optimization  of  beam  orientations  and 

profiles  in  IMRT  [23, 24], and automated  techniques have also been demonstrated 

for the selection of IMRT optimization structures [25]. 

 

The aim of  this  study  is  to  compare dual‐arc VMAT  to 7‐field  IMRT  for different 

NPC  treatment  strategies. Firstly,  the  ability  of  each  technique  to produce  a plan 

which meets  the  clinical objectives  is  investigated. Secondly,  the  ability  to  reduce 

dose  to  the  parotid  glands  is  assessed,  while  maintaining  all  other  planning 
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objectives. Finally,  the ability of VMAT and  IMRT  to escalate dose  to  the  tumour 

bed is investigated, keeping OAR doses within a tolerated range. In order to ensure 

a bias‐free comparison between the techniques, a novel automated planning method 

has  been  developed which  requires  a  set  of  dosimetric  aims  and  planning  rules, 

defined a‐priori and identical for both planning methods. This system works within 

the environment of a commercial treatment planning system, such that the planning 

system’s own direct aperture optimization  is provided with a set of automatically‐

generated optimization constraints. The comparison is made over ten NPC patients, 

with the aim of objectively quantifying any benefit from rotational radiotherapy.  

 

 

Methods and Materials 

Patients and treatment protocol 

 

Ten  nasopharyngeal  carcinoma  patients  who  had  been  previously  treated  with 

IMRT were randomly selected  for  this study. The median age at diagnosis was 55 

(range 27 – 64), with 2 patients originally presenting with stage I, 4 with stage II, and 

4 with  stage  III  disease.  The  standard  treatment  protocol  employed was  a  three 

dose‐level  prescription  delivered  in  33  fractions  using  a  simultaneous  integrated 

boost (SIB). The primary clinical target volume (CTV1) received 70 Gy, the high‐risk 

lymphatic nodes (CTV2) were treated with 63 Gy, and CTV3, representing the lower 

risk  lymphatic  involvement, received 56 Gy. Planning  target volumes  (PTVs) were 

created by adding a uniform margin of 3mm around each CTV. For optimization 

and  evaluation,  these  PTVs were  constrained  to  avoid  areas within  the  build‐up 

region  (5mm  from  the  body  surface)  –  the  modified  volumes  are  labelled 

PTV_IMRT.    All  plan  objectives,  including  maximum  doses  to  organs  at  risk 

(OARs), are set out in Table 1. 
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Volume  Objective(s)   

PTV1_IMRT 
95% volume > 95% prescription dose (66.5 Gy) 

99% volume > 90% prescription dose (63 Gy) 

PTV2_IMRT 
95% volume > 95% prescription dose (59.9 Gy) 

99% volume > 90% prescription dose (56.7 Gy) 

PTV3_IMRT 
95% volume > 95% prescription dose (53.2 Gy) 

99% volume > 90% prescription dose (50.4 Gy) 

Whole Body  Maximum 77 Gy 

Level 1 

Spinal cord PRV  Maximum 50 Gy 

Brainstem PRV  Maximum 60 Gy 

Optic chiasm and 

optic nerves  
Maximum 55 Gy 

Level 2 

Cochleae  Maximum mean 40 Gy (target < 35 Gy) 

Parotids  Maximum mean 26 Gy 

Larynx  Maximum mean 50 Gy (target < 45 Gy) 

Oral cavity  Maximum mean 60 Gy (target < 55 Gy) 

Eyes  Maximum 45 Gy (target < 40 Gy) 

Level 3 

 

Table 1. Nasophanrynx target and OAR evaluation objectives. The spinal cord and brainstem 

tolerances are given for the planning reference volume (PRV), which includes a margin of 0.5 

cm around the OAR. 

 

The  treatment  planning  system  used was  Pinnacle  9.0  (Philips Medical  Systems, 

Madison, USA). For  the  IMRT plans, 7 equi‐spaced coplanar beams were set, with 

the  treatment  isocentre  in  the centre of CTV1. The  linac used  for planning was an 

Elekta Synergy with a 1 cm MLCi head for step‐and‐shoot IMRT delivery. Pinnacle’s 

direct machine  parameter  optimization  (DMPO) method was  used  [26], with  the 

maximum number of control points  (i.e. MLC segments) set  to 100. The minimum 

segment area was set  to 4 cm2 and  the minimum segment MUs was set  to 2. This 

was done to allow for a high complexity of treatment plan. 

 

Pinnacle’s  SmartArc  optimization module was used  to produce  the VMAT plans 

[21]. A dual arc strategy was employed, with the gantry rotating from 182º to 178º 

and vice versa. The collimator angle for each arc was set to 10º in order to reduce the 

cumulative  contribution  of  inter‐leaf  leakage. A  control  point  spacing  of  4º was 

used, such that 90 control points per arc were available for optimization. The aim of 

this  study  was  to  compare  the  ability  of  IMRT  and  VMAT  to  produce  highly 
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complex  treatment  plans,  neglecting  any  potential  delivery  time  benefit  with 

VMAT. As  such,  the  constraints within SmartArc which  aim  to  improve delivery 

efficiency  (for example, maximum  treatment  time, and maximum  leaf motion per 

gantry degree) were relaxed so as to have a low bearing on the optimization (Table 

2). 

 

IMRT  VMAT 

7 co‐planar beams (gantry angles 205º, 

255º, 305º, 0º, 50º, 105º, 155º) 

2 arcs (clockwise and anticlockwise, 182º 

to 178º) 

Minimum segment area 4 cm2  4º control point spacing 

Minimum MU per segment 2  Maximum delivery time 300 s 

Maximum number of segments 100  Leaf motion unconstrained between 

control points 

Final dose calculation: Adaptive 

collapsed cone convolution 

Final dose calculation: Adaptive 

collapsed cone convolution 

 

Table 2. Planning parameters used for optimization. 

 

Automated planning tool 

 

A  software  tool  has  been  developed  which  automatically  adds  and  modifies 

optimization  constraints  based  on  the  progress  of  the  plan,  through  regular 

comparison  to  the  plan  objectives.  The  software, which  follows  a  process  shown 

schematically in Figure 1, was written using the Pinnacle scripting code alongside a 

Java application.  

 

The  software  works  by  dividing  the  plan  objectives  into  levels  of  importance. 

Initially,  a  set of optimization  constraints  are  added which only  aim  to  cover  the 

target volumes (level 1). The plan is then optimized (using DMPO or SmartArc, as 

described  above)  and  the  dose  is  calculated.  The  current  set  of  optimization 

constraints  is  then  replaced by  the evaluation objectives  (Table 1). The evaluation 

objectives  are  a  set  of  parameters  that,  if met, would  likely  result  in  a  clinically 

acceptable plan. Optimization  constraints are used  to drive  the optimization  such 

that  the  clinical  requirements  are  met,  and  are  generally  not  the  same  as  the 

evaluation  objectives.    By  recalculating  the  cost  function  of  each  evaluation 
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objective,  it  is possible to determine which are passing or failing. If any evaluation 

objectives are not met at the current level, the software follows a set of pre‐defined 

rules to generate a new set of optimization constraints. The new constraints are then 

loaded and the optimization restarts. This process repeats until all of the evaluation 

objectives are met for this level. 

 

 

Figure 1. Flowchart describing the automated planning process employed. 

 

Within Pinnacle, constraints can be modified by adjusting their weighting factor or, 

if  this  is not possible,  their  target dose. For example,  if  the minimum PTV1_IMRT 

objective is not being met (99% of the volume should receive at least 63 Gy), then the 

corresponding  optimization  constraint will  be  adjusted  initially  by  increasing  the 

weighting on a scale from 1‐100. If the objective is still not met, the minimum dose 

constraint will then be increased in 1 Gy steps (i.e. 64 Gy, 65 Gy, 66 Gy…) until the 

evaluation objective is met.  
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Once  the  target  coverage  level  passes,  a  second  set  of  constraints  are  added  to 

optimize serial‐like organs at  risk  (level 2). Again,  the plan  is optimized and  then 

compared to the evaluation objectives to determine any failures. This time, if any of 

the level 1 objectives fail, then those constraint modifications are made ahead of any 

failures in level 2. This ensures that the higher priority objectives are always worked 

on ahead of lower importance objectives. This cycle of optimization, evaluation, and 

constraint  modification  is  repeated  until  all  of  the  level  1  and  2  objectives  are 

passed. 

 

Following this, level 3 constraints are added, which consist of mainly parallel OARs 

where a lower dose is preferred, provided it is not at the expense of coverage to the 

targets (level 1) or exceeding the tolerance of serial OARs (level 2). Also included at 

this stage are dummy optimization structures, as shown in Figure 2. The purpose of 

these  structures  is  to  aid  the  conformity  and  homogeneity  of  dose  to  the  target 

volumes. Again  the  software makes  changes  to  the  constraints based on order of 

priority. Ultimately,  the  software will  continue making  adjustments  until  one  or 

more of  the constraints can no  longer be adjusted  (for example,  if  it conflicts with 

another  constraint).  At  this  stage,  the  software  ‘rolls  back’  to  the  last  set  of 

constraints that met all of the plan evaluation objectives. 

 

 

Figure 2. Typical regions of interest for one of the nasopharynx patients. Dummy structures 

were used alongside target volumes and organs at risk to aid optimization. 
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Experimental treatment strategies 

 

The automated planning method was used to investigate three treatment strategies. 

Firstly,  the  ability  of  each  technique  to  produce  a  standard,  clinically‐acceptable 

plan was investigated. The objectives as set out in Table 1 were used in this instance. 

The automated planning system followed the set of rules detailed above – i.e. target 

coverage, then serial OAR avoidance, followed by parallel OAR reduction as far as 

possible. 

 

Secondly,  a  parotid‐sparing  strategy  was  investigated.  For  the  purposes  of  this 

experiment, all other level 3 OARs were provided with tolerance doses which, once 

reached, were  considered  acceptable  and  no  longer  optimized.  For  example,  the 

target mean cochlea dose was set to 35 Gy in the evaluation objectives. For the mean 

parotid OAR, no such target dose was set, so the system  lowered the parotid dose 

until a higher level objective irreversibly failed. 

 

The  final  treatment  strategy  to  be  investigated  was  the  ability  to  escalate  the 

prescription dose to the primary target volume (CTV1). In this case, the automated 

planning  system maintained  the  level  2  and  3 OAR  doses  below  the maximally 

tolerated  levels set out  in Table 1. Whenever all objectives were met, however, the 

system  escalated  the prescription  (to  the mean of CTV1) by  2 Gy. The process of 

optimization and dose escalation continued until one of the OAR doses exceed their 

tolerance, and it was not able to make further changes to the constraint parameters. 

The prescription dose at this stage is then taken as the limiting prescription dose for 

that patient.  

 

All strategies were applied over the ten patients using both IMRT and VMAT. The 

modification  rules  and  evaluation  objectives  were  the  same  for  both  delivery 

methods. As  the  entire process was automated,  there was no  requirement  for  the 

planning  to be  supervised or  interrupted. The  total number of optimization  steps 

was  recorded  along with  the  total  planning  time  for  each  patient. Dose‐volume 
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parameters  were  then  retrieved  for  comparison  between  the  IMRT  and  VMAT 

plans. 

 

Statistics 

 

All  comparisons  were made  using  a  non‐parametric Wilcoxon  signed‐rank  test, 

where  statistical  significance was  taken  if p < 0.05. Where applicable mean values 

have been quoted with 1 standard deviation in parentheses.  

 

Results 

  Standard Planning 

 

Both VMAT and IMRT were capable of meeting the objectives set out in Table 1 to 

produce clinically‐acceptable plans. The number of optimization cycles required (i.e. 

the  number  of  times  the  constraints  were  modified  and  the  optimization  was 

restarted)  to  produce  an  acceptable  VMAT  plan was  lower  than  that  for  IMRT 

(mean 36 steps compared to 50 for IMRT, p < 0.05). While the number of cycles was 

lower  for  VMAT,  the  total  planning  time  was  significantly  longer  at  7.0  hours 

compared to 1.8 hours for IMRT (p < 0.01), which was due to the increased time per 

SmartArc optimization. 

 

The number of monitor units for the IMRT plans was 731.8 (± 62.5) MU compared to 

642.2  (±  51.6)  MU  for  the  VMAT  plans.  For  all  10  plans  with  both  delivery 

techniques,  the stopping point  for  the automated system was when  the minimum 

PTV1_IMRT constraint exceeded the uniform dose constraint, resulting in a conflict 

and  hence  a  rolling  back  to  previously  acceptable  values.  Figure  3  shows  an 

averaged dose‐volume histogram comparing VMAT and  IMRT. Dosimetric results 

are given in Table 3. Heterogeneity index, defined as the ratio of the dose received 

by  5%  and  95%  of  the  volume,  is  also  reported  for  each  PTV.  For  all  the  target 

volumes,  level  2  and  level  3  OARs,  no  significant  differences  were  identified 

between VMAT and IMRT (p > 0.2 for all objectives).  
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Figure 3. Averaged dose‐volume histogram over all 10 nasopharynx patients, comparing the 

VMAT and IMRT automatically‐generated solutions. 

 

 

Volume  IMRT  VMAT 

PTV1_IMRT 

V95% 

V90% 

HI (D95/D5) 

95.8 (± 1.3) % 

99.3 (± 0.4) % 

1.09 (± 0.03) 

97.1 (± 2.3) % 

99.4 (± 0.2) % 

1.12 (± 0.02) 

PTV2_IMRT 

V95% 

V90% 

HI (D95/D5) 

96.9 (± 0.5) % 

99.0 (± 0.3) % 

1.19 (± 0.05) 

97.6 (± 1.4) % 

99.2 (± 0.7) % 

1.17 (± 0.03) 

PTV3_IMRT 

V95% 

V90% 

HI (D95/D5) 

96.8 (± 1.2) % 

99.2 (± 0.4) % 

1.21 (± 0.09) 

97.4 (± 1.8) % 

99.4 (± 0.6) % 

1.16 (± 0.08) 

Spinal cord PRV  46.8 (± 0.7) Gy  47.4 (± 1.3) Gy 

Brainstem PRV  56.6 (± 1.1) Gy  56.9 (± 3.6) Gy 

Optic chiasm and optic 

nerves   45.5 (± 5.6) Gy  45.7 (± 3.8) Gy 

Cochleae  39.3 (± 1.6) Gy  37.1 (± 2.9) Gy 

Parotids  25.9 (± 3.2) Gy  26.8 (± 1.5) Gy 

Larynx  48.3 (± 1.2) Gy  45.6 (± 4.3) Gy 

Oral cavity  50.7 (± 1.6) Gy  48.9 (± 8.7) Gy 

Eyes   29.7 (± 11.9) Gy  31.2 (± 9.7) Gy 

 

Table 3. Dosimetric results for the standard VMAT and IMRT planning, averaged over the 10 

patients. Standard deviation is shown within parentheses.  
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  Mean parotid dose (Gy)   

  IMRT  VMAT  Δ (IMRT‐VMAT) 

P1  19.4  19.1  0.3 

P2  18.3  16.7  1.6 

P3  13.9  13.8  0.1 

P4  25.0  23.8  1.2 

P5  20.6  15.5  5.0 

P6  18.8  17.2  1.6 

P7  23.4  21.5  1.9 

P8  20.5  15.6  4.9 

P9  19.1  13.1  5.9 

P10  16.7  13.9  2.7 

Average  19.6  17.0  2.5 

 

Table 4. Lowest parotid doses achieved using IMRT and VMAT, while maintaining all other 

plan objectives.  

 

  Parotid Sparing 

 

With  the  automated  system  adjusted  to  concentrate  only  on  lowering  the mean 

parotid dose, VMAT was found to be capable of a greater reduction than IMRT. All 

other objectives  remained within  the acceptable  tolerances. The minimum parotid 

doses for each patient are displayed in Table 4. For the IMRT patients, the planning 

tool reduced the mean parotid dose to 19.6 Gy over the 10 patients (range 13.9 – 25.0 

Gy).  For  the VMAT  plans  this  figure was  17.0 Gy  (13.1  –  23.8 Gy).  The  biggest 

reduction was observed  in patient 8, whose mean parotid dose was reduced  from 

19.0 Gy with IMRT to 13.1 Gy with VMAT, a difference of 5.9 Gy. On average, the 

mean parotid dose was  reduced by  2.5 Gy using VMAT  compared  to  IMRT  (p  < 

0.01).  Figure  4  demonstrates  how  the  dose‐volume  histogram  changes  over  the 

automated planning process. For these plans, the mean number of MUs was 800.6 (± 

87.0) for IMRT and 665.9 (± 72.1) for VMAT.  
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Figure 4. Example of the progress of the dose volume histograms over the course of the 

parotid dose optimization. 

 

   

Dose Escalation 

 

For  the  third  strategy  under  investigation,  dose  escalation,  all  OARs were  kept 

within their maximally tolerable doses set out in Table 1. The limiting prescription 

doses  (prescribed  to  the mean of CTV1) are given  for each patient  in Table 5. On 

average, the system was able to escalate the dose to 91.6 (± 8.2) Gy for IMRT patients 

and  90.8  (±  5.8) Gy  for VMAT patients. No  statistically  significant difference was 

observed  between  the  ability  of  the  two  treatment  techniques  to  escalate  to  a 

maximum  limiting dose  (p > 0.5 over  the 10 patients). The  stopping point  for  the 

automated  system varied between patients  –  the most  common  limiting objective 

was the PTV2_IMRT prescription (5 patients), followed by the brain stem maximum 

dose  (3  patients)  and  the  spinal  cord maximum dose  (2  patients). These  limiting 

objectives were the same using both the IMRT and VMAT planning techniques. 

Publication 2  13 



 

  Prescription dose (mean to CTV1 in Gy)   

  IMRT  VMAT  Δ (IMRT‐VMAT) 

P1 94.0  96.0  ‐2.0 

P2 88.0  86.0  2.0 

P3 102.0  84.0  18.0 

P4 82.0  88.0  ‐6.0 

P5 86.0  96.0  ‐10.0 

P6 76.0  86.0  ‐10.0 

P7 88.0  84.0  4.0 

P8 92.0  92.0  0.0 

P9 98.0  98.0  0.0 

P10 110.0  98.0  12.0 

Average 91.6  90.8  0.8 

 

Table 5. Highest prescription dose achieved (using 2 Gy steps from the standard prescription 

of  70 Gy)  to  the mean  of CTV1, maintaining  all  other  objectives  and OAR  doses within 

tolerance. Shaded cells indicate the technique with the higher escalated dose. 

 

Discussion 

 

The value of arc radiotherapy in the clinic remains a popular topic of research, with 

many publications investigating the similarities and differences to static beam IMRT 

[10,  11,  13‐16].  Many  of  these  comparative  studies  demonstrate  a  significant 

improvement with VMAT in terms of the monitor unit efficiency and delivery time. 

If  the  delivery  benefit  is  disregarded,  however,  it  is  more  difficult  to  identify 

situations in which VMAT offers a dosimetric treatment benefit over IMRT. In this 

study,  by  attempting  to  remove  planner  bias,  and  by  reducing  the  influence  of 

VMAT’s delivery constraints, it has been possible to more objectively compare these 

two treatment paradigms for nasopharyngeal patients. 

 

For standard planning, the automated tool was able to produce plans which met the 

clinical objectives in all of the patients.  As the system was provided with the same 

set  of  decision  rules  for  both  VMAT  and  IMRT,  it  is  expected  that  the  target 

coverage and serial OAR doses are similar for both techniques – the automated tool 

is  designed  to  take  these  values  to  close  to  their  tolerance. However, when  the 

parotid doses were optimized, the VMAT plans were able to generate a significantly 
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lower mean  dose  before  one  of  the  higher‐level  objectives  failed.  The  difference 

between  the VMAT  and  IMRT mean  parotid  doses was  2.5 Gy  on  average.  The 

QUANTEC  project  reviewed  several  dose‐response  studies  for  xerostomia  and 

found  that,  for  studies with  long‐term  follow  up  (>12 months),  the  reduction  in 

stimulated salivary flow rate was approximately 1.5% for every 1 Gy of mean dose 

received by the parotids [27]. Based on this, a reduction of 2.5 Gy could represent a 

3.75% improvement in long‐term salivary flow rate. It should be stressed, however, 

that  this  is highly patient‐specific and will be  influenced by other  factors  such as 

baseline function. 

 

These  results agree with previous  comparisons between  IMRT and VMAT, which 

have  shown parotid doses  to be  either  equivalent  [11,  15],  or  slightly  lower with 

VMAT  [10,  13,  17,  18,  28].  Other  planning  studies  also  reported  marginal 

improvements  in  target  coverage with VMAT, although  this was not observed  in 

this  study. One  of  the main  differences  between  this  planning  study  and  others 

reported in the literature is the use of an automated system. The purpose of this was 

to  ensure  that  the  planning  was  independent  of  user  experience  with  both 

techniques.  Previously,  some  planning  comparison  studies  have  attempted  to 

address user bias by using identical optimization constraints for both the techniques 

being investigated [29]. The use of identical optimization constraints, however, may 

not produce  a  fair  comparison  if  the  optimization  algorithm  itself  is  significantly 

different (as with the Pinnacle system).  

 

While VMAT was found to provide a potential benefit for the reduction of parotid 

doses, no such benefit was determined for a dose escalation strategy. The automated 

system was able  to produce plans which allowed substantive simultaneous boosts 

to  the primary  target volume  (up  to 110 Gy  in one patient). However,  the  limiting 

prescriptions  between  the  IMRT  plans  and  VMAT  plans  showed  significant 

variation – differences of up to 18 Gy between each technique. There were no trends 

suggesting whether IMRT or VMAT is a more suitable technique for dose escalation. 

One  conclusion which  can  be  drawn  from  this  is  that  inter‐patient  variability  is 
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larger than the difference between IMRT and VMAT planning. The  large variation 

in results may suggest that certain aspects of patient geometry have a large impact 

on  the  ability  to  escalate dose. Work  is now underway  to determine whether  the 

anatomical  characteristics  of  the  patient  (such  as  target  shape  and  proximity  to 

nearby OARs) can be used to predict whether VMAT or IMRT is a better candidate 

for  dose  escalation.  It  should  be  noted  that  the  clinical  benefit  of  such  dose 

escalation is beyond the scope of this paper. Consideration will need to be given to 

OARs  other  than  those  in  Table  1. OARs  such  as  the mandible,  submandibular 

glands,  temporal  lobes,  temporomandibular  joint and brachial plexus may  further 

limit the achievable escalated prescription dose. 

 

While the automated planning tool described here can produce acceptable plans in 

Pinnacle  unsupervised,  there  remain  some  limitations.  Only  the  optimization 

constraints  were  automatically  generated.  As  such,  this  system  still  required  a 

planner‐based  choice of beam parameters  (i.e. number of beams, number of  arcs, 

collimator  rotation  and  control  point  spacing)  –  although  the  parameters  were 

identical for all patients. The  length of time taken to create these plans means that 

the automated system may not currently be suitable for routine plan creation. Work 

is underway to develop strategies for speeding up the process, such as providing an 

initial  ‘rough’  solution,  or  by  varying  the  step  sizes used  between  optimizations. 

Presently, the intention is to use this system to perform automated isotoxic planning 

–  i.e.  to  generate  individualized,  dose‐escalated  plans.  Further  anticipated 

applications of  the automated system  include a)  treatment  technique comparisons, 

b) benchmarking of new planning software or c) development of class solutions for 

new clinical sites.  

 

The  automated plan methodology  adopted here  –  i.e.  the use  of  a  set of  rules  to 

‘search’  for  appropriate  optimization  parameters  within  a  commercial  planning 

system – can be contrasted with other systems. In particular, the iCycle algorithm is 

an independent optimization system, guided by priority‐assigned clinical objectives 

[23]. This system allows for a wide range of parameters to be optimized (including 
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beam  and  couch  orientation), potentially making  it  a  candidate  for bias‐free plan 

comparison studies. Another automated option has been proposed by Janssen et al 

[30].  This  system  creates  a  large  number  of  IMRT  and  VMAT  plans  using  a 

commercial  planning  system with  a  range  of  optimization  constraints,  forming  a 

pareto  front  for  a  given  set  of  objectives.  By  producing  pareto  fronts  for  both 

techniques, it is possible to determine which technique is optimal by comparing the 

fronts. As  this  system  requires many hundreds of optimizations,  the plans  take a 

number  of  days  to  produce.  Other  studies  have  demonstrated  the  use  of 

unsupervised  learning  systems  for  the  creation  of  treatment  plans  [31,  32], 

determining IMRT beam angles [22], and identifying optimum patient position [33]. 

However, we have been unable to find previous studies demonstrating the use of a 

planner‐free system to compare two techniques (e.g. VMAT and IMRT), within the 

environment of a commercial planning system. 

 

Conclusion 

 

An  automated planning  tool has been developed  to perform  a  comparison  study 

between  7‐field  IMRT  and  dual‐arc  VMAT.  The  system  was  able  to  generate 

clinically  acceptable  plans  with  both  treatment  techniques,  and  when  given 

instructions  to  reduce mean parotid doses as  far as possible  it was  found  that  the 

VMAT plans were capable of a significantly lower mean parotid dose compared to 

IMRT. This study  indicates  that VMAT offers a parotid‐sparing benefit over IMRT 

in  the  treatment  of  nasopharyngeal  carcinoma,  which  could  lead  to  reduced 

xerostomia  rates.  Conversely,  investigating  a  strategy  of  dose  escalation  to  the 

primary target volume, VMAT and IMRT gave a large range of maximally tolerated 

doses, with no technique superior over all 10 patients.  
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Abstract
The delivery of volumetric modulated arc therapy (VMAT) requires the
simultaneous movement of the linear accelerator gantry, multi-leaf collimators
and jaws while the dose rate is varied. In this study, a VMAT delivery emulator
was developed to accurately predict the characteristics of a given treatment
plan, incorporating realistic parameters for gantry inertia and the variation in
leaf speed with respect to gravity. The emulator was used to assess the impact of
dynamic machine parameters on the delivery efficiency, using a set of prostate
and head and neck VMAT plans. Initially, assuming a VMAT system with
fixed dose rate bins, the allowable leaf and jaw speeds were increased and a
significant improvement in treatment time and average dose rate was observed.
The software was then adapted to simulate a VMAT system with continuously
varying dose rate, and the increase in delivery efficiency was quantified, along
with the impact of an increased leaf and jaw speed. Finally, a set of optimal
dynamic machine parameters was derived assuming an idealized scenario in
which the treatment is delivered in a single arc at constant maximum gantry
speed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years there has been increasing interest in the use of dynamic arcs rather than static
beams to deliver radical radiotherapy (Yu and Tang 2011). While commercial planning and
delivery solutions for arc therapy are still relatively in their infancy, a number of studies
have already demonstrated significantly reduced treatment times without compromising the
dose distribution when compared to fixed-field intensity modulated radiotherapy (IMRT)
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(Matuszak et al 2010, Palma et al 2008). Planning solutions for sites such as the prostate
(Zhang et al 2010, Wolff et al 2009), head and neck (Bertelsen et al 2010, Vanetti et al 2009)
and lung (McGrath et al 2010, Verbakel et al 2009) have been demonstrated, indicating that
arc therapy may be able to at least complement the provision of IMRT in the radiotherapy
department.

Volumetric modulated arc therapy (VMAT) refers to the delivery of dose using a
conventional linear accelerator moving in an arc around the patient. The field shape, defined
by multi-leaf collimators (MLCs) and jaws, is dynamically varied during the arc along with
the dose rate and gantry speed to produce an intensity-modulated dose distribution (Otto 2008,
Cao et al 2009). VMAT delivery often requires only one complete arc around the patient,
although larger and more complex treatment sites may require more (Guckenberger et al
2009). A number of authors have reported a delivery time benefit of 50–100% compared with
fixed field IMRT (Zhang et al 2010, Verbakel et al 2009, Shaffer et al 2009).

When formulating VMAT as a method of delivering IMRT in a single arc, Bortfeld and
Webb (2009) describe both techniques as having compromises: standard IMRT can produce
highly modulated fields, but from a coarse sampling of fixed gantry angles, whereas VMAT
uses all gantry angles but has no instantaneous modulation. A further practical limitation of
VMAT is that adjacent control points (‘segments’) around the arc must be achievable with the
linear accelerator. That is, the linac control system must be able to move the MLCs, jaws and
gantry, whilst modulating the dose rate, in order to deliver the correct dose. In theory, for finite
leaf and jaw speeds, the linac should be able to deliver any control point provided it is able to
reduce the gantry speed and dose rate low enough. Practically, however, very low dose rates
are undesirable in VMAT delivery due to their impact on treatment time efficiency—widely
reported as the most significant advantage of this technique. While good dosimetric results
have been demonstrated on plans utilizing a large range of dose rates, adverse effects on the
beam stability, flatness and symmetry have also been observed at very low rates (Bedford and
Warrington 2009).

In order to ensure delivery efficiency, many planning systems for VMAT include delivery
constraints within the optimization. The method described by Otto (2008), which is now part
of the Varian RapidArc system, incorporates factors such as the maximum leaf speed and
gantry speed into the optimization algorithm. These ‘efficiency constraints’ ensure that the
dose rate on the machine is maximized for each control point. Similar constraints are used
within the Philips Pinnacle3 SmartArc system (Bzdusek et al 2009). SmartArc requires user-
inputted values for maximum allowable leaf, jaw and gantry speed, as well as the minimum
and maximum number of MUs per gantry angle degree. Users can also specify the maximum
leaf travel per gantry degree, and can specify a maximum delivery time.

Successful dosimetric verification has been demonstrated with both RapidArc and
SmartArc on Varian and Elekta linear accelerators (Rao et al 2010, Feygelman et al 2010).
However, the impact of a linac’s dynamic parameters (leaf, jaw, gantry speed and dose rate)
on delivery efficiency has not yet been fully characterized. This paper considers this problem
through the use of a realistic VMAT delivery emulator and a cohort of plans. Machine
constraints were adjusted within the software and by modelling the delivery, their effect on
treatment efficiency was investigated. Initially, the existing Elekta VMAT system, which uses
fixed dose rate bins, was considered and the impact of adjustments to the leaf and jaw speed
was assessed. The effect of continuously variable dose rate was then investigated to quantify
the time advantage when using a larger number of dose rate bins. Finally, the emulator was
used to model a scenario in which treatment is delivered in a single arc at constant gantry
speed. This represents a fast and highly efficient method of delivery, limited only by the
maximum allowable gantry speed of the linac.
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2. Materials and methods

2.1. VMAT system

The VMAT system described in this paper consists of the Pinnacle3 v.9.0 SmartArc planning
module, and delivery with an Elekta Synergy linear accelerator (RTD v.6.0). Plans produced
using SmartArc are exported to a record and verify system (MOSAIQ) via an ‘RTP’ file, which
contains the instructions for the linac (gantry angle, MLC and jaw positions, and monitor units
for each control point).

In order to achieve delivery of the control points, the linac is able to adjust the gantry
speed and dose rate. Elekta linacs were previously only able to choose from a fixed set of
dose rate bins, from the machine’s maximum decreasing by a factor of 2 (e.g. 600 MU min−1,
300 MU min−1, 150 MU min−1, 75 MU min−1 etc). The linac will preferentially deliver dose
at the highest rate possible, but will step down to a lower bin to satisfy the maximum gantry
speed constraint, and to allow time for the leaves and jaws to reach their next position. The
latest release of the Elekta VMAT system allows for continuously variable dose rate. Rather
than the 4–5 fixed bins described above, the linac will be able to choose from 255 dose rates
up to the maximum.

2.2. Development of emulator

Software was written in Java which emulates the VMAT delivery. There are three main stages
for the emulator: firstly, the software reads in a VMAT RTP file and builds a set of instructions
for the linac. Secondly, the software interprets the instructions and calculates the appropriate
gantry speed and dose rate bin for each control point (figure 1).

Initially, the gantry speed required to deliver the prescribed number of MU at the maximum
dose rate is calculated. If this gantry speed exceeds the physical limit of the machine, then the
dose rate is dropped to a lower bin and the speed is recalculated:

�G = �◦

(�MU/DRbin)
� �max

G (1)

where �G is the gantry speed (◦/s), �◦ is the gantry angle interval, �MU is the control point
MU, DRbin is the current dose rate bin (MU/s) and �max

G is the maximum allowable gantry
speed. Using this value for gantry speed, the time for the control point can be calculated
(tcp = �◦/�G). The emulator then calculates how much time the leaves and jaws require to
travel from their previous position to the current control point:

tlim = max

(
�Lmax

vleaf
,
�Jmax

vjaw

)
(2)

where tlim is the limiting time, �Lmax and �Jmax are the maximum leaf and jaw distances to
travel (cm) and vleaf and vjaw are the nominal leaf and jaw speeds (in cm s−1). The emulator
evaluates tcp and tlim, and ensures that the condition tcp > tlim is met by stepping down to a
lower dose rate bin if necessary and re-evaluating equation (1). This process is repeated over
all the control points, and the emulator outputs the gantry speed and dose rate.

In the final module of the software, the target gantry speeds and dose rate bins are sent
to a realistic machine emulator, which models the actual delivery characteristics. The model
includes

(a) the acceleration or deceleration of the gantry between control points;
(b) the variation in the actual leaf speed with respect to gravity around the arc;
(c) the acceleration and deceleration of the leaves.
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Figure 1. Flowchart describing the emulator software process.

The models for each of these parameters were derived from actual machine measurements
using the Elekta ‘service graphing’ function. This is a software tool accessible within the
service mode of the linac, which allows various machine parameters (e.g. gantry position)
to be logged during delivery, with a time resolution of 250 ms. The log files can later be
interrogated to determine the machine state at a given point in the delivery, including the dose
rate, leaf, jaw and gantry speed.

Details of the model parameters are found in table 1. The nominal maximum leaf and
jaw speeds (vleaf and vjaw) are intentionally set lower than the actual speeds (which vary from
2.2 to 3.4 cm s−1 depending on the MLC orientation with respect to gravity). This is done
to ensure that tcp is very often greater than tlim, i.e. the MLCs reach their required position
well before the gantry has reached the next control point. The emulator software monitors the
number and magnitude of leaf-positioning problems, and records an ‘error’ if a leaf is >1 mm
from its intended position at the end of the control point. The emulator ultimately outputs the
gantry speed and dose rate bin for each control point, along with the delivery time.

The emulator was assessed for accuracy by comparing its output to the actual
machine deliveries for a range of patient plans. For these commissioning tests, the
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Table 1. List of values used to model the linear accelerator within the emulator. The values were
derived from experiments on an Elekta Synergy linac. It was estimated that each of the simplifying
assumptions will contribute �0.1 s error in the calculation of each control point.

Magnitude in
the emulator

Machine parameter model Notes and model assumptions

Gantry acceleration 1.8–3.2◦ s−2 Varies with gantry angle
Gantry deceleration 3.4–4.3◦ s−2 Varies with gantry angle
Leaf speed 2.2–3.2 cm s−1 Varies with gantry angle.

At gantry angle 0◦, assume
opposing leaf banks are
identical, and speed of leaf
motion inwards = speed outwards

Leaf acceleration 0.25 s Assume acceleration =
and deceleration deceleration, and no impact
time due to MLC orientation with

respect to gravity

software constants were set to the same as the actual linac control system: vleaf =
2.0 cm s−1, vjaw = 2.0 cm s−1�max

G = 6◦ s−1 (this gantry speed limit is specified by the IEC
standard 60601). The realistic machine parameters were set as in table 1. A ‘benchmarking’
cohort of ten Pinnacle-planned VMAT treatments (five prostate and five head and neck) was
delivered on an Elekta Synergy linac and live parameters were recorded using the service
graphing function. The measured parameters were then plotted against the emulator’s output
and the overall treatment time was compared.

2.3. Virtual experiments

Experiments using the emulator were performed with a separate ‘experimental’ cohort of ten
VMAT plans (again consisting of five prostate and five head and neck). The single-arc prostate
plans (mean 474 MU) were created according to the local three-dose level protocol for VMAT.
The head and neck plans (all oropharynx treatments with mean 533 MU) were produced on
patients previously treated with IMRT. They consisted of two counter-rotating arcs, and aimed
to achieve a dose distribution which approximates the IMRT solution. Each plan was exported
to MOSAIQ and the RTP file was retrieved for input into the emulator.

2.3.1. Effect of dynamic parameters on treatment efficiency. The first experiment examined
the impact of leaf and jaw speed on the duration and efficiency of delivery. Maximum gantry
speed was held constant for these tests, and dose rate bins were fixed at 600, 300, 150 and
75 MU min−1. For each plan, the emulator was run for various values of vleaf and vjaw, with the
corresponding ‘real’ parameter adjusted by the same margin. Delivery time was calculated,
as well as the percentage of monitor units delivered in each dose rate bin.

2.3.2. Effect of continuously variable dose rate. A modification to the software allowed
the emulator to select a much greater range of dose rates, as in the recent Elekta VMAT
update. 255 dose rate bins were allowable, up to the maximum dose rate (in this case set at
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600 MU min−1). The treatment time reduction was quantified for the plan cohort, and again
the impact of increasing vleaf and vjaw was investigated.

2.3.3. Determining ‘ideal’ machine parameters. The minimum possible delivery time for a
single 360◦ arc is 60 s (based on the IEC-defined maximum gantry speed of 6◦ s−1). If �max

G

is set to 6◦ s−1 in equation (1), then for each control point

DR = �MU

(�◦/6)
. (3)

This requires a continuous range of deliverable dose rates in order to maintain constant gantry
speed (as �MU is a continuous variable). It can therefore be seen that, in order to satisfy the
requirement tcp > tlim

vleaf >
�Lmax

(�◦/6)
and vjaw >

�Jmax

(�◦/6)
(4)

which is true for both leaf motion and jaw motion. For the cohort of five prostate and five
head and neck plans, these parameters (maximum dose rate, leaf speed and jaw speed) were
calculated in order to achieve the required maximal delivery time. The effect of increasing the
number of bins from 255 to 1023 was also assessed.

3. Results

3.1. Commissioning results

When compared to actual deliveries on the linac, the emulator produced realistic results.
A typical comparison is shown in figure 2(a), demonstrating that the emulator selects the
appropriate dose rate bins as the treatment progresses. Over five prostate VMAT plans, the
emulator treatment time differed from the actual time by an average of –1.5 s (±1.4 s 1SD)
for each beam. For the head and neck patients, the difference was –3.9 s (±1.2 s) per arc.
Figure 2(b) shows a comparison between the emulator and the actual machine when gantry
position is plotted against time. The complete data of timing comparisons are shown in
table 2. Mean delivery time, as determined by the emulator, was 116.1 s for the prostates and
239.9 s for the dual-arc head and neck patients.

3.2. Virtual experiments

3.2.1. Effect of dynamic parameters on treatment efficiency. For the single-arc prostate
treatments, the effect of increasing the allowable leaf speed is shown in figure 3. A leaf speed
increase from 2.0 to 3.0 cm s−1 reduced the delivery time by an average of 21.0 s. Beyond
3.0 cm s−1 there was no significant time reduction. Figures 3(b) and (c) demonstrate how with
an increased leaf speed the linac was able to select higher dose rate bins for delivery. The mean
dose rate was increased from 294 MU min−1 at 2.0 cm s−1 to 351 MU min−1 at 3.0 cm s−1.
The number of monitor units delivered in the top dose rate bin increased by an average of
13.8%, and the histogram also shows a reduction in the number of MUs delivered in the lower
dose rate bins.

For the head and neck plans, an increase in maximum leaf speed of 2.0–3.0 cm s−1 reduced
the average delivery time by 37 s for the first arc and 42 s for the second arc. Figure 4(a)
shows that this time improvement was due to the linear accelerator being able to select
150 MU min−1 rather than 75 MU min−1. The histogram of MUs delivered in
each dose bin shows a significant positive shift with increased leaf speed (figure 4(b)).
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(a)

(b)

Figure 2. (a) Comparison of the emulator-predicted dose rate against time versus the measured
dose rate on the machine, for a typical protate plan. (b) For the same plan, a comparison of
the gantry position with time demonstrating the agreements between the emulator and the linac
measurements.

The mean dose rate increased from 144 to 199 MU min−1, while the number of MUs being
delivered in the lowest bin (75 MU min−1) was reduced by 25%.

When assessing the impact of leaf speed changes on the realistic delivery parameters,
no leaf-positioning errors were recorded when increasing the nominal leaf speed from 2.0
to 3.0 cm s−1, provided the actual leaf speed increases by the same amount. Furthermore,
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Table 2. Comparison of the total delivery times between the linac and the emulator for the cohort
of benchmarking plans.

Prostate Emulator time (s) Linac time (s)

1 113.4 117.3
2 114.3 115.8
3 116.7 117.5
4 113.4 114.5
5 122.5 122.8

Mean 116.1 117.6

Head and Neck
1 125.9 + 123.4 129.5 + 125.5
2 114.3 + 104.9 120.3 + 108.3
3 125.6 + 121.2 130.0 + 126.5
4 122.5 + 115.6 126.8 + 119.0
5 124.4 + 121.5 128.8 + 123.8

Mean 122.5 + 117.3 127.1 + 120.6

the estimated leaf acceleration/deceleration time of 0.25 s needs to be maintained if leaf-
positioning errors are to be avoided.

In contrast to leaf speed, the maximum jaw speed was not a limiting factor in any of the
plans considered in this study. The magnitude of jaw position changes between control points
was small compared to leaf position changes, and so when evaluating equation (2) the limiting
leaf travel time was always greater than the limiting jaw travel time. Increasing jaw speed had
no effect on any of the plans, and so no data are presented.

3.2.2. Effect of continuously variable dose rate. With 255 dose rate bins, the treatment
time was significantly reduced when using the parameters of vleaf = 2.0 cm s−1,
vjaw = 2.0 cm s−1�max

G = 6◦ s−1. Figure 5 shows how the linac was able to select a much
higher range of dose rates. For the five prostate patients, the average reduction in delivery time
was 31.7 s and the average dose rate increased from 294 to 376 MU min−1. For the head and
neck patients, the delivery time advantage was 43 s per arc compared to the standard binned
dose rate system, representing a 35% reduction in overall treatment time.

Increasing the maximum leaf speed with continuously variable dose rate had a similar
effect of reducing the delivery time and increasing the average dose rate. Figure 5(b) shows
that the reduction in delivery time peaks at a leaf speed of 3.0 cm s−1, where the time benefit
was ∼13 s compared to 2.0 cm s−1. The average dose rate also increased from 376 to
436 MU min−1. For head and neck patients, increasing to 3.0 cm s−1 reduced each arc time
by 19 s and increased the average dose rate from 202 to 262 MU min−1.

With such a significant decrease in the time per control point, leaf-positioning errors were
observed if the acceleration/deceleration time was kept at 0.25 s. On average, each delivery
had 8.8 control points where at least one leaf was >1 mm from its intended position by the
time the gantry reached its next position. Reducing the MLC acceleration/deceleration time
to 0.2 s reduced the number of errors to zero in all the plans.
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(a)

(b)

(c)

Figure 3. Increasing the nominal leaf speed from 2.0 to 3.0 cm s−1 for the prostate patients: (a)
averaged over all patients, the maximum time advantage is 21 s, (b) comparing the selection of
dose rate bins over a typical treatment (prostate patient 3), (c) demonstrating that, with a higher
nominal leaf speed, the linac preferentially selects higher dose rate bins.
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(a)

(b)

(c)

Figure 4. Increasing the nominal leaf speed from 2.0 to 3.0 cm s−1 for the head and neck patients:
(a) averaged over all patients, the maximum time advantage is 79 s in total over both arcs, (b)
comparing the selection of dose rate bins over a typical treatment (first arc of head and neck patient
3), (c) demonstrating that the linac preferentially selects higher dose rate bins, such that, in this
example, no dose is delivered in the bottom dose rate bin.
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(a)

(b)

Figure 5. Continuously variable versus binned dose rates. (a) Typical head and neck beam
delivered with binned and continuously variable dose rates, where all other parameters (including
leaf speed) are kept constant. (b) Time advantage when increasing nominal leaf speed with
continuously variable dose rate.

3.2.3. Determining ‘ideal’ machine parameters. Applying equations (3) and (4) to the
prostate and head and neck plans gave the results shown in table 3. For the five prostate plans,
a maximum dose rate of approximately 1400 MU min−1, a nominal leaf speed of 2.8 cm s−1

and a jaw speed of 1.5 cm s−1 were required to deliver the plan at a constant gantry speed of
6◦ s−1. For head and neck treatments, the maximum dose rate needed to be approximately
1180 MU min−1, with a nominal leaf speed of 2.8 cm s−1 and a jaw speed of 2.0 cm s−1. These



4130 C J Boylan et al

Table 3. Idealized machine parameters for the ten VMAT plans.

Ideal max Ideal max Ideal max Delivery time
dose rate leaf speed jaw speed with emulator

Prostate (MU min−1) (cm s−1) (cm s−1) (s)

1 1392 2.8 1.5 61.4
2 1392 2.8 1.5 61.5
3 1392 2.8 1.5 61.5
4 1404 2.8 1.5 61.5
5 1386 2.8 1.5 61.4

Mean 1393 2.8 1.5 61.5

Head and Neck
1 1119 2.8 1.8 62.1 + 62.4
2 1171 2.8 1.8 62.1 + 62.1
3 844 2.8 1.8 62.2 + 62.1
4 1104 2.8 1.8 62.2 + 62.2
5 933 2.8 1.8 62.1 + 62.4

Mean 1034 2.8 1.8 62.1 + 62.2

values were entered into the emulator to calculate the resulting delivery times, which are also
shown in table 3.

Again, leaf-positioning errors were observed due to the significantly shorter control point
time. On average, across the 10 patients, 12.7 control points contained positioning errors
>1 mm. When the acceleration/deceleration time for the leaves was reduced from 0.25 to
0.2 s, the number of errors returned to zero.

4. Discussion

VMAT introduces a set of specific and unique problems for linac-based radiotherapy. Whereas
static fields require modelling of beam profiles and modifiers within the planning system,
dynamic arcs also require knowledge of the dynamic capabilities of the machine—particularly
if the delivery time is to be optimized during planning. With the availability of variable dose
rates, it also becomes more important to ensure that the linac delivery is efficient. Furthermore,
the linear accelerator design (including the leaf, jaw and gantry speed) may not currently be
optimized for VMAT delivery. The purpose of this study was to better understand the impact
of these dynamic machine parameters on VMAT treatment delivery.

The emulator produced reasonable predictions of the actual delivery of the linear
accelerator. While a number of realistic parameters were added to improve the accuracy of the
model, some simplifying assumptions were made. The emulator assumes an idealized picture
of the dose rate—that it is constant for each control point and bin switching is instantaneous—
whereas it is apparent from the linac plot in figure 2 that it is not. Furthermore, the service
graphing function will likely include measurement dead time, which has not been measured
or accounted for in this study. These factors may explain the discrepancies between the real
and predicted delivery times. Finally, it should be noted that the leaf acceleration/deceleration
time was estimated at ∼0.25 s, based on an average of measurements with a range 0.22–
0.30 s. This is similar to the minimum resolution of the measurement, such that the real
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acceleration/deceleration may at times be greater, and therefore the average value of 0.25 s
represents a conservative estimate.

Rangaraj et al (2010) have previously investigated the properties of VMAT delivery
through the use of an ideally efficient formulation of the RapidArc delivery process. Large
discrepancies (>10 s) were found between the predicted and actual treatment times for five
plans—a point which the paper acknowledges may be due to the lack of a full characterization
of all of the constraints on VMAT delivery. In this study, the optimal (or ‘ideally efficient’)
plan is subject to discretization of the dose rates (whether 4 or 255 bins), nominal and actual
leaf speed constraints and the acceleration/deceleration of the gantry. Inclusion of these
factors has led to accurate modelling of VMAT delivery, and also allowed investigations into
the effects of changing real machine constraints.

Increasing the allowable leaf speed means that tlim is reduced, allowing the linac to select
higher dose rate bins and a faster gantry speed. Using the emulator allowed the efficiency
to be quantified for a number of VMAT patient plans. Figure 3 shows that an improvement
in efficiency is seen even with a modest increase in leaf speed. For prostates, increasing the
leaf speed to 2.5 cm s−1 increases the number of monitor units in the top dose rate bin by
approximately 10%. Similarly, for the head and neck patients, increasing the leaf speed to
2.5 cm s−1 reduced the proportion of MUs delivered in the bottom dose rate bin (75 MU min−1)
to almost zero for the five plans considered. For the prostate and head and neck patients, the
maximal time advantage was achieved with a leaf speed of 3.0 cm s−1.

It is important to emphasize again that the nominal maximum leaf speed of 2.0 cm s−1

is a conservative value stored within the software of the linac, and actual leaf speeds are
greater. Thus, a vleaf of 3.0 cm s−1 will actually require a real speed of between 3.2 and
3.8 cm s−1 (depending on the MLC orientation with respect to gravity). It may be feasible for
manufacturers to achieve these speeds, given that the current maximum speed measured on
the Elekta machine in this study was 3.4 cm s−1. For Varian linacs, the nominal leaf speed has
been reported to be 2.9 cm s−1 (Feygelman et al 2010), whereas the Siemens 160 MLC can
achieve a maximum of 4.3 cm s−1 (Tacke et al 2008).

Continuously variable dose rate is a recent addition to the Elekta VMAT system. As
expected, increasing the number of available dose rate bins to 255 significantly reduced the
treatment time using the emulator. It will be of future interest to compare the results presented
here to actual measurements on a continuously variable dose rate system. Again, it was found
that increasing the leaf speed enabled a higher average dose rate and shortened treatment time
for prostates and head and neck plans.

In principle, the fastest delivery time for a single arc is 60 s, assuming the delivery is
limited only by the IEC maximum gantry speed of 6.0◦ s−1. It was calculated that a linac
would need to be able to deliver ∼1400 MU min−1 for prostate plans and ∼1180 MU min−1

for the head and neck plans in order to deliver at the maximum gantry speed. These dose rates
are significantly higher than those used for the majority of linac-based radiotherapy. However,
higher dose rates have been achieved by removing the flattening filter in the head of the linac.
In particular, Cashmore (2008) reports an increase of 2.3 times the maximum dose rate for an
open field. Further work would be required to assess whether VMAT could be delivered using
a flattening filter-free beam, in order to facilitate maximum gantry speed delivery.

It is of interest to note that the quoted delivery times as estimated by the emulator are
slightly greater than 60 s (table 3). One reason for the discrepancy is the gantry acceleration
time at the beginning of the beam. However, when looking at the emulator’s predicted output
over the course of treatment (figure 6), it appears that the gantry speed fluctuates between 5.8
and 6◦ s−1. The use of an 8 bit variable for the dose rate (giving a range of 255 possible values)
may not approximate well to a truly continuous variable, especially if the maximal dose rate
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Figure 6. Comparison between the required gantry speeds for 8 bit (255 values) and 10 bit (1023
values) dose rate bins, for an idealized machine that can deliver ∼1180 MU min−1.

is high. Increasing the bin range to 1023 values (10 bit) reduces the delivery time per arc by
approximately 1 s and allows for a higher and smoother gantry speed (figure 6).

Using a software emulator has enabled an analysis of the relative importance of different
dynamic delivery parameters. It will be of future interest to use the emulator to aid the
planning process as well. The SmartArc plans used in this study were all subject to ‘efficiency
constraints’ with the aim of ensuring deliverability and dosimetric quality on the linac. It is
not clear to what extent these constraints affect the plan quality, although limiting leaf travel
between control points will inevitably restrict the shapes of segments that can be selected.
Using the emulator as a testing tool, it will be of interest to investigate the deliverability of
increasingly unconstrained and complex plans. Treatment efficiency may then be predicted,
as will any potential errors, which could then be fed back to planning in order to improve the
balance between plan quality and deliverability.

5. Conclusion

Through the use of a realistic delivery emulator and a set of treatment plans, the impact of a
range of dynamic parameters has been assessed for the Elekta VMAT system. Increasing the
maximum MLC speed led to an increase in the number of monitor units delivered at higher
dose rates, and significantly reduced the overall treatment times. The efficiency improvement
due to continuously variable dose rate was also quantified for a cohort of prostate and head
and neck plans. Finally, the required dose rate, leaf and jaw speeds were calculated for an
idealized delivery scenario where the gantry maintains a constant maximum gantry speed of
6◦ s−1.
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A recent control system update for Elekta linear accelerators includes the ability 
to deliver volumetric-modulated arc therapy (VMAT) with continuously variable 
dose rate (CVDR), rather than a number of fixed binned dose rates (BDR). The 
capacity to select from a larger range of dose rates allows the linac to maintain 
higher gantry speeds, resulting in faster, smoother deliveries. The purpose of 
this study is to investigate two components of CVDR delivery — the increase in 
average dose rate and gantry speed, and a determination of their effects on beam 
stability, MLC positioning, and overall plan dosimetry. Initially, ten VMAT plans 
(5 prostate, 5 head and neck) were delivered to a Delta4 dosimetric phantom  using 
both the BDR and CVDR systems. The plans were found to be dosimetrically 
robust using both delivery methods, although CVDR was observed to give higher 
gamma pass rates at the 2%/2 mm gamma level for prostates (p < 0.01). For the 
dual arc head-and-neck plans, CVDR delivery resulted in improved pass rates at all 
gamma levels (2%/2 mm to 4%/4 mm) for individual arc verifications (p < 0.01), 
but gave similar results to BDR when both arcs were combined. To investigate the 
impact of increased gantry speed on MLC positioning, a dynamic leaf-tracking tool 
was developed using the electronic portal imaging device (EPID). Comparing the 
detected MLC positions to those expected from the plan, CVDR was observed to 
result in a larger mean error compared to BDR (0.13 cm and 0.06 cm, respectively, 
p < 0.01). The EPID images were also used to monitor beam stability during deliv-
ery. It was found that the CVDR deliveries had a lower standard deviation of the 
gun-target (GT) and transverse (AB) profiles (p < 0.01). This study has determined 
that CVDR may offer a dosimetric advantage for VMAT plans. While the higher 
gantry speed of CVDR appears to increase deviations in MLC positioning, the 
relative effect on dosimetry is lower than the positive impact of a flatter and more 
stable beam profile.

PACS numbers: 87.56.bd; 87.55.km; 87.55.Qr

Key words: volumetric-modulated arc therapy, dose rate, intensity-modulated 
radiotherapy, treatment planning, dosimetric verification

 
I. InTroduCTIon

Dynamic arc radiotherapy has undergone several significant advancements since it was first 
proposed in 1995.(1) Many of the developments have related to formalizing and improving the 
efficiency of inverse planning,(2,3) such that highly modulated and conformal dose  distributions 
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can now be achieved for a range of sites.(4-6) Just as significant are the advances in linear accel-
erator design — particularly in the ability of linac control systems to now reliably vary gantry 
speed, dose rate, and aperture shape simultaneously over the treatment arc.(7) With the ability 
to deliver complex dose distributions efficiently and with a significant reduction in treatment 
time, arc radiotherapy is allowing many departments to improve their provision of intensity-
modulated radiotherapy.(8)

One of the commercial solutions for arc radiotherapy is Elekta VMAT. Previously, the Elekta 
VMAT solution only allowed the linac to select from fixed dose rate bins during delivery.(9) 
The selection of dose rate bin and gantry speed for each control point is determined by the re-
quired change in multileaf collimator (MLC) shape and the number of monitor units to deliver. 
The binned dose rate (BDR) system, which is a feature of the Elekta Desktop 7.01 software, 
allows the dose rate to be reduced by factors of 2, such that for a maximum linac dose rate of  
600 MU.min-1, the available bins are 600 MU.min-1, 300 MU.min-1, 150 MU.min-1, 75 MU.min-1, 
and 37 MU.min-1. A number of studies have shown good dosimetric results with BDR VMAT, 
using a variety of measurement techniques.(10-12) 

A more recent version of VMAT, packaged with the Integrity linac control software, allows 
for a much larger range of dose rates to be selected. Rather than five fixed dose rate bins, In-
tegrity allows 255 bins to be selected from a nominal range of 37 MU.min-1 to 600 MU.min-1. 
The initial, and most prominent, impact of continuously variable dose rates (CVDR) is the 
much reduced treatment times. This is due to the linac being able to switch between smaller 
dose rate intervals, and thus maintain a higher gantry speed during treatment. A recent report by 
Bertelsen et al.(13) has shown that CVDR VMAT provides good dosimetry and faster, smoother 
deliveries when applied to a number of clinical plans.

There is evidence to suggest that a higher average dose rate, which CVDR provides, can 
provide better beam stability during VMAT delivery. In particular, Bedford and Warrington(14) 
reported that beam symmetry was poorer in the low dose rate bins for the BDR system. Gener-
ally, VMAT delivery preferentially selects higher dose rates, as this is closer to the conditions at 
linac calibration (i.e., 600 MU.min-1). Significant deviations from these calibration conditions, 
as Bedford and Warrington show, may lead to increased beam asymmetry and, hence, poorer 
dosimetry. It has been suggested that the increase in average dose rate offered by CVDR may 
therefore provide a dosimetric advantage.(13)

Conversely, an increase in average dose rate leads to an increase in gantry speed, and 
concern has been expressed that this may adversely affect the dynamic positioning of MLCs 
over treatment.(13,15,16) A recent study by Pasler et al.(15) saw an improvement in dosimetry for 
VMAT prostate plans as delivery time was reduced (i.e., average dose rate and gantry speed 
was increased), but complex head-and-neck plans did not benefit from faster delivery. For these 
patients, dosimetry was poorer when delivered with a higher dose rate. This was attributed to 
some MLCs not reaching their intended position at each control point. An increase in MLC 
positioning errors with the move to higher gantry speeds was also reported by Bertelsen et 
al.(13) for the Elekta Integrity system, and has also been observed with faster deliveries on the 
Varian RapidArc system.(16) With the trend towards faster VMAT treatments, the dosimetric 
impact of these MLC errors warrants further investigation.   

The purpose of this study is to investigate the impact of CVDR on beam stability and MLC 
positioning accuracy, when compared to the BDR system. Initially, dosimetric verification was 
carried out on ten VMAT plans. In order to more fully understand the effects of increased dose 
rate and increased gantry speed, further tests were carried out utilizing the linac’s electronic 
portal imaging device (EPID). Dynamic leaf positioning accuracy was investigated by tracking 
the MLCs over the course of delivery. Using the same EPID acquisitions, the effect of increased 
dose rate on beam stability was also characterized over the ten patient plans. The relative impact 
of each of these parameters on dosimetric performance could then be assessed.
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II. MATErIALS And METHodS

Ten patient plans were randomly selected, which consisted of five previously treated prostate 
VMAT patients, and five head-and-neck patients who had previously been treated with IMRT 
but were replanned with VMAT as part of a planning study. The plans were generated using 
Pinnacle version 9.0, utilizing the SmartArc optimization module (Philips Medical Systems, 
Madison, USA). The prostate patients were planned using a single arc technique, gantry ro-
tating from 182° to 178°, with 4° between each control point, and a collimator angle of 45°. 
The beam energy was 10 MV and the final dose calculation was made using the adaptive 
collapsed cone convolution algorithm. A prescription of 57 Gy in 19 fractions to the prostate 
was set, with further dose levels covering the seminal vesicles, per group 3 of the CHHIP trial  
protocol.(17) The mean number of monitor units (and standard deviation) for the prostate patients 
was 465.1 ± 25.5 MU.

The five head-and-neck plans all involved complex shapes requiring a higher degree of 
modulation. All were three dose levels and consisted of three hypopharynx, one oropharynx, 
and one supraglottis. These were planned with a two arc solution, with gantry rotation from 
182° to 178° and a collimator angle of 10° in both arcs. The control point spacing was again 
4°, and the beam energy was 6 MV. 66 Gy was prescribed to PTV1, 60 Gy to PTV2, and 54 Gy 
to PTV3 using a simultaneous integrated boost (SIB) technique, in 30 fractions. On average, 
the total monitor units were 529.2 ± 66.2 MU for the head-and-neck plans.

The ten plans were delivered on an Elekta Synergy linear accelerator (Elekta, Crawley, UK) 
which was fitted with a MLCi head (1 cm leaf thickness). The linac had recently been upgraded 
to the Integrity control software such that in ‘Service Mode’, it was possible to deliver plans 
with either BDR or CVDR. Delivery times and dose rates were recorded for each plan.

A.  Verification
Dosimetric verification was performed using each delivery method on the Delta4 verification 
phantom (Scandidos, Uppsala, Sweden). The Delta4 phantom consists of two planes of silicon 
diodes in a cylindrical PMMA phantom. With the application of appropriate correction factors, 
a pseudo three-dimensional analysis can be performed against the planned dose, and a gamma 
value calculated. This device has previously been shown to be an effective method for VMAT 
dosimetric verification.(18) The Delta4 was set up at the isocenter of the linac and an inclinometer 
was fixed to the head to monitor gantry angle. Within the Delta4 software, a correction factor 
was applied based on the linac’s recorded output for that day. No automatic alignment of the 
measured dataset was performed. Gamma analysis was performed at the 2%/2 mm, 3%/3 mm, 
and 4%/4 mm levels for each of the plans, with measurement points < 20% of the maximum 
dose excluded from analysis. 

B.   EPId MLC tracking
A software tool has previously been developed and validated at this center to determine MLC 
positions using the EPID.(19,20) For this study, the software has been expanded to allow for track-
ing of MLC positioning during VMAT delivery. EPIDs have been shown to provide a sensitive 
and independent means of determining MLC positioning in vivo during radiotherapy.(21,22)  
With the Elekta iView system, a movie was acquired over the course of each VMAT delivery 
with a frame recorded approximately every 0.47 s. For each frame of the movie (Fig. 1) a his-
togram of pixel intensities was taken such that the exposed area could be identified. The field 
edge, and therefore the MLC positions, was then determined by thresholding the image at 50% 
of the modal pixel intensity. 

As the iView system does not record the linac gantry angle for each image, the gantry angle 
was determined by using the Service Graphing function within the linac control system.  Service 
Graphing records the state of various linac parameters every 0.25 s during treatment, so it was 
possible to ‘tag’ each EPID image with the appropriate gantry angle. The VMAT plans were 
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retrieved from a commercial record and verify system (MOSAIQ), and interrogated to deter-
mine the expected position of the MLCs during treatment. As the plan file only contains MLC 
data at each control point (i.e., every 4º), it was necessary to interpolate the MLC positions for 
images acquired between these gantry angles. 

The accuracy of the EPID at determining MLC positions was found to be within 0.5 mm 
compared to film measurements, and reproducibility of measurements was < 0.01 mm.(19) Prior 
to use with the VMAT plans, the system was tested under dynamic conditions using both a 
conformal (10 × 10 cm) and dynamic arc (a 2 cm sliding window defined by MLCs, similar 
to that described in Bedford and Warrington(14)). For the conformal arc, mean MLC deviation 
was determined to be -0.04 mm with a standard deviation (st. dev.) of 0.3 mm. For the sliding 
window the mean MLC deviation was -0.1 mm with a st. dev. of 1.2 mm.

C.   Beam flatness and stability
Using the same data from the portal imager, beam stability was assessed over each treatment 
arc for the binned dose rate deliveries and the continuously variable dose rate. Software was 
written which analyzes each frame from the EPID movie and monitors the profile of the beam in 
the gun-target (GT) and transverse (AB) directions. Again, a histogram of the signal intensity in 
the image was used to identify the exposed area of the field, so that the effects of the penumbra 
and noise outside the field could be excluded. Then, the image was integrated across all rows 
(for the GT profile) and all columns (for the AB profile), taking a mean signal intensity per 
exposed pixel (Fig. 2). The standard deviation of each of these 1D profiles was recorded, and 
the process was then repeated over all of the frames of the EPID movie. The fluctuation of the 
beam profile could then be compared between the BDR and CVDR deliveries.

Due to the small sample size, the results of the gamma analysis, MLC deviations, and beam 
stability were statistically compared between BDR and CVDR over all deliveries using a non-
parametric Wilcoxon signed-rank test. Significance was taken as p < 0.05. Where applicable, 
the standard deviation of results has been quoted in parentheses. 

 

Fig. 1. A single portal image acquired during VMAT delivery, with the MLC positions identified (white dots).
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III. rESuLTS 

Delivery times using continuously variable dose rate were reduced compared to the binned 
dose rate system (Table 1). The mean reduction in delivery time for both the prostate plans and 
for the head-and-neck plans was 30.2%. Figure 3 shows how the dose rate varies over one of 
the head-and-neck deliveries. As expected, the CVDR deliveries have smaller steps between 
dose rate bins and a higher average dose rate. The mean dose rate for the CVDR deliveries was 
266 ± 67 MU.min-1 compared to 192 ± 55 MU.min-1 for the BDR deliveries (p < 0.01 over all 

Fig. 2. Flatness monitoring of a portal image. The pixel intensity is integrated over the whole exposed field area in the 
GT and AB directions to determine the beam profile. The standard deviation of each profile is then calculated to measure 
the flatness.

Table 1. Delivery times for the VMAT plans delivered with BDR and CVDR.

 Time (s)

 Plan Binned Dose Rate Continuously Variable Dose Rate

 Prostate 1 118.9 80.8
 Prostate 2 119.9 86.8
 Prostate 3 119.6 83.2
 Prostate 4 115.9 87.6
 Prostate 5 122.6 78.4

 Mean 119.4 83.4

 Head and Neck 1 201.0 141.5
 Head and Neck 2 210.3 146.0
 Head and Neck 3 205.8 141.8
 Head and Neck 4 204.5 144.3
 Head and Neck 5 205.0 143.0

 Mean 205.3 143.3
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patients). Both delivery techniques were capable of switching between dose rate bins in less 
than 0.25 s (i.e., below the resolution of the Service Graphing function).

Results from the Delta4 verifications are shown in Table 2. For the prostate patients, no 
statistically significant difference was observed at the 3%/3 mm gamma analysis between the 
BDR and CVDR deliveries. At 2%/2 mm, there was an improvement in gamma pass in favor 
of CVDR (2.0% pixels failing versus 5.2%, p < 0.01). For head-and-neck plans, a statistically 
significant improvement in gamma pass was observed with CVDR at all gamma levels for 
individual arc verifications on the Delta4. However, the combined dose distributions (summing 
the contributions from both arcs) did not reflect this difference. The Delta4 verifications were 
found to be reproducible, with intercomparison of repeat deliveries giving gamma pass rates 
of 100% at 2%/2 mm.

The mean MLC positioning deviations are shown in Table 3. Over all deliveries, CVDR 
deliveries resulted in larger mean MLC deviations than BDR deliveries (p < 0.01). For the 
head-and-neck plans, this difference was more pronounced than for the prostates, with a mean 
deviation of 0.06 cm measured for the BDR system versus 0.13 cm for the CVDR system. 
Averaged over all patients, the st. dev. of MLC positioning errors was similar for both BDR 
and CVDR (p > 0.2). 

Fig. 3. Dose rate varying with time for the BDR and CVDR deliveries of one of the head-and-neck arcs.

Table 2. Delta4 verification results for all plans delivered with BDR and CVDR. Values shown are the mean percent 
measurement points failing gamma analysis (± 1 st. dev.).

 Prostate BDR CVDR p

 2%/2 mm 5.2±2.5% 2.0±1.5% <0.01
 3%/3 mm 0.6±0.8% 0.0±0.0% >0.2

 Head and Arc 1 Arc 2 Combined

 Neck BDR CVDR p BDR CVDR p BDR CVDR p

 2%/2 mm 24.0±10.3% 23.4±6.0% <0.01 17.2±10.5% 15.5±6.4% <0.01 6.7±2.1% 6.5±2.6% >0.2
 3%/3 mm 7.0±5.1% 6.5±1.8% <0.01 3.9±5.3% 3.1±1.7% <0.01 1.1±0.4% 1.0±0.6% >0.2
 4%/4 mm 1.7±1.6% 1.4±0.5% <0.01 1.0±1.3% 0.8±0.5% <0.01 0.2±0.1% 0.1±0.1% >0.2
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Using the portal images acquired during delivery, the standard deviation of the GT and AB 
profiles was calculated over each treatment arc. Figure 4 shows how the standard deviation 
varies over one of the head-and-neck arcs, for both CVDR and BDR. Over all the deliveries, 
the mean and maximum st. dev. of the profiles was higher for BDR deliveries compared to 
the CVDR deliveries (p < 0.05 for both prostate and head-and-neck deliveries). In all cases,  
st. dev. was larger in the GT profiles than in the AB direction (Fig. 5).

 

Table 3. Mean and st. dev. of leaf positioning errors as determined by the EPID MLC tracking.

 BDR CVDR

 Prostate  Mean Positional St. Dev. Mean Positional St. Dev. 
 Plan Error (cm) (cm) Error (cm) (cm)

 1 0.08 0.18 0.09 0.17
 2 0.07 0.24 0.08 0.21
 3 0.09 0.17 0.09 0.22
 4 0.07 0.76 0.09 0.31
 5 0.08 0.21 0.09 0.17

 Mean 0.08 0.31 0.09 0.22

 Head and
 Neck Plan    

 1 0.12 0.71 0.17 0.97
 2 0.02 0.22 0.10 0.33
 3 0.04 0.27 0.13 0.33
 4 0.05 0.26 0.11 0.21
 5 0.06 0.29 0.13 0.34

 Mean 0.06 0.35 0.13 0.44
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Fig. 4. Standard deviation of the GT profiles over a head-and-neck arc, plotted alongside dose rate for the BDR delivery 
(a), and for the CVDR delivery (b).
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IV. dISCuSSIon

As expected, a reduction in delivery time was observed using continuously variable dose rate 
(~ 30.2%), which is in agreement with previous predicted and measured results.(13,23) This 
reduction is due to the ability to select a larger range of dose rates. On average, the increase in 
mean dose rate was 38.6% using CVDR compared to BDR.

In general, dosimetric verification was found to be satisfactory for both the BDR and CVDR 
systems. Following this center’s requirements for gamma evaluation, all prostate and head-
and-neck deliveries were considered clinically acceptable using the Delta4  phantom. For the 
single arc prostate plans, no difference was observed between BDR and CVDR at the 3%/3 mm 
gamma level, although at the tighter tolerance of 2%/2 mm, the CVDR deliveries resulted in a 
higher pass rate. Similarly, for the complex two arc head-and-neck plans, the CVDR deliver-
ies had a higher pass rate at all gamma levels for individual arcs. It is of interest to observe 
that the combined dose distributions (from both arcs) did not reflect this difference. Further 

Fig. 5. Mean of the standard deviation of the AB and GT profiles for (a) all prostate patients, and (b) all head-and- 
neck patients.
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analysis reveals that, generally, the Delta4 dose measurements of the first head-and-neck arc 
are systematically high, but are systematically low for the second arc (Fig. 6). As such, the 
combined dose distribution results in an acceptable gamma pass rate. The reason for this may 
be attributable to the way in which the dual arc plans are created. The SmartArc plans tended 
to produce one arc which conforms to the shape of the target volumes, and a second which is 
more heavily modulated to ensure a more uniform dose in the target, while maintaining the 
avoidance of organs at risk.

The study by Bertelsen et al.(13) reported higher gamma pass rates for head-and-neck plans, 
which may be due to differences in treatment protocol, and choice of VMAT parameters (a 
single arc, 2º control point spacing, compared to a dual arc, 4º solution in this study). However, 
the results presented here are in agreement with those reported previously, in that they indicate 
a slight improvement in dosimetry with CVDR compared to BDR. 

Fig. 6. Delta4- measured dose deviations from one head-and-neck plan. The two individual arcs measure systematically 
low and high, such that the combined dose deviation is acceptable.
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The fundamental difference between CVDR and BDR deliveries is the ability to select from 
a larger range of dose rates during treatment, which also allows higher gantry speeds to be 
selected. Using the EPID as an independent means of tracking MLC position, it was possible to 
determine the impact of these changes. While the mean MLC errors were small (head-and-neck 
plans gave 0.13 cm and 0.06 cm for CVDR and BDR, respectively), a statistically significant 
difference was observed between the delivery methods. This trend is similar to that noted by 
Bertelsen et al. However, the two methods are not directly comparable – the Bertelsen study 
uses the leaf error signal from the linac’s service graphing function, whereas this study relates 
MLC position determined independently (from the EPID) with the planned position. 

While it has been observed that the faster CVDR deliveries result in a higher mean MLC 
deviation over each treatment, it is more difficult to determine the whereabouts of any system-
atic positioning errors during the arc. A plot of gantry angle versus MLC deviations (Fig. 7) 
indicates that the leaf bank which is traveling against gravity has larger deviations. However, 
this trend is observed to be similar for both BDR and CVDR deliveries. An investigation of 
MLC deviation against instantaneous gantry speed would be of interest, but this is a difficult 
parameter to determine independently during VMAT delivery. Future work may involve the 
use of an external inclinometer (such as that used with the Delta4 device) to reliably measure 
instantaneous gantry speed, and investigate any relationship to instantaneous MLC errors.

The dynamic monitoring of MLC position within the Elekta control system will temporarily 
interrupt the beam if a leaf error of > 0.4 cm is detected. With the move towards faster VMAT 
deliveries (through the use of CVDR, and potentially much higher dose rates(24)), the tolerance 
of this dynamic error monitoring may have to be tightened.

It is preferential for VMAT to be delivered with a dose rate which is closer to calibration 
and QA conditions.(14) Utilizing the portal imager, it has been possible to confirm that CVDR 
delivery, with its higher mean dose rate, leads to a flatter and more stable beam over the dura-
tion of delivery. Figure 4 shows how the st. dev. of the beam profiles varies over the treatment. 
With the BDR system it is possible to observe ‘spikes’ in the beam flatness which occur when 
there are large changes in dose rate. The CVDR system does not appear to contain these spikes 
due to the smaller intervals between dose rates. While both delivery methods are dosimetrically 
robust, the CVDR system presents an advantage in terms of beam stability during delivery.

Fig. 7. Scatter plot of mean MLC deviations from each leaf bank (X1 and X2) over all prostate patients, plotted against 
gantry angle. Initially, leaf bank X1 is traveling against gravity. Shaded boxes and circles indicate CVDR delivery.
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These results suggest that any negative dosimetric impact from MLC positioning which 
arises with the use of CVDR is smaller than the positive impact of the improved beam stability. 
It will be of future interest to determine what level of complexity can be achieved before the 
impact of MLC positioning errors becomes significant. It should also be noted that the ability 
of the linac to reach new aperture shapes is strongly dependant on the speed of the MLCs. In 
this study, the Elekta linac was fitted with standard 1 cm MLCi leaves. As VMAT becomes 
more widely used, modern MLC designs are placing greater importance on leaf speed, which 
will enable more complex changes in aperture shape without having to significantly reduce 
the dose rate or gantry speed.

It should be noted that the results presented here may be dependent on the planning system, 
and treatment protocols employed. At present this center uses VMAT for prostate treatments 
and selected head-and-neck sites. It will be of future interest to add to the small sample size 
considered in this study with more complex clinical sites, such as paraspinal tumours(25) and 
medulloblastoma (whole central nervous system) treatments.(26) Furthermore, it will be of use 
to investigate whether the EPID tracking and flatness measurements can be reproduced using 
other devices, such as a head-mounted diode or ion chamber array.

 
V. ConCLuSIonS

VMAT delivered with both continuously variable dose rate and binned dose rates provides 
high quality dosimetric verification for prostate and head-and-neck plans. The CVDR system, 
packaged with the Elekta Integrity software upgrade, is also capable of significantly shorter 
delivery times. Investigating two important components of the delivery, it was found that MLC 
positioning accuracy is slightly poorer with the faster CVDR deliveries, but that beam flatness 
and stability is improved compared to BDR. For complex VMAT deliveries, therefore, the 
superior beam stability (a result of the higher average dose rate with smaller intervals) appears 
to be the dominant factor in improved dosimetry for CVDR.
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Abstract 

 

Purpose:    A  Monte  Carlo  model  for  Elekta  VMAT  delivery  is  presented,  and 

incorporated  into  a  pre‐treatment  verification  system.  The  model  simulates  the 

dynamic  delivery  of  VMAT  though  the  inclusion  of  a  realistic  linac  emulator. 

Within  this study,  the model  is validated against measurements, and compared  to 

simulations without linac motion. 

 

Methods: A  beam model was  produced  using  the GATE  platform  for GEANT4 

Monte  Carlo  calculations.  Initially,  validation was  performed  against water  tank 

measurements  for depth‐dose curves, MLC‐defined profiles, output  factors and an 

MLC  bar  test.  The model was  then  integrated with  a VMAT  delivery  emulator, 

which  reads  plan  files  and  generates  a  set  of  dynamic  delivery  instructions 

analogous  to  the  linac  control  system  (i.e.  choice  of dose  rate,  gantry  speed,  and 

MLC motion  between  each  control  point).  The  emulator  then  simulates  delivery 

through  the  application  of  parameters  such  as  gantry  inertia,  and  MLC  speed 

variability  with  respect  to  gravity.  The  beam  model  was  validated  through 

comparison  to measurements of 10 patient plans, comprising 5 single arc prostate 

plans  and  5  dual‐arc  head  and  neck  plans.  Prostate  plans  were  delivered  to  a 

cylindrical dosimetric phantom (Delta4) while head and neck plans were delivered 

to  a  heterogeneous  anatomical  phantom  (MARVIN).  Gamma  evaluation  was 

performed  between  phantom measurements  and  two Monte Carlo models  –  one 

which  simulates  only  fixed  control points  and one  simulating  continuous motion 

utilising  the emulator. For  routine clinical use,  the model was  incorporated  into a 

fully automated pre‐treatment verification system. 

 

Results: Comparisons  between  the model  and water  tank measurements  showed 

agreement  at  a  range  of depths  for  static  test  fields. The VMAT  simulations  also 

showed agreement with measurements: mean gamma pass  (Γ < 1) over 5 prostate 

plans was 100.0% at 3%/3mm and 97.4% at 2%/2mm when compared to the Delta4. 

Equivalent  gamma  analysis  without  the  simulation  of  linac  motion  gave  mean 

passes of 98.6% and 91.6% respectively. For the head and neck plans delivered to the 
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anatomical  phantom,  gamma  passes  were  99.4%  at  4%/4mm  and  94.94%  at 

3%/3mm. The same gamma analysis gave 98.8% and 92.8% respectively without the 

inclusion of linac motion. Within an automated verification system, the Monte Carlo 

model  required 400‐600 CPU hours  to ensure a median  calculation uncertainty of 

<2% within the 5% isodose on the patient CT volume. For a prostate and head and 

neck plan, gamma passes were observed which are within our centre’s tolerance for 

pre‐treatment plan QA. 

 

Conclusions:  This  system  demonstrates  that  routine  VMAT  plan  QA  can  be 

performed using a GEANT4‐based Monte Carlo  solution. Through  comparison  to 

phantom measurements,  it  was  found  that  the  incorporation  of  a  realistic  linac 

motion emulator improves the accuracy of the model compared to the simulation of 

fixed control points. The ability to accurately calculate dose as a second check of the 

planning system, and determine realistic delivery characteristics, may allow for the 

reduction of machine‐based pre‐treatment plan QA for VMAT. 
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1. Introduction 
 

A  critical  component  of  a  safe  radiotherapy  service  is  the  provision  for  pre‐

treatment quality assurance of individual patient plans [1]. This can be achieved in a 

number of ways, including independent second dose calculations, or by delivering 

the plan  to  a dosimetric phantom on  the  linear  accelerator  (linac)  [2,  3]. Between 

centres there are a wide range of protocols concerning pre‐treatment plan QA, but 

in general more simple plans (i.e. conventional or conformal techniques) tend only 

to  require  an  independent monitor  unit  check  to  identify  errors  in  the  planning 

process  [4]. Conversely, plans  that  involve a higher degree of complexity, such as 

intensity  modulated  radiotherapy  (IMRT)  or  volumetric  modulated  arc  therapy 

(VMAT), may not be  suited  to  simple monitor unit  calculation and  require direct 

measurements on the linac itself [5]. In both cases, some method of checking the file 

transfer between the planning system and the linac is also essential [6]. 

 

The delivery of radiotherapy with VMAT has become increasingly commonplace, as 

various  studies have demonstrated  the  ability  to produce highly modulated dose 

distributions  in  a  significantly  shorter  treatment  time  that  fixed‐field  IMRT  [7]. 

Several dosimetry systems exist  to perform pre‐treatment QA  for VMAT, some of 

which  involve  the  delivery  of  the  plan  to  arrays  of  detectors  arranged  in  a 

cylindrical  geometry  [8‐10].  Gamma  evaluation  is  then  used  to  determine  any 

differences  between  the measurement  and  the  treatment  planning  system  (TPS) 

dose. Direct measurement on  the  treatment machine  is an  important  check of  the 

TPS’s  dose  calculation,  particularly  for  elongated  or  unusual  field  shapes,  as  is 

commonly seen with VMAT plans [11].  

 

For departments with  large numbers of  IMRT or VMAT patients,  time constraints 

often mean  that  it  is not  feasible or desirable  to perform  linac‐based QA on every 

plan.  It may be  instead  appropriate  to  take measurements on  a  small,  randomly‐

selected  sample  of  plans,  while  running  the  remainder  through  a  secondary, 

independent  monitor  unit  calculator.  There  are  several  software  solutions  for 

performing monitor unit calculations [12, 13], some of which have been expanded to 

Publication 5  3 



work  with  IMRT  and  VMAT.  Such  monitor  unit  calculators  utilize  simplified 

geometric dose calculations  for  speed, and as  such  the complexities of calculating 

dose through small or complex multi‐leaf collimator (MLC) defined fields may not 

be  fully  taken  into  account  [14,  15].  Furthermore,  accurate  VMAT  dosimetry  is 

heavily dependant on the linac deliverability – that is, the ability to modulate gantry 

speed,  dose  rate  and  leaf  motion  over  the  arc  [16].  Independent  monitor  unit 

checkers  offer  only  a  confirmation  of  the  treatment  planning  system  dose 

calculation,  and  hence  on‐linac  measurements  are  also  required  to  provide 

dosimetric confidence  for VMAT pre‐treatment checks. For departments seeking a 

workflow benefit with VMAT (which has been reported to offer a >50% decrease in 

delivery  time  [17,  18]),  this may  be  offset  by  the  requirement  for  increased  plan 

verification  time  on  the  linac.  An  independent  software  solution  capable  of 

accurately modelling VMAT dose delivery would  therefore  be  of  benefit.  Such  a 

system could then allow more targeted plan verifications, thus reducing the amount 

of QA time required on the linac. 

 

Monte Carlo dose calculation methods have been used widely  in radiotherapy  for 

many years [19, 20]. Various radiation transport codes have been shown to produce 

highly  accurate  simulations  of  dose  deposition  at  the  range  of  energies  used  for 

radiotherapy  [21,  22].  The  use  of Monte  Carlo  has  also  been  demonstrated  for 

treatment  plan  evaluation  [14,  23‐25]  and  for  rotational  radiotherapy  [26‐28]. 

Furthermore, attempts have been made to incorporate the continuous dose delivery 

of VMAT, either by reconstructing the linac position from delivery log files [29, 30] 

or by  linearly  interpolating gantry and MLC positions between control points  [29, 

31]. 

 

The purpose of  this paper  is  to  introduce and validate a novel Monte Carlo plan 

verification system which is able to accurately simulate Elekta VMAT dose delivery 

(Elekta, Crawley, UK), such that machine‐based pre‐treatment quality assurance can 

be  reduced. Utilizing  the GATE  platform  for GEANT4  calculations  [32],  a  beam 

model has been developed and integrated with a VMAT delivery emulator [33]. The 
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emulator replicates a linac control system’s handling of a treatment plan (i.e. choice 

of  dose  rate,  gantry  speed  and MLC motion  over  the  arc)  and  then  realistically 

simulates the delivery by incorporating the effects of gantry inertia and MLC speed 

with  respect  to  gravity.  A  ‘one‐click’  automated  verification  system  has  been 

developed around this beam model, whereby plans exported from a TPS can be sent 

for independent dose calculation and the results of 3D gamma evaluation between 

the TPS and Monte Carlo can be returned to the user. Within this study, the beam 

model  is  validated  through  comparison  to  water  tank  and  dosimetric  phantom 

measurements.  For  a  number  of  VMAT  plans,  the  accuracy  of  the Monte  Carlo 

calculations  is  assessed  both  with  and  without  the  simulation  of  linac  motion. 

Finally,  the  automated verification  system  is demonstrated  for prostate  and head 

and neck VMAT cases. 

 

2. Materials and Methods 

2.1. Monte Carlo model 
 

A Monte Carlo linear accelerator model was produced using the open source toolkit 

GATE  6.1,  which  is  an  incorporation  of  the  GEANT4  transport  code  within  a 

platform specific for medical applications [32]. Grevillot et al [34] have demonstrated 

the use  of GATE  to model  the  output  of  a  conventional  linac,  and  showed  good 

agreement with water  tank measurements  for  a  range of profiles  and depth‐dose 

curves. In this study, a model was created of a 6MV Elekta Synergy  linac with the 

MLCi2  treatment  head.  Initially,  a  full model  of  the  head was  created  from  the 

target to the MLCs and  jaws, using the manufacturer’s specifications as a reference 

(Figure 1). To accurately model the photon beam energy, simulations were set up on 

a  homogenous  water  phantom  to  acquire  percentage  depth  dose  (PDD) 

measurements and beam profiles at a range of field sizes (from 4x4cm to 20x20cm) 

and depths  (1.6cm  to  30cm). These  simulations were  compared  to  real  ionization 

chamber measurements on the  linac taken  in a plotting tank. A process of electron 

beam ‘tuning’ was undertaken (as described by Grevillot [34] and Verhaegen [20]), 

whereby  the  electron  energy  and  spot  size  on  the  target was  adjusted  until  the 

photon PDD curves and profile penumbrae matched the measurements adequately.  
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Figure 1. Schematic (generated in GATE) of the Monte Carlo linac head model, identifying 

the major components. The phase space plane is situated 10mm upstream of the MLC bank 

in order to model only the patient invariant part of the head. 

 

Once the electron beam was tuned, further measurements were taken to ensure that 

the  model  was  adequate  for  the  simulation  of  intensity‐modulated  beams. 

Measurements of output  factors were made, measuring  the dose at 10 cm deep  in 

water  at 90  cm  source‐surface distance  (SSD)  for  a  range of  field  sizes. The  same 

number  of  particles  was  simulated  for  each  field  size,  and measurements  were 

normalized  to  the dose  recorded  for  the  10x10cm  field  size. The  resulting output 

factors were compared to those determined by measurement on the linac itself.  

 

The  MLCi2  leaf  bank  was  also  modelled  within  GATE  according  to  the 

manufacturer’s specifications. Because of  the complex geometry of  the  leaves  (e.g. 

the rounded  leaf  tips, and pitched arrangement within  the  leaf bank), further  tests 

were  carried  out  to  ensure  the model was  accurate. MLC‐defined  profiles were 

taken using an  ionization chamber  in a plotting  tank at 4 x 4 cm  to 20 x 20 cm. A 

‘bar‐test’ was also performed, whereby a y‐axis (gun‐target) profile was taken with 

sets of two leaves alternately open and closed within the field. The bar test checked 

the  inter‐leaf  leakage and also the relative positioning of the  leaves within the  leaf 
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bank. Simulations were compared to measurements at 10 cm deep, 90 cm SSD. All 

comparisons  between Monte  Carlo  and  plotting  tank measurements were made 

using gamma analysis [27, 34]. 

 

For patient  simulations,  the part  of  the  linac  head  above  the MLCs  and  jaws  (as 

indicated in Figure 1) is invariant. As such, a phase space plane was recorded at this 

point and used for all subsequent simulations. Phase space files are used frequently 

in radiotherapy Monte Carlo simulations [19], as they improve the efficiency of the 

calculation  by  storing  the  energy  and  direction  of  simulated  photons  from  the 

invariant part of the linac.  

 

2.2. Integration of delivery emulator 

A delivery emulator  for  the Elekta VMAT  system has previously been developed 

which  simulates  the  linac  control  system and delivery  [33]. The  software  reads  in 

DICOM‐RT plan  files and  initially  calculates  the  required gantry  speed, dose  rate 

and  MLC  motion  for  each  control  point.  The  choice  of  these  parameters  is 

determined  by  the  number  of monitor  units  to  be delivered  in  the  given  control 

point,  and  the  amount of  time  required  for  the MLCs  to  reach  their new desired 

position.  Under  the  Elekta  Integrity  control  system,  the  linac will  preferentially 

select the highest dose rate achievable, but will step down the dose rate and gantry 

speed  through knowledge of  the nominal  leaf speed. Once  the desired parameters 

have  been  determined,  the  software  realistically  emulates  VMAT  delivery  by 

incorporating the effects of gantry and leaf acceleration and deceleration, along with 

the  variable  leaf  speed with  respect  to  gravity. As described  previously  [33],  the 

emulator  uses  dynamic  parameters  derived  from  measurements,  and  has  been 

shown to accurately predict realistic VMAT deliveries. The outputs of the emulator 

are  gantry  position, MLC  positions,  jaw/collimator  positions,  and  dose  rate  over 

time.  
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Figure 2. An exaggerated demonstration of how  the delivery emulator distributes monitor 

units  between  control  points  (CP1  –  CP2). Where  the  linac  gantry must  accelerate,  the 

monitor units will not be evenly distributed over  the sector.  Integrating knowledge of  the 

head acceleration into the simulation allows the particles to be distributed more realistically. 

 

In  order  to  integrate  the  emulator  with  the  VMAT  Monte  Carlo  model,  two 

assumptions  were  made:  that  dose  rate  switching  is  instantaneous,  and  that  it 

remains constant for each control point. These assumptions then allow the monitor 

units of each control point  (and hence  the number of particles  in  the Monte Carlo 

simulation)  to  be  divided  into  arbitrarily  small  but  equal  sizes.  Thus,  a  series  of 

static  linac  head  positions  can  be  simulated,  approximating  continuous  VMAT 

delivery.  This  is  shown  schematically  in  Figure  2.  In  this  study,  the  level  of 

interpolation  applied was  20,  such  that,  in  a  situation where  the  gantry  speed  is 

constant between control points separated by 4,  then  the Monte Carlo simulation 

would resolve the VMAT dose calculation down to 0.2. 

 

Once a dose calculation has been performed  (on a CT data set representing either 

the patient anatomy or a dosimetry phantom, as described below), a conversion  is 

required to determine the absolute dose  in Gy for each voxel of the dose array. At 

our centre, linacs are calibrated such that 100 MU gives 100 cGy at dmax  in water for 

a 10x10cm, 100cm SSD  field. As such,  the  following calibration was performed on 

each calculated dose voxel i: 
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where Di is the dose in cGy, Mi is the calculated value from the Monte Carlo system, 

MUe is the number of monitor units in the given plan for F number of fractions, Ne 

is the number of particles simulated in the experiment. Dcal is the value measured at 

dmax for a Monte Carlo simulation (with Ncal particles) of a 10x10cm field incident at 

100cm SSD on a water phantom. 

 

2.3. Validation measurements 
 

To test the ability of the model to accurately simulate VMAT treatments, a number 

of  plans  were  computed  with  the  Monte  Carlo  system  and  compared  to 

measurements on the linac. 10 VMAT plans in total were investigated, comprising 5 

prostate patients and 5 head and neck patients, all of which were randomly selected 

and had previously been treated with VMAT in our department. Plans were created 

with the Pinnacle SmartArc module (Philips Medical Systems, Madison, USA). The 

prostate plans consisted of a single 6 MV VMAT arc travelling from a gantry angle 

of 181 to 180, with a control point separation of 4 and a static collimator twist of 

45. A three dose level protocol was employed, with a prescription dose of 57 Gy in 

19 fractions to the prostate, and lower doses to surrounding at‐risk target volumes.  

The mean number of monitor units was 445.8 MU. Of the 5 head and neck patients, 

3  had  primary  disease  of  the  oropharynx,  1  in  the  hypopharynx,  and  1  in  the 

supraglottis. Three dose levels were prescribed for all sites: 66 Gy to PTV1, 60 Gy to 

PTV2 and 54 Gy to PTV3 using a simultaneous integrated boost (SIB) technique, in 

30  fractions. All head and neck plans employed  two counter‐rotating VMAT arcs, 

with  a  control  point  separation  of  4  and  a  collimator  rotation  of  10. The mean 

monitor units for the head and neck plans was 534.6 MU. 

 

All 10 plans were exported  in DICOM‐RT  format both  to  the  linac and  the Monte 

Carlo  system.  For  the  prostates,  dosimetric measurements were  taken  using  the 
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Delta4  phantom  (Scandidos,  Uppsala,  Sweden).  For  the  head  and  neck  plans,  a 

heterogeneous  anthropomorphic phantom was used  [35]. The MARVIN phantom 

has an anatomical design incorporating density heterogeneities in the mandible and 

nasal cavity. For this study, Gafchromic EBT2 film (ISP Corp. New Jersey, USA) was 

positioned  in  the  mid‐sagittal  plane  within  the  neck  module  of  the  MARVIN 

phantom. Each VMAT  plan was delivered  three  times  to  the  phantom  to  ensure 

adequate  darkening  of  the  EBT2  film,  and  then  scanned  on  an  Epson  10000  LX 

flatbed  scanner.  Scans  were  analysed  using  the  red  and  green  colour  channels, 

before being converted to dose using a prior calibration. 

 

For  the Monte Carlo  calculations,  two  strategies were  compared  –  firstly,  a  fixed 

control point  arrangement,  analogous  to  the  treatment planning  system, whereby 

only the individual apertures (separated by 4) were simulated. Secondly, the linac 

emulator was used  to generate gantry and MLC positions between  control points 

and approximate continuous delivery. Absorbed dose was calculated within Monte 

Carlo representations of  the Delta4 and MARVIN phantoms with a grid resolution 

of 2 x 2 x 2 mm. In order to determine the required number of particles to simulate, 

test  runs  were  performed.  The  measurement  uncertainty  within  the  irradiated 

volume was  estimated using  the methodology described by Chetty  et  al  [36]  and 

reproduced below: 
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where Sdk  is  the estimate of  the error  in  the mean dose of voxel  k, dk,i  is  the dose 

deposited in voxel k by the particle history i, and N is the total number of histories.  

It was found that, in order to ensure < 2 % uncertainty within the irradiated area, 20 

billion  photons were  required  for  simulation. Dosimetric  comparisons were  then 

made  between  the  Monte  Carlo  simulations  (converted  to  absolute  dose  using 

equation  1)  and  the  linac measurements.  For  the  10  VMAT  plans,  analysis was 
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performed  at various gamma  levels. Comparison between  the  fixed  control point 

and  the emulator simulations was made using a non‐parametric Wilcoxon signed‐

rank test, where significance was demonstrated when p < 0.05. 

 

2.4. Automated plan QA system 

For  practical  implementation  of  the  beam  model  into  routine  use,  a  ‘one‐click’ 

verification system was developed, shown schematically in Figure 3. From the TPS 

the  radiotherapy plan, CT  images,  structures and  calculated dose are  exported  in 

DICOM‐RT  format  to  a  host  PC.  Upon  receipt  of  the  DICOM  files,  the  PC 

automatically  anonymizes  and  packages  the  data  for  transfer  to  a Monte  Carlo 

computing  cluster.  A  system  on  the  cluster  then  prepares  the  plan  for  dose 

calculation. At  this  stage,  the  system  is  able  to  override  the  densities  of  certain 

volumes  ‐  for  example,  to  exclude  the  CT  couch  from  the  dose  calculation  the 

volume  outside  the body  can be  overridden  to  a density of  air. Once  the plan  is 

ready  for  calculation,  it  is  split  into  several  ‘jobs’  and  submitted  to  a  cluster 

scheduler. For  this study,  the cluster consisted of 11 nodes each with a quad‐core 

CPU (Intel i5‐2500 @ 3.3GHz), thus allowing Monte Carlo runs to be divided into 44 

simultaneous calculations.  

 

 

Figure  3. Flowchart detailing  the process of  the  automated Monte Carlo plan verification 

system. 
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Following  the  calculation,  the outputs  are  automatically merged  into  a  single  file 

containing the dose distribution. The system then performs a 3D gamma evaluation 

between the Monte Carlo dose and the TPS planned dose [37]. The software allows a 

wide range of configuration options to be set automatically as defined by a clinical 

site‐specific  configuration  file.    In  the  case of our  test examples,  the  configuration 

settings for head and neck plans differed from prostate plans in the dose‐difference 

(DD) and distance‐to‐agreement (DTA) criteria applied and in the ROIs selected for 

analysis.  

 

Since the DICOM‐RT structure geometries are also given as an input to the gamma 

analysis software, gamma results can be reported separately for selected organs and 

ROIs.    This  is  a  key  advantage  of  performing  the  verification  calculation  on  the 

patient  CT  dataset,  as  the  location  in  the  patient  of  any  discrepancies  can  be 

identified and the potential clinical  impact assessed.   The software presents results 

in  the  form  of  ROI‐specific  gamma  volume  histograms  [38],  in  addition  to  a 

summary reporting the percentage volume of each ROI having a gamma index <= 1. 

 

For the purposes of demonstration, one prostate and one head and neck VMAT plan 

were verified with  the automated QA system. Gamma evaluation was performed, 

along with the gamma statistics for various regions of interest, in order to examine 

the effectiveness and potential of the QA system. 

 

 

3. Results 
 

3.1. Monte Carlo model tuning 
 

Within  the  full  linac  head model,  an  incident  electron  energy  of  6.7 MeV  and  a 

Gaussian spot size of 3 mm full width at half‐maximum (FWHM) was found to best 

match the depth dose curves and profiles of the real linac. Using the recorded phase 

space  file,  depth  dose  curves  showed  agreement  compared  to  water  tank 

measurements at field sizes of 4x4 cm, 10x10 cm and 20x20 cm. Figure 4a shows a 

comparison between plotting tank measurements and the Monte Carlo simulation. 
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Estimated uncertainty  (calculated using  equation 2) was below 2% within  the 5% 

isodose line. From dmax to 30 cm deep in water, > 95% of the Monte Carlo calculation 

points passed a 2% / 2mm gamma evaluation at all field sizes (mean 99.1%). At 1% / 

1 mm, > 90% of measurements point passed the gamma analysis (mean 90.8%). 

 

Figure  4b  shows  comparisons  between  the  Monte  Carlo  and  measured  MLC‐

defined profiles for 4x4 cm, 10x10 cm and 20x20 cm at 90 cm SSD. Gamma analysis 

between Monte Carlo and water  tank measurements gave >90% points passing at 

the 2%/2mm level (mean 95.7%), and >95% at 3%/3mm (mean 96.5%). 

 

Output factors (Figure 4c) were determined from field sizes of 2x2cm up to 40x40cm 

at 90cm SSD. The Monte Carlo model and water tank measurements were within 2% 

across  the  range of  field  sizes,  indicating  that phantom  and head  scatter  is being 

modelled adequately. The average difference between  the Monte Carlo  calculated 

and measured output factors was −0.1% (st. dev. 0.9%). 

 

Results of the MLC bar test, designed to confirm the modelling of the MLC  leaves 

and  leaf bank  arrangement, are  shown  in Figure  4d. At  90cm SSD,  10cm deep  in 

water, the Monte Carlo calculation had 91.4% of points passing a 2%/2mm gamma 

analysis  compared  to  the  plotting  tank measurements,  and  98.6%  passing within 

3%/3mm. 
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Figure 4. Result of the Monte Carlo head modelling, comparing calculated and water tank 

measurements for (a) depth dose curves at 100cm SSD, (b) MLC‐defined profiles at 90cm SSD, 

10cm depth, (c) output factors taken at 90cm SSD, 10cm depth, normalized to 10x10cm field 

size, (d) bar test taken at 90cm SSD, 10cm depth. 

 

 

3.2. Comparison to phantom measurements 
 

Gamma  evaluations  between  the  Monte  Carlo‐simulated  and  Delta4‐measured 

prostate plans are shown in Table 1. For all plans, gamma analysis was performed at 

a  range  of  gamma  levels  within  the  5%  isodose.  For  the  fixed  control  point 

simulation  strategy,  the  mean  gamma  pass  rates  for  1%/1mm,  2%/2mm,  and 

3%/3mm  were  calculated  as  73.7  (±1.1)  %,  91.6  (±1.3)  %  and  98.6  (±0.9)  % 

respectively. Modelling  the  linac  positions with  the  emulator,  the  same  gamma 

values were  calculated  as  77.0  (±1.5) %,  97.4  (±0.5) %  and  100.0  (±0.0) %, which 
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showed  significant  improvement  (p  <  0.01  for  all  gamma  levels)  over  the  fixed 

control points.  

 

 

  Fixed control points  Emulator 

Patient  1%/1mm  2%/2mm  3%/3mm  1%/1mm  2%/2mm  3%/3mm 

1  74.17  91.77  97.54  77.58  97.82  100.00 

2  75.02  93.50  97.54  75.31  98.02  100.00 

3  74.01  91.43  99.44  78.99  97.28  100.00 

4  72.41  91.09  99.15  77.36  96.70  100.00 

5  72.87  90.00  99.15  75.92  97.17  100.00 

Mean  73.70  91.56  98.56  77.03  97.40  100.00 

St. dev.  1.05  1.27  0.94  1.45  0.53  0.00 

 

Table 1. Gamma analysis results  (% pixels with gamma < 1 within  the 5%  isodose)  for  the 

five prostate VMAT patients. Results  are  shown  for  both  the  fixed  control point  and  the 

emulator Monte Carlo models. 

 

For  the  dual‐arc  head  and  neck  plans  the  gamma  index  was  calculated  by 

comparing  the Monte Carlo measurement  to Gafchromic  film within  the Marvin 

phantom (example shown in Figure 5). Results are given in Table 2. Over 5 patients, 

the mean gamma passes at the 2%/2mm, 3%/3mm and 4%/4mm were 73.7 (±3.7) %, 

92.8  (±2.0)  %  and  98.8  (±0.7)  %  using  the  fixed  control  point  simulation. 

Incorporating  the  emulator  into  the  simulation,  the  same  gamma  analyses were 

calculated as 76.6 (±1.6) %, 93.8 (±3.2) % and 99.1 (±1.8) %. Statistical significance was 

only  observed  at  the  2%/2mm  level  (p  <  0.01), with p  >  0.1  for  the  3%/3mm  and 

4%/4mm analyses. 

 

 
 

Figure 5. Gamma analysis (far right) between Monte Carlo calculation (left) and Gafchromic 

film (middle) within the MARVIN phantom for one of the head and neck patients. Green 
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indicates a gamma pass, blue and red are gamma failures (under‐ and over‐dose 

respectively). 

 

  Fixed control points  Emulator 

Patient  2%/2mm  3%/3mm  4%/4mm  2%/2mm  3%/3mm  4%/4mm 

1  77.60  93.99  99.22  79.41  96.35  99.93 

2  73.80  94.73  99.73  78.15  94.37  99.36 

3  67.55  89.72  97.85  72.24  92.12  98.21 

4  74.40  92.00  98.70  74.40  92.00  98.70 

5  75.01  93.48  98.67  78.99  93.90  99.40 

Mean  73.67  92.78  98.83  76.64  93.75  99.12 

St. dev.  3.72  1.98  0.70  1.59  3.16  1.79 

 

Table 2. Gamma analysis results  (% pixels with gamma < 1 within  the 5%  isodose)  for  the 

five head and neck VMAT patients. Results are shown for both the fixed control point and 

the emulator Monte Carlo models.  

 

 

3.3. Automated TPS verification on patient geometry 
 

A prostate VMAT patient was exported from Pinnacle to the automated QA system 

for analysis. Results of the gamma evaluation (Monte Carlo versus TPS) are shown 

in Figure 6. The gamma pass at 3%/3mm within the body volume was 99.82%. This 

is in line with our centre’s tolerance for prostate VMAT verification. As an example, 

gamma passes for various ROIs have also been reported in Figure 6, with all PTVs 

passing > 95%, and the rectum volume passing at 100%. It is possible to compare the 

dose‐volume  histograms  (DVHs)  from  both  the  TPS  dose  grid  and  the  dose 

calculated with the Monte Carlo system. In this instance, the target coverage (PTV1, 

PTV2 and PTV3) was found  to be poorer  than  the Pinnacle‐planned values. DVHs 

for the rectum and bladder were broadly similar, although a  larger volume of  low 

dose was  observed with  the Monte Carlo  calculation. Median uncertainty  of  this 

measurement was estimated at 1.85% within the 5% isodose line.  
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Figure 6. Results of the automated verification of a prostate VMAT patient. For the DVH, 

dashed lines represent the Monte Carlo doses, while solid lines are from the planning 

system. 

 

Figure  6  also  shows  various  outputs  from  the  delivery  emulator,  including  the 

predicted delivery  time  (82.2 s) and average dose  rate  (376 MU/min) over  the arc. 

Following the methodology reported previously [33], the emulator also determines 

potentially problematic control points. These were defined as situations were one or 

more MLC  leaves are >1 mm  from  their  intended position at  the end of a control 

point.  In  the  example prostate patient, one  control point  (no.  68) was  flagged  for 

closer examination. 

 

The results of a head and neck VMAT verification are shown in Figure 7. Following 

this centre’s gamma analysis criteria for head and neck plan QA,  it was found, for 

the target volumes, brainstem and spinal cord, that > 95 % pixels had a gamma < 1 at 

4%/4mm. Within the ‘body’ outline, the gamma pass was 98.4%, in which the failing 

pixels were mainly confined to areas of air within the oral cavity and trachea. The 

Monte  Carlo  dose  in  these  regions  was  very  low  due  to  the  absence  of  tissue, 

whereas  Pinnacle’s  dose  calculation  was  higher.  Extracting  the  dose‐volume 

histograms  for  the  target  volumes  and  nearby  organs  at  risk,  the Monte  Carlo‐
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calculated and Pinnacle‐calculated distributions were similar over a range of doses. 

Median uncertainty of  the  calculation was 1.77% within  the body volume. Again, 

aspects  of  the  delivery were  reported with  a  predicted  average  dose  rate  of  231 

MU/min, and a  total delivery  time of 164.2  seconds. No potential  leaf positioning 

errors were found by the emulator. 

 

Figure 7. Results of the automated verification of a head and neck VMAT patient. For the 

DVH, dashed lines represent the Monte Carlo doses, while solid lines are from the planning 

system. 

 

For  comparison,  the  same head  and neck plan was  simulated  again but with  the 

linac  delivery  parameters  adjusted.  Whereas  the  results  above  were  generated 

assuming  the  linac  is  capable  of  continuously‐variable  dose  rate  (CVDR,  used 

within  the Elekta Integrity system),  the plan was repeated only allowing  the older 

binned dose  rate delivery  (BDR, having only 5  fixed dose  rate bins). For complex 

plans requiring large amounts of modulation, this makes a ‘smooth’ delivery more 

difficult. As would be expected,  the emulator predicts a  longer delivery  time with 

BDR (total 250.9 s) and a lower average dose rate (143 MU/min). Lower gamma pass 

rates  were  observed  for  the  analysed  ROIs  (PTV1:  97.96%,  PTV2:  97.90,  PTV3: 

Publication 5  18



88.55%, spinal cord: 99.82%) at 4%/4mm within the 5% isodose line, compared to the 

CVDR simulation. 

 

 

4. Discussion 
 

The  use  of VMAT  has  gained widespread  interest  due  to  the  ability  to  produce 

IMRT‐equivalent dose distributions, which are deliverable in a significantly shorter 

treatment time. The widely‐reported delivery efficiency of VMAT has allowed many 

centres  to  improve  workflow,  and  hence  increase  the  provision  of  intensity 

modulated delivery for a given linear accelerator [39, 40]. With IMRT there are well‐

established secondary dose calculations (monitor unit checkers) providing a layer of 

dosimetric confidence between the planning system and the linear accelerator. Such 

secondary  dose  checks  are  usually  accompanied  by  pre‐treatment  verification 

measurements on a subset of patient plans. With VMAT, however, such a strategy is 

problematic.  VMAT  plans  are  heavily  dependent  on  the  ability  of  the  linac  to 

reliably modulate  gantry  speed,  dose  rate  and MLC motion  over  an  arc.  These 

deliverability  characteristics  are  not  available  in  conventional  treatment  planning 

systems or secondary dose calculations. As such, the potential workflow benefits of 

VMAT  are  currently  counteracted  by  the  requirement  for  additional  routine  pre‐

treatment verification on  the  linac. Presented here  is a software solution  to reduce 

the number  of  these  linac measurements, using Monte Carlo dose  calculations  to 

provide  an  independent  check of  the TPS. Realistic  linac motion  is  accounted  for 

within  the model, such  that a verification of both  the planning system calculation 

and the linac deliverability can be determined.  

 

The  linac  model  was  developed  using  GATE,  which  has  previously  been 

demonstrated as feasible for radiotherapy applications, and static modelling results 

agree with those presented by Grevillot et al [34] for a similar linear accelerator. The 

use of GEANT4‐based Monte Carlo for radiotherapy has previously been primarily 

confined  to  research  topics,  and  so  the  introduction  of  GATE  –  an  open‐source 

interface specifically designed for medical physics and radiotherapy applications – 
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is attractive for more clinically‐focussed projects. The GEANT4 code itself has been 

validated for a large range of photon energies and also for hadron interactions, such 

that  in  the  future  GATE/GEANT4  may  provide  useful  single  platform  for 

comparisons  between  photon  and  proton  radiotherapy  treatment  plans  [41]. We 

intend to also integrate a clinical proton beam model into the automated QA system 

presented here. 

 

Measurements in the Delta4 and MARVIN phantoms indicated that the Monte Carlo 

beam model was capable of accurate VMAT simulations. All gamma evaluations for 

prostate and head and neck deliveries were within  this centre’s  tolerance  for pre‐

treatment  verification:  i.e.  that  >95%  of  pixels  should  pass  a  3%/3mm  gamma 

evaluation  for prostates, and 4%/4mm  for head and neck patients. Tables 1 and 2 

show  that simulation of  linac motion between control points  (using  the emulator) 

gave  results which were  closer  to  the  phantom measurements  compared  to  the 

simulation of  fixed control points. For  the prostate plans, statistical significance  in 

favour  of  the  delivery  emulator was  observed  at  all  gamma  levels  (1%/1mm  to 

3%/3mm). For the head and neck plans, significance was only observed at 2%/2mm, 

indicating  that  the  static  and  dynamic models were  equivalent  at  3%/3mm  and 

4%/4mm.  The  Monte  Carlo  model,  through  integration  of  the  VMAT  delivery 

emulator,  thus  provides  a  level  of  accuracy  comparable  with  the  dosimetric 

phantoms for the purposes of pre‐treatment verification. 

 

Previous VMAT Monte Carlo models have either simulated static control points, or 

used linear interpolation of the dose, gantry and MLC positions between the control 

points, and similar accuracy has been observed for both techniques [23]. However, 

linear  interpolation may  over‐simplify VMAT  delivery,  particularly  by  assuming 

that  gantry  speed  is  constant  between  each  control  point.  VMAT  delivery  can 

include  scenarios where  large  changes  are  required  in gantry  speed  [19].  In  such 

situations, due to the finite gantry acceleration/deceleration time, MLCs may reach 

their next intended positions before gantry does, or (conversely) all MUs may have 

been delivered before gantry reaches intended position. In this study, the emulator 
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is capable of accounting for these scenarios, which may explain for the improvement 

observed when compared to the fixed simulations. As shown in the head and neck 

example, the same plan has an improved pass rates with CVDR delivery compared 

to binned dose  rates –  the only difference between  the  two  simulations being  the 

characteristically  ‘smoother’ switching between dose rates and gantry speeds with 

CVDR [13].  

 

Verification examples were provided here for prostate and head and neck patients, 

allowing a gamma comparison  to be made between  the TPS and Monte Carlo  for 

various regions of interest. These results could be useful in determining systematic 

differences  between  planned  and  measured  dose‐volume  histograms.  Having 

gamma pass rates for individual ROIs may also be useful, as it is an indication of the 

quality of the plan in clinically relevant structures. It should be noted that some of 

the  available  dosimetric  devices  for  IMRT  and  VMAT  QA  (such  as  the  Delta4, 

ArcCheck  and Octavius  phantoms),  now  provide  some  form  of measured DVH 

analysis  –  similar  to  that  presented  for  the Monte Carlo  system. However,  these 

tools  require  some  conversion  from  the  geometry  of  the  detector  system  to  the 

geometry  of  the  patient,  and  it  is  not  clear  to what  extent  these  tools  have  been 

validated.  

 

The automated verification system (Figure 3) has been developed in order to easily 

integrate the Monte Carlo model  into routine use. By automatically setting up and 

scheduling the calculations from a single‐click TPS export, all VMAT patients can be 

sent for independent verification as part of routine planning and checking. Work is 

now  underway  to  determine  acceptable  tolerances  for  the  verification  and  to 

identify problematic or complex VMAT plans. For  the practical  implementation of 

this  system,  it  is  intended  that  a  reduced  programme  of  pre‐treatment  linac 

verification will  remain.  The Monte Carlo  system will  thus  allow more  targeted 

linac verifications – i.e. concentrating on plans which drop below a certain gamma 

tolerance,  or  (as  in  the  example  prostate  plan  in  this  study)  contain  potentially 

problematic control points.  
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Computing  hardware  has  a  significant  impact  on  the  speed  of  Monte  Carlo 

calculations. The patient  calculations presented  here  required  approximately  400‐

600 CPU hours to achieve a calculated uncertainty within the 5 % isodose of < 2%. 

For the 44 core cluster used in this study, this translated to a mean calculation time 

of ~10‐12 hours running on all cores. The cluster, therefore, does not presently offer 

the level of practicality required for integration into the clinical workflow. While the 

cluster is capable of expansion, it will be of interest to deploy the verification system 

on  different  computing  architectures,  such  as  a  grid  [42]  or  Condor  pool 

(HTCondor, University of Madison, WI, USA)  [43]. Test runs on  the University of 

Manchester Condor system have yielded equivalent uncertainty simulations in less 

than one hour, due to the access to several hundred nodes. Alternatively the use of 

programmable  graphics  processing  units  (GPUs)  for  Monte  Carlo  is  gaining 

increasing  attention  [44]. Generally,  the  trend  towards  faster hardware  and more 

optimized algorithms indicates that the routine clinical use of Monte Carlo (for both 

planning and QA) is becoming achievable. 

 

The movement to software‐based plan verification means that routine linac quality 

assurance  (and preventative maintenance)  is of paramount  importance. A number 

of authors have discussed quality control tests specific to VMAT and suggested the 

frequency of such  tests  [45, 46]. Furthermore, plan verification on  the  linac would 

normally provide a check of  the file  transfer between  the TPS and  the record‐and‐

verify  (R&V)  system.  Presently  at  our  centre,  transfer  checks  for  IMRT  are 

performed  either by  linac‐based verification, or  through manual  inspection of  the 

segment  shapes  and MUs.  For  VMAT  the  latter  strategy  becomes  unfeasible,  as 

there can be large numbers of control points (e.g. 180 for the head and neck plans in 

this study). To account for this, the verification system presented here is capable of 

reading plans exported from R&V systems as well, thus providing a check of plan 

file transfers prior to treatment. It may also be of interest to verify the VMAT plans 

retrospectively  from  linac delivery  log  files, as has been demonstrated previously 

[29,  47]. While  the  present  system  here  is  focussed  on  pre‐treatment  verification 
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without  the need  for machine access, a complete verification system  incorporating 

both planned and delivered dosimetric analysis would be of additional value. 

 

 

5. Conclusions 
 

This  study  has  introduced  and  validated  a  plan  verification  system  for  VMAT 

radiotherapy, utilizing a GATE/GEANT4 Monte Carlo model. Through comparison 

to phantom measurements,  it was  found  that  the  incorporation of a  realistic  linac 

motion emulator improves the accuracy of the model compared to the simulation of 

fixed control points. The model has been  integrated  into an automated verification 

system which prepares, schedules and distributes  the calculations on a computing 

cluster.  Work  is  now  being  done  to  determine  acceptable  tolerances  for  the 

calculations, which will allow for more targeted machine verifications and hence a 

reduction in the amount of required linac measurement time. Further development 

of the computing architecture is also underway to meet clinical workload demands.  
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Hypothesis: 

I  hypothesised  that  scatter  corrected  simultaneous  CBCTs  taken  during  VMAT 

delivery  could provide  sufficient  image quality  for  IGRT.  I proposed  the  technique 

whereby a separate set of  ‘scatter’ acquisitions are used  to correct  the simultaneous 

acquisitions.  

 

  Methodology: 

The technique to allow the reconstruction of CBCTs from fluoroscopic kV images was 
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Abstract
Kilovoltage cone-beam CT (kV CBCT) can be acquired during the delivery of
volumetric modulated arc therapy (VMAT), in order to obtain an image of the
patient during treatment. However, the quality of such CBCTs is degraded by
megavoltage (MV) scatter from the treatment beam onto the imaging panel. The
objective of this paper is to introduce a novel MV scatter correction method for
simultaneous CBCT during VMAT, and to investigate its effectiveness when
compared to other techniques. The correction requires the acquisition of a
separate set of images taken during VMAT delivery, while the kV beam is off.
These images—which contain only the MV scatter contribution on the imaging
panel—are then used to correct the corresponding kV/MV projections. To test
this method, CBCTs were taken of an image quality phantom during VMAT
delivery and measurements of contrast to noise ratio were made. Additionally,
the correction was applied to the datasets of three VMAT prostate patients, who
also received simultaneous CBCTs. The clinical image quality was assessed
using a validated scoring system, comparing standard CBCTs to the uncorrected
simultaneous CBCTs and a variety of correction methods. Results show that
the correction is able to recover some of the low and high-contrast signal to
noise ratio lost due to MV scatter. From the patient study, the corrected CBCT
scored significantly higher than the uncorrected images in terms of the ability
to identify the boundary between the prostate and surrounding soft tissue. In
summary, a simple MV scatter correction method has been developed and,
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using both phantom and patient data, is shown to improve the image quality of
simultaneous CBCTs taken during VMAT delivery.

(Some figures may appear in colour only in the online journal)

1. Introduction

Volumetric modulated arc therapy (VMAT) is now established as an effective technique
for delivering intensity modulated dose distributions comparable to fixed-beam IMRT (Yu
and Tang 2011). Crucially, VMAT offers a significant delivery time advantage due to the
simultaneous rotation of the linear accelerator gantry, movement of the multi-leaf collimators
(MLCs) and modulation of the dose rate (Otto 2008, Cao et al 2009, Zhang et al 2010). The
rotational geometry of VMAT delivery has more recently been exploited to acquire kilovoltage
cone-beam computed tomography (kV CBCT) images concurrently during treatment, with the
linac delivering the megavoltage (MV) treatment beam and a kV imaging beam orthogonally
(Nakagawa et al 2009a, 2011).

There are a number of advantages in acquiring kV cone-beam images during treatment
delivery. With the aim of treatment to deliver radiation doses safely but effectively, there is
the increasing use of image-guided radiotherapy (IGRT) to ensure that the therapeutic ratio is
optimized (Verellen et al 2008). Simultaneous cone-beam imaging during VMAT allows IGRT
to be performed with images of patient anatomy in vivo rather than before or after treatment.
Studies investigating intrafractional changes in patient position suggest there is an advantage
to be gained from knowledge of internal anatomy during treatment (Nakagawa et al 2009b).
Such knowledge could influence the choice of treatment margins and/or prescription dose,
particularly for stereotactic patients, for whom accurate positioning is paramount (Sonke et al
2009). Simultaneous cone-beam imaging during VMAT also reduces the amount of in-room
time for the patient, providing an advantage for department throughput.

While simultaneous cone-beam imaging is desirable, its quality is significantly degraded
by MV x-ray scatter from the linac head, patient and support structures onto the kV imager
(Williams et al 2004). The effect of this scatter is to introduce significant noise into the images,
reducing the visibility of low contrast soft tissue boundaries and therefore making it difficult
to perform soft tissue registration. Furthermore, any potential adaptive replanning strategy
using simultaneous CBCTs is likely to be complicated by the difficulty in reliably outlining
the target volume and organs at risk.

A number of solutions have been proposed to recover image quality, either by predicting
the MV scatter contribution from the plan (Hugo et al 2008), through direct measurement
of the scatter concurrently during delivery (van Herk et al 2011), or by avoiding MV scatter
altogether by dividing the treatment arc into interlaced sectors for treatment and imaging (Ling
et al 2011). Each of these methods have potential limitations. Prediction of the scatter using the
treatment plan requires detailed knowledge of the linac motion and assumes that the scatter is
uniform in the plane of the detector. The method proposed by van Herk et al (2011) notes that
measurement of the scatter using alternate kV-on and kV-off frames halves the total number
of projections for reconstruction, which may not cause major problems for slow treatments
(i.e. stereotactic), but will reduce the quality of images taken during shorter delivery times.
Furthermore, periodic interruption of the treatment beam for imaging, as described by Ling et al
(2011), is appropriate only if plan quality is retained and delivery duration is not significantly
increased. A direct measurement of MV scatter, which does not reduce the number of imaging
frames or require the interruption of the treatment arc, is therefore desirable.
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Table 1. Reference cone-beam imaging protocol for prostate patients.

Tube potential 120 kV
Nominal mAs per frame 40 mAs
Collimation Medium field of view (MFOV)
Imaging dose 7.9 mGy
Pulse length 16 ms
Approx. number of frames ∼650

The purpose of this paper is to investigate the effectiveness of a novel MV scatter correction
technique. In contrast to other proposed methods, the correction utilizes a direct measurement
of MV scatter such that it is patient and plan specific. Different variants of this method were first
assessed through quantitative measurements of image quality on a phantom. The correction
was then applied to three sets of simultaneous CBCT images from VMAT prostate treatments.
A comparison of clinical image quality was then made, using an objective, validated scoring
system for prostate CBCT images.

2. Method

2.1. Phantom study

The image quality phantom used was the CATPhan 600 (Phantom Laboratory, Salem, USA),
which was surrounded by additional scatter material to mimic the size and shape of the pelvis
(figure 1(a)). The phantom was set up at the isocentre of an Elekta linear accelerator fitted with
the Synergy CBCT system version 4.2 (Elekta, Crawley, UK). Reference cone-beam images
were taken (without MV delivery), using the standard prostate imaging protocol from this
centre (parameters in table 1).

CBCT acquisitions were then taken concurrently during three different VMAT deliveries.
The deliveries were all previously treated VMAT prostate plans, typical of the current
treatments at this centre, where the prescription is 57 Gy in 19# to the mean of the prostate.
The plans were created using Pinnacle v.9.0 (Philips Medical Systems, Madison, USA) and
consisted of a single 8 MV arc, 4 degree control point spacing and a mean of 488 monitor
units. In order to perform the scatter correction, the individual frames of the acquisition were
retrieved for processing prior to back projection.

2.2. Scatter correction methodology

2.2.1. 2D scatter map from patient during treatment. A direct measurement of the scatter
contribution was made by allowing the kV imager to acquire frames during VMAT treatment,
but without a kV imaging beam. These scatter images are a series of 1024 × 1024 acquisitions
taken at a constant frame rate over the treatment. The signal from these images is due only
to the MV scatter received by panel, and therefore fluctuates over the course of the VMAT
arc. For the CATPhan, the scatter images were taken immediately after the corresponding
simultaneous MV/kV acquisition. As described later, the patient scatter images were acquired
on a non-imaging treatment fraction.

Both the simultaneous CBCT frames, and the scatter images contain interference artefacts
from the pulsing of the treatment beam, in the form of vertical lines. These artefacts were
suppressed by identifying the position of the peaks and smoothing them. The scatter images
also required further processing, such as the application of a ‘bad pixel’ mask and a median
filter to remove excessive high frequency noise.
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(a)

(b)

Figure 1. (a) The CATPhan image quality phantom for kV CBCT, within additional scatter material,
(b) the RANDO anatomical phantom (torso only).

For all projections acquired using the Synergy system, the associated linac gantry angle
is recorded. In order to carry out the scatter correction, software was written which cycled
through the simultaneous CBCT images and found the closest scatter image based on the
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(a)

(b)

(c)

(d)

Figure 2. Schematic showing the correction strategies employed for the phantom imaging study.

gantry angle. A subtraction of the scatter image was then made. Details are given below of the
other variants investigated for this study, and are shown schematically in figure 2.

2.2.2. 1D uniform scatter map. The method described above uses a 2D image of the MV
scatter for correction. However, it is apparent that there is no distinct structure or shape visible
in the scatter images—instead they consist of a coarse ‘glow’ of higher signal intensity in the
centre dropping slowly to the edges of the imager (figure 3). Therefore, the scatter correction
was also tested by subtracting the mean signal of each scatter image from the corresponding
simultaneous image.

2.2.3. 2D scatter map from different scattering material. Methods (a) and (b) both utilize
the MV scatter-only images taken during the CATPhan ‘treatments’. In order to investigate
the sensitivity of the MV scatter to patient size and shape, scatter images were also acquired
using a different phantom. Delivering the same plans to the RANDO phantom (Phantom
Laboratory, Salem, USA), pictured in figure 1(b), the scatter images were acquired again and
scatter correction was applied as described in (a) on the simultaneous CATPhan projections.

2.2.4. Analytical correction. Hugo et al (2008) suggests that the MV scatter at a given
gantry angle can be estimated with the product of the dose rate and the field size at that point.
In order to compare this analytical model to direct measurement of scatter, each treatment
plan was run through a VMAT delivery emulator (Boylan et al 2011) to predict the dose rate
over the arc. The exposed field area was also calculated for each gantry angle. An estimate
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Figure 3. One of the MV scatter-only frames taken during VMAT delivery. Scatter correction
method (a) utilizes the full 2D data from these frames, whereas method (b) takes the mean signal.

of MV scatter was made by multiplying these values and applying a single empirical scaling
factor based on experiment. For each simultaneous MV/kV projection, the estimated scatter
was then subtracted prior to reconstruction.

For methods (a)–(d), the corrected projections were reconstructed using the same
algorithm as the standard prostate kV-only CBCTs. Using the CTP404 test module within
the CATPhan, low and high-contrast signal to noise ratios (SNR) were measured for the
standard CBCTs, the uncorrected simultaneous CBCTs, and the four scatter corrected CBCTs
(a)–(d). The low-contrast SNR was calculated as

SNRlow = x̄LDPE − x̄PMP

σcentre
,

where x̄LDPE is the mean signal in the LDPE (low-density polyethylene) insert, x̄PMP is the
mean signal in the PMP (polymethylpentene) insert, and σcentre is the standard deviation of
the signal in the centre of the CATPhan. The high-contrast SNR was calculated similarly but
using the signals from the Delrin R© insert (which has a similar density to cortical bone) and
PMP.

2.3. Patient study

A study is ongoing in this centre investigating the clinical value of CBCT images acquired
simultaneously with VMAT delivery. The Simultaneous Cone-beam during Arc Therapy
(SCART) study is a non-randomized phase 1 trial in which standard VMAT prostate patients
(57 Gy in 19) receive four simultaneous CBCTs over the course of their treatment. The usual
imaging protocol at this centre is to take a minimum of 6 CBCT during treatment, on fractions
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Table 2. Prostate CBCT image quality scoring scale.

Score Description

1 Able to define all interfaces between the prostate and peri-prostatic tissues.
Appropriate for clinical decision making.

2 Able to identify the soft tissue interface between the prostate and the
anterior rectum, and the prostate and the posterior-superior bladder.
Appropriate for clinical decision making.

3 Able to identify the soft tissue interface between the prostate
and the anterior rectum only. Appropriate for clinical
decision making.

4 Difficult to define the interface between the prostate and the
rectum/bladder, however, able to identify anterior rectal wall
and thus infer the position of the posterior prostate border.
Appropriate for clinical decision making.

5 Low quality image. Prostate, rectum and bladder appear as
a homogenous mass with soft tissue delineation planes difficult
to visualise, or too many artefacts to be able to infer the position of the
prostate. Inappropriate for clinical decision making.

1, 2, 3, 6, 11 and 16. In addition to this, the SCART patients receive simultaneous CBCTs on
fractions 2, 6, 11 and 16. By comparing the simultaneous CBCTs to the standard CBCTs taken
on the same fraction, the ultimate aim of the SCART study is to assess whether these images
are appropriate for clinical decision-making—i.e. the ability to perform soft tissue registration
to reliably assess the coverage of the target volume and avoidance of organs at risk.

For the present study, the sixth fraction images from the first three SCART patients were
retrieved. For each patient, a standard CBCT (parameters as in table 1) and a simultaneous
CBCT were acquired on this fraction. The MV scatter images, required for correction, were
acquired as described in section 2.2 during a non-imaging fraction of the patient’s treatment.
For example, the scatter images for patient 1 were taken during fraction 10 of 19.

Clinical image quality was assessed using a validated scoring system developed for the
SCART trial, which is specific to prostate cone-beam imaging. The scoring system (shown in
table 2), consists of a five tiered scale where 1 is a high quality image in which the soft tissue
boundary of the prostate is clearly visible, and 5 is a clinically inadequate CBCT with which
IGRT cannot be reliably carried out.

For the three patients, the clinical image quality scores were compared between the
standard CBCT, the uncorrected simultaneous CBCT, and the 2D scatter corrected images as
described in (a). In addition, to determine the effectiveness of simplified scatter models, the
uniform scatter corrected images (b) and the analytical (predicted) scatter corrected images
(d) were also included. Therefore, 15 separate CBCTs were scored. Four observers (two
clinicians and two treatment radiographers) assessed the anonymized CBCTs independently.
The order of the CBCTs was randomized for each observer and six repeat images were inserted
in order to monitor intra-observer consistency. The average score for each CBCT was then
calculated and compared.

3. Results

3.1. Phantom study

Figure 4(a) shows how the mean signal from each projection varies over the arc. In comparison
to a standard CBCT, the simultaneous projections consist of large peaks corresponding to
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(a)

(b)

Figure 4. (a) Mean image signal over a treatment arc for the CATPhan, (b) comparison of the
scatter signals over the treatment arc for each correction method.

sectors of the arc in which MV scatter is the highest. The effect of the correction is to reduce
the excess scatter signal from these frames. The spikes in the corrected projections are due to
small angular mismatches between the scatter images and the simultaneous projections. The
effect of these spikes was mitigated through the application of a median filter prior to CBCT
reconstruction.
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Figure 5. Comparison of low- and high-contrast SNR utilizing the different scatter correction
techniques (a)–(d).

Figure 4(b) shows the mean MV scatter signal from each of the correction methods over
a delivery arc. The ‘true’ scatter signal (solid line) was determined by subtracting the standard
(kV-only) projections from the simultaneous (kV/MV) projections. The signal from methods
(a) and (b) is due only to the MV scatter contribution with the CATPhan on the treatment couch
and has a correlation coefficient of 0.91 when compared to the ‘true’ scatter signal. The signal
from method (c), which has the RANDO phantom on the couch, offers an approximation of
the CATPhan scatter, and a correlation coefficient of 0.89. Method (d), which only uses the
plan data, differs in magnitude from the other measurements, and has a correlation coefficient
of 0.78.

The effect of the MV scatter reduces the low-contrast SNR from 3.2 (standard CBCT)
to 2.0 (simultaneous CBCT) and the high-contrast SNR from 11.3 to 3.0. The four different
scatter correction methods (a)–(d) improve the SNRs by different amounts, as shown in figure 5.
Method (a), employing the full 2D scatter images, shows the largest recovery of SNR. The
analytical correction (d) showed the smallest increase in SNR compared to the uncorrected
images.

3.2. Patient study

The inter-observer variation for the scoring was low, with 19/21 CBCTs graded within 1
point of each other. Each of the four observers also viewed six repeated CBCTs to monitor
consistency. One of these repeat observations differed (by 1 point) from the observer’s original
scoring, which was considered an acceptable level of intra-observer variation. The average
scores are shown in table 3, and an example of the reconstructed CBCTs are shown in figure 6.

The score for the uncorrected CBCTs was significantly worse than for the kV-only
CBCTs—an average increase of 1.4 points on the scoring scale (p = 0.01). In all patients



3736 C J Boylan et al

(a) (b) (c)

(d) (e)

Figure 6. Single CBCT slice from patient 1. (a) Standard CBCT taken prior to treatment,
(b) uncorrected CBCT taken during VMAT delivery, (c) 2D correction (method (a)), (d) uniform
correction (method (b)), (e) analytical correction (method (d)).

Table 3. Averaged quality scores for the three sets of patient images.

Patient 1 Patient 2 Patient 3

Standard CBCT 1.7 1.7 2.0
Uncorrected simultaneous CBCT 3.0 2.3 4.3
Method (a) corrected 2.3 2.3 3.3
Method (b) corrected 2.0 2.0 3.7
Method (d) corrected 2.5 2.0 3.7

the corrected images (using methods (a), (b) and (d)) scored better than the uncorrected
images. Comparing the effectiveness of each method, the 2D scatter correction (a) resulted
in the largest improvement, improving the quality score on average by 0.67 compared to the
uncorrected CBCT (p = 0.04). The 1D (uniform) correction, on average, improved the score by
0.54 points, but without significance over three patients (p = 0.1), and the analytical correction
improved the average score by 0.5 points (p = 0.03).

4. Discussion

Simultaneous cone-beam imaging during VMAT is a potentially useful technique which could
influence the quality and efficiency of IGRT. It is anticipated that the ongoing SCART study
will answer questions about the clinical value of such images, allowing for a safe change in
imaging protocol in the future. Initial experiences of the acquisition and reconstruction of
simultaneous images has been broadly positive at this centre, although the MV scatter remains
a problem.
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The effect of MV scatter is clear from both the phantom and patient studies. Low-contrast
SNR was significantly decreased for the uncorrected images, which is an important parameter
when attempting to discriminate between soft tissue interfaces. These results were supported
by the patient images—the average image quality score was reduced by 1.4 for the uncorrected
CBCTs. The observers noted that some of these images were inappropriate for IGRT, due to
problems identifying any soft tissue boundary in the prostate region.

Four correction techniques were compared for the phantom study. Methods (a)–(c) utilized
scatter images acquired during a VMAT delivery, while (d) used an analytical model derived
from the treatment plan. The 2D correction (a) outperforms the uniform correction method
(b), implying that the shape of the MV scatter image (figure 3) is important for correction.
Furthermore, comparing methods (a) and (c), which used a different phantom, it is apparent
that the MV scatter contribution is somewhat dependent on the patient geometry (this is
discussed further below). The clinical image scoring results support the phantom results, with
the full 2D correction outperforming the uniform correction and the analytical method.

Of the options assessed in this study, a full 2D correction using scatter images acquired
from the patient provides the biggest increase in image quality. However, the practicality of
when to acquire these projections may be problematic. For the patients considered in this
study, undergoing a standard offline imaging protocol, a pre-treatment CBCT to verify set-up
will still be required on the first fraction. In this case, the scatter projections could be taken
on fraction 1, and then used to correct simultaneous CBCTs from fractions 2, 3, 6, 11 and
16. However, for other fractionation schemes (such as stereotactic treatments), some alternate
method of acquiring the scatter images will be needed.

It was observed that method (c), utilizing a different scattering phantom, was able to
recover some of the low and high-contrast SNR for the CATPhan images—although not as
much as method (a), which used the CATPhan itself as the scattering volume. Potentially,
scatter images from a phantom could be taken prior to a patient’s first fraction on the treatment
machine, and then used to correct the subsequent patient CBCTs. Work is underway to establish
whether delivery to a pre-treatment dosimetric verification phantom can provide viable scatter
images. It should be noted that the results presented here do not show a strong dependency
on patient geometry, which may be due to the fact that the CATPhan and RANDO phantoms
are not significantly different in terms of size and shape. Further work will be required to
determine whether method (c) is still effective if there is a large disparity between the patient
and the phantom shape.

The scatter correction method described here differs from previously reported methods.
The technique proposed by van Herk et al (2011) interlaces kV imaging frames with MV
scatter acquisitions, such that the correction can —in principle—be performed ‘on the fly’.
This method has clear benefits in that it does not require the acquisition of a separate scatter
acquisition. However, due to the halving of the number of kV projections, the authors note
that soft tissue contrast may be compromised for fast VMAT treatments. As there is a trend
towards shorter VMAT treatment durations for standard fractionation regimes, the reduction in
the number of frames becomes less desirable (although, reconstruction algorithms have been
proposed for sparse projections (Choi et al 2010)). Conversely, for stereotactic radiotherapy
treatments, the method proposed by van Herk et al (2011) becomes more useful, as the number
of frames is large enough to produce clinically acceptable reconstructions.

The technique proposed by Ling et al (2011) effectively removes the problem of MV
scatter by dividing the VMAT arc into sectors for imaging and treatment. Signal to noise ratio
is retained, as only the scatter-free projections are selected for reconstruction. The authors
anticipate that further engineering efforts are required to co-ordinate the switching between
MV and kV delivery before it can be implemented widely. However, the periodic interruption
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of the treatment beam leads to an increase in treatment time, which may be at odds with the
trend towards shorter VMAT deliveries. It is also not clear what effect the interruption has on
the plan or dosimetric quality. In comparison, the scatter correction presented in this study has
no impact on the treatment duration, and allows the imager to acquire the standard number of
projections for an acceptable CBCT.

The use of the analytical model—method (d)—did not perform as well as the direct
measurements of MV scatter, but figure 5 and table 3 indicate that this technique did recover
some image quality. Such a model would be beneficial as there would be no requirement for
measurements on the linac prior to patient treatment. However, figure 4(b) indicates that the
model may require some refinement to more accurately approximate the scatter signal. In
particular, it will be of interest to determine whether geometric characteristics of the patient
(e.g. effective thickness at each gantry angle) could be included to improve the analytical
model.

This study has shown that the application of a novel scatter correction method leads to
an improved low and high-contrast SNR on phantom CBCTs. Through the scoring of patient
CBCTs, the corrected images were also observed to be of higher clinical quality. The results
also suggest that a patient-specific direct measurement of scatter, rather than an analytical
model-based approach, is required to best recover image quality.
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3. DISCUSSION AND FURTHER WORK 

 

The aim of this thesis was to investigate whether VMAT offers any advantages over 

fixed‐field  IMRT  for  the  delivery  of  radical  radiotherapy.  IMRT  has  been  shown 

previously  to  represent  a  ʹgold  standardʹ  treatment  technique,  in  which  the 

therapeutic ratio can be optimised by allowing  for  in‐plane modulation of radiation 

fluence. Various  studies  have  demonstrated  the  ability  of  IMRT  to  reduce  normal 

tissue toxicity while maintaining an adequate level of tumour control. For this reason, 

national and  international guidance have  recommended  increasing  the provision of 

IMRT in the clinic. The delivery of IMRT using arcs, potentially improving treatment 

workflow,  is presently of  interest  to achieve  this  increase  in provision. However,  in 

order  to be considered a viable alternative  to  IMRT, VMAT must demonstrate high 

plan quality, stable and efficient delivery, along with a positive impact on workflow.  

 

In  this  thesis, projects were undertaken  in  the areas of  treatment planning, delivery 

and imaging to fully characterise VMAT as a technique. In this section the outcomes 

of  each  of  the  publications  are  discussed  in  the  context  of  the  above  aims  and 

motivation. The impact of each project is also considered, along with suggestions for 

further work in these areas. 

 

3.1. VMAT plan creation from static IMRT segments 

 

Publication  1 detailed  the development  of  a novel  treatment planning  solution  for 

VMAT.  By  expanding  on  the  principle  that  dynamic  VMAT  delivery  can  be 

approximated by a series of static control points [56], it was demonstrated that plans 

could be  created using  a  commercial  IMRT direct‐aperture  optimisation  technique. 

Comparing  this  technique  to 5‐field  IMRT  for prostate patients  indicated  that dose 

distributions  were  similar,  but  treatment  time  was  significantly  shorter  (from  an 

average  6 minutes  to  2.5 minutes with VMAT).  It was  also  found  that  the VMAT 

deliveries were robust in terms of their repeatability and resilience to communication 



errors. The efficient delivery  is attributable to the  intelligent sequencing of the MLC 

control points, such that smooth transitions between different shapes are achieved. 

 

The development of this planning technique shows that, in practice, VMAT does not 

require any simultaneous optimisation of all MLC positions around  the arc. Only a 

coarse representation of static control points (15 equi‐spaced beams) was required for 

re‐sequencing  into  an  arc,  producing  the  desired  dose  distribution.  Crucially, 

Publication 1 uses DAO to produce control points which are a priori deliverable. This 

represents an alternative to the two‐ or three‐step planning techniques demonstrated 

previously for VMAT (described in section 1.4.1).  

 

Prior  to  the release of a commercial planning solution for  the Elekta VMAT system, 

this  in‐house method was  implemented  clinically  at The Christie hospital, with  10 

prostate  patients  treated  in  2009.  This  represented  the  first  clinical  use  of  Elekta 

VMAT  to  treat multiple dose‐level prostate patients. The  following  iteration of  the 

Pinnacle  software  (v.9.0)  introduced  the  SmartArc  algorithm  for  VMAT  planning. 

SmartArc [104] uses a similar principle, beginning with DAO‐IMRT optimisation, and 

then  intelligently  sequencing  the  control  points  based  on  knowledge  of  the  linac 

characteristics.  Most  treatment  planning  systems  now  utilise  direct  aperture 

optimisation  for  the production of VMAT plans,  acknowledging  the  importance of 

including dynamic linac capabilities within the planning process.  

 

3.2. Automated plan comparison study 

 

Using  the  SmartArc  planning  system,  Publication  2  performed  an  automated  plan 

comparison  study  between  IMRT  and  VMAT  for  nasopharynx  patients.  This 

publication demonstrated  that  it  is possible  to use a planner‐free  technique  for  the 

production of inverse‐optimised radiotherapy plans. The advantage of this is that the 

user dependence on plan quality can be reduced, so as to allow a fairer comparison 

between  treatment  techniques. For  the planning  strategies  investigated, VMAT and 

IMRT gave similar results for routine plan creation and dose escalation. However, an 
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advantage was observed with VMAT  for  the parotid  sparing  strategy,  leading  to a 

reduction in mean parotid dose of 2.5 Gy compared to IMRT. Publication 2 therefore 

shows that ‐ if the delivery efficiency of VMAT is neglected ‐ then there is a potential 

plan quality  improvement compared  to  IMRT. To  the authorsʹ best knowledge,  this 

project represents the first use of a planner‐free technique to objectively compare two 

radiotherapy delivery methods.  

 

The automated technique described in Publication 2 has since been developed further 

for other projects. Stanford et al [105] have shown that the system can be configured 

to produce  clinically‐acceptable prostate  IMRT plans unsupervised by any planner. 

This  could potentially  allow  for more  routine  clinical application of  the automated 

technique. Hamlett et al have also used this system to find the maximum achievable 

prescription dose for isotoxic lung treatments [106]. Using a set of strict normal tissue 

tolerances  (for  example, maximum  volume  of  lung  receiving  20  Gy  or more)  the 

automated system was configured to produce IMRT plans with increasing target dose 

prescriptions until the tolerances are met.  

 

In the future, the automated technique could be further optimised to allow for more 

routine use –  in particular,  it will be of  interest  to determine whether providing  the 

system with an initial ‘rough’ class solution can help to generate clinically acceptable 

plans  in a  faster  time. A  three‐way  study  could  then be performed,  comparing  the 

clinical quality of a) manually produced plans, b) standard class solution only, and c) 

class  solution  plus  the  automated  planning  technique.  Combined  with  recent 

advances  in  automated  segmentation  of  regions  of  interest  [107],  such  a  technique 

could provide a useful  ‘first‐pass’ production of  IMRT or VMAT plans, potentially 

allowing workflow to be optimised. 

 

One  of  the  observations  from  Publication  2 was  that  neither  IMRT  or VMAT was 

superior for the escalation of dose to the main PTV. Within the text it was suggested 

that one reason  for  this could be  that  the differences  in  individual patient geometry 

(and the geometry of the target volumes) may be larger than the difference between 
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IMRT and VMAT as a delivery  technique. This may warrant  further  investigation  ‐ 

particularly in light of the trend towards more individualised cancer treatments [108]. 

As there now exist a number of different radiotherapy treatment options (e.g. IMRT, 

VMAT,  and  protons),  it  may  be  possible  to  predict  which  technique  would  be 

beneficial  for  an  individual  patient  based  on  knowledge  of  patient  geometry  (e.g. 

target  shape,  and  proximity  to  nearby  OARs).  Such  ʹexpert  systemsʹ  have  been 

demonstrated previously  in oncology  [109, 110]. The automated planning  technique 

could be integrated into such an expert system to aid the individualisation of patient 

treatment strategies. 

 

3.3. VMAT delivery emulator 

 

Through the use of a software emulator, Publication 3 assessed the impact of various 

dynamic linac components on the efficiency of VMAT plan delivery. One of the main 

conclusions  from  this  publication  was  that  MLC  speed  represents  a  significant 

limiting factor for treatment efficiency. Even a modest  increase  in the allowable  leaf 

speed  to 3.0  cm/s  improved  the average dose  rate and  treatment  time  significantly 

(+19%  and  ‐22%,  respectively,  when  compared  to  2.0  cm/s).  Furthermore, 

reformulating  the emulator  to determine  the  ideal  linac parameters  required  for an 

efficient delivery within 60 s, it was found that the leaf speed must be at least 2.8cm/s 

with a maximum continuously variable dose rate of 1400 MU/min. 

 

This emulator study demonstrates the importance of the linac delivery characteristics 

for arc therapy, and shows how the quality and complexity of a VMAT treatment is 

ultimately limited by the achievable leaf speed and dose rate. This trade‐off between 

complexity and treatment efficiency has been previously seen as the limiting factor of 

the VMAT  technique  [55].  In Publication 3, however,  it  is shown  that  three changes 

are  required  to  achieve  both  high modulation  and  high  efficiency:  increased  leaf 

speed, continuously variable dose rate, and a maximum dose rate >1000 MU/min. 
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Subsequent  to  this  publication,  Elekta  introduced  the  Integrity  delivery  upgrade, 

allowing  for CVDR‐VMAT. More  recently,  a  new MLC design  (ʹAgilityʹ)  has  been 

commercially  released,  which  allows  for  leaf  speeds  of  up  to  6.5  cm/s  [111]. 

Investigations have also been made into the delivery of VMAT plans using flattening 

filter‐free  linacs  [112],  approaching  the  >  1000 MU/min  proposed  by  the  emulator 

study,  resulting  in  a  highly‐efficient  delivery  system.  As  such,  the  complexity‐

efficiency  trade  off may  not  present  such  a  limiting  factor  in  the  context  of more 

modern linear accelerator design. 

 

3.4. Investigation into CVDR delivery 

 

Following the commercial availability of Elekta Integrity, it was of interest to perform 

a  comparison  between  the  previous  binned‐dose  rate  system  and  CVDR  delivery 

(Publication  4).  The main  conclusions  from  this  study were  that  a)  both  BDR  and 

CVDR VMAT provide adequate dosimetric agreement for a range of plans, b) MLC 

positioning  accuracy  was  poorer  with  the  faster  CVDR  deliveries,  and  c)  beam 

flatness  and  stability was  improved with CVDR. The  results  from  this publication 

agree with the emulator results, in that the measured delivery times with CVDR were 

very  similar  to  those predicted. Furthermore,  this  study  confirms  for  the  first  time 

that the higher average dose rate achieved with CVDR has a benefit in terms of beam 

stability over the arc.  

 

Publication 4 demonstrates practically  that VMAT can be a stable,  fast and efficient 

method  for  the delivery of complex radiotherapy. Conclusions about  the dosimetric 

quality  of  CVDR  delivery  have  been  reported  previously  [84],  but  by  taking 

additional MLC  tracking  and  beam  stability measurements  during  treatment,  this 

study  further  characterises  the  technique.  It will  be  of  future  interest  to determine 

whether CVDR is extendable to high maximum dose rates, such as those achieved by 

flattening  filter‐free delivery.  It was shown  in  the emulator study  that  the 255 dose 

rate bins available with Integrity does not approximate well to a continuous variable 

when  the maximum dose rate  is ~1400 MU/min.  Instead,  it was proposed  that 1023 
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dose rate bins would be required to achieve constant maximum gantry speed for an 

idealised VMAT delivery. With the recent availability of commercial flattening‐filter‐

free systems, this will require further investigation. 

 

It is of interest to note that MLC positioning accuracy was slightly poorer with CVDR 

compared to BDR. A similar result was obtained previously by Pasler et al [113], albeit 

only comparing ʹfastʹ and ʹslowʹ gantry speed BDR VMAT deliveries. Pasler suggests 

that  a  faster  gantry  rotation  results  in  more  MLCs  not  reaching  their  intended 

position  at  the  end of  each  control point,  and  this may  also be  the  case  for CVDR 

delivery. Wijesooriya et al  [114] reported a similar effect  for RapidArc deliveries.  In 

Appendix  1  (page  75),  further work  has  been  undertaken  to  develop  a  ‘rotational 

synchronicity’  test  for VMAT. Using  a  standard dosimetry phantom  (the Delta4),  a 

test was designed which  compared  the dose distribution  from  a  rotating but  fixed 

MLC  field with  that  delivered  by  rotating  and moving  field. Using  different  dose 

prescriptions it was possible to force the linac into selecting different combinations of 

dose  rate  and  gantry  speed. As  shown  in Appendix  1,  the deliveries with  a  faster 

gantry  speed  (requiring  a  faster MLC  speed)  resulted  in  lower  gamma  pass  rates 

when  compared  to  the  static  field. This  further  supports  the  tracking  results  from 

Publication  4,  which  found  that  CVDR  deliveries  increased  the  mean  MLC 

positioning errors. With the availability of modern MLC designs, it will be of interest 

to investigate whether this effect remains observable for faster leaf speeds. 

 

3.5. Monte Carlo VMAT verification system 

 

Publication 5, which detailed  the development of a Monte Carlo model  for VMAT, 

showed  that  machine  measurements  may  not  be  necessarily  required  for  pre‐

treatment plan QC. Instead, this publication presented a software solution which can 

automatically  set  up  and  perform  independent  dose  calculations,  allowing  a 

comparison  to  the  treatment planning  system dose. An  important  conclusion  from 

this work was  that knowledge of dynamic  linac motion was  required  for  the most 

accurate dosimetry. 
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The  ability  to  perform measurement‐free  plan QA  is  of  particular  use  for VMAT. 

Whereas  fixed‐field  IMRT  tends  to  be  well‐characterised  within  the  treatment 

planning system (i.e. static beam angles, constant dose rate, fixed aperture shapes for 

step‐and‐shoot  delivery),  VMAT  is  a  more  complex  technique  requiring  the 

simultaneous modulation of gantry  speed, dose  rate and MLC motion. As a  result, 

the  clinical  implementation  of  VMAT  has  been  accompanied  by  a  programme  of 

routine  pre‐treatment  verification, which may  counteract  the workflow  benefit  of 

VMAT as originally desired. Publication 5 demonstrates  that an accurate  software‐

based verification is achievable, through the use of a Monte Carlo model alongside a 

realistic delivery emulator. As  such,  this  system  could allow a  reduced verification 

regime  similar  to  those  used  for  IMRT, whereby  pre‐treatment measurements  are 

more  targeted, and  routine comprehensive QC  tests are  relied upon  to monitor  the 

delivery system. 

 

The  issue of what additional QC  is  required  for VMAT  remains a  source of debate 

within  the  literature, although  it  is commonly recognised  that some attempt should 

be made to check the interdependency and synchronisation of the MLC positioning, 

gantry speed and modulation of dose rate. As a simple, routine method for checking 

the VMAT system, a rotational synchronicity test such as that proposed in Appendix 

1 could prove  to be useful. However,  further work would be required  to determine 

the sensitivity of this type of test to realistic errors.  

 

As  the  VMAT  beam model  in  Publication  5  allows  for  approximately  continuous 

calculation of dose around the arc, future work will consider the effects of rotational 

delivery  on  patient  dosimetry.  Figure  13  shows  the  same  VMAT  plan,  calculated 

using  the Monte Carlo model, using a) 90  static  control points and b)  ‘continuous’ 

delivery.  The  absolute  dose  difference  between  the  two  is  also  shown,  where 

differences of up to +3.1 Gy were observed on this transverse slice, albeit in areas far 

from  the  target  volume.  Gamma  analysis  between  the  two  dose  distributions 

indicates  that, while  there  is strong agreement between  the distributions within  the 
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high  dose  areas  (>  99%  pixels  passing  3%/3mm within  the  20%  isodose  line),  the 

gamma pass  rate drops  to 95.9% when  the whole body  is  included  in  the analysis. 

This  is a result of the under‐sampling phenomenon described  in section 1.4.1  ‐ dose 

calculations close to the rotational axis of the arc are accurate from fixed fluences, but 

at large distances they poorly approximate the continuous delivery of VMAT.  

 

 
 
Figure 13. Monte Carlo simulation of a prostate VMAT plan using a) 90  fixed control points 

and b) continuous delivery. The absolute dose difference (b) – (a) is shown in c). 

 

It  is difficult  to assess  the clinical  significance of  the  increased volume of  low dose 

due to rotational delivery. In the above prostate patient, the effect is relatively small, 

and detailed analysis is limited in part due to the large number of particles that need 

to be  simulated with Monte Carlo  to  achieve  reasonable uncertainties  in  these  low 

dose areas. Following the move from conformal therapy to IMRT, there was concern 

expressed  about  the  potential  for  induced  secondary  malignancies  due  to  the 

increased  leakage and scatter, which  led to a higher volume of the patient receiving 

low doses  [74,  75,  115‐117]. When moving  to  the  continuous  rotational delivery  of 

VMAT,  this  low dose volume may be greater  than  from  IMRT  [73], and within  this 

thesis, it was observed that VMAT prostate patients (in Publication 1) receive a higher 

volume  of  low dose  than  the  IMRT  technique.  It will be  of  future  interest  to  fully 

characterise the  low dose effects of VMAT, and to potentially develop a method for 

quantifying  the  risk  of VMAT  as  opposed  to  IMRT  in  respect  to  secondary  cancer 

induction. The Monte Carlo model presented here could be a useful  tool  for such a 
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study, potentially combined with software models of standard humans  (such as  the 

ICRP phantoms). 

 

3.6. Investigation into simultaneous cone beam imaging during VMAT 

 

Publication 6 showed  that  it  is possible  to reconstruct cone beam CT scans  from kV 

projections taken during VMAT delivery. As these  images are adversely affected by 

MV scatter onto the imaging panel, techniques for scatter correction were compared. 

All of  the  correction  techniques  recovered  image quality, with  the  largest  recovery 

achieved when using the acquisition of a separate MV‐only scatter map. This scatter 

correction  technique  differs  from  those  proposed  previously  [100,  101],  in  that  it 

utilises the entire set of acquisitions over a continuously‐delivered treatment beam. 

 

The outcome of this study indicates that VMAT may offer a benefit over IMRT, in that 

it  is  possible  to  perform  image‐guided  radiotherapy  using  on‐treatment  patient 

imaging. Such CBCTs may provide an advantage, as they provide information about 

patient  position  during  the  treatment  delivery,  rather  than  before  or  after. 

Simultaneous VMAT‐CBCTs also allow the in‐room time for the patient to be further 

reduced, requiring only one rotation of the linac gantry for treatment and imaging. 

 

This project was performed as the precursor to a local clinical study to investigate the 

value of CBCTs acquired during VMAT delivery. The aim of the Simultaneous Cone‐

beam during Arc Radiation Therapy (SCART) study was to determine whether these 

images provide  sufficient  information  to perform  routine  IGRT, when  compared  to 

standard CBCTs. 50 prostate VMAT patients were  recruited  into  the SCART  study 

during 2012, with  the  final patient  finishing  treatment  in early 2013. The study was 

designed such that each patient received four simultaneous CBCTs over their course 

of  treatment  ‐  these were  taken  on  days when  the  patient  also  received  standard 

CBCT imaging. The simultaneous CBCTs were corrected using the method described 

in Publication 6, which has  since been modified  to allow  for batch corrections, and 

runs alongside the Elekta XVI database. The scoring system for the CBCTs has been 
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further developed [118], aiming to provide an objective, clinically‐relevant method of 

determining the image quality (Table 1). At the time of submission this clinical image 

scoring study is still underway. 

 

The SCART  images are also being used  for  further work.  In particular Mayes  [119] 

has  investigated  the differences between  the prostate, rectum and bladder positions 

before treatment (using the standard CBCTs) and during treatment (using the scatter 

corrected simultaneous CBCTs). A preliminary study, using 5 SCART patients, found 

mean  centroid  shifts of 0.53  cm, 0.52  cm and 0.59  cm  for  the bladder, prostate and 

rectum respectively. As this was a small data set, it is anticipated that this work will 

continue on the remaining SCART CBCTs, in order to characterise any differences in 

off‐line and on‐line imaging for a population of prostate patients. In the future it may 

also  be  of  interest  to  investigate  the  use  the  simultaneous  CBCTs  for  adaptive 

replanning, which will require assessing the accuracy of CT numbers, allowing for a 

comparison of dose delivered to the on‐treatment geometry compared to the planned 

distribution.  There  remains  no  routine  clinical  implementation  of  simultaneous 

CBCT,  but  a  forthcoming  commercial  release  (of  the  Elekta  XVI  software)  does 

include some provision  for  this  technique. Results of  the SCART study will  further 

confirm whether it will be an effective method for IGRT. 

 

Score  Definition  Description 

1 
The prostate cannot be distinguished from 

surrounding structures. 

The position of prostate cannot be 

identified with confidence and the 

scan could not be used to make a 

clinical decision.   

2 

Loss of image quality means that soft 

tissue boundaries are not clearly defined. 

Despite this, the borders of the prostate 

can still be identified, or inferred from the 

position of surrounding structures such as 

the anterior rectal wall. 

The position of prostate can be 

identified with sufficient confidence 

that the scan could be used for 

clinical decision making. 

3 

The boundaries between the prostate and 

peri‐prostatic tissues can be clearly 

defined on most slices. The position of the 

seminal vesicles can be identified. 

The position of prostate and seminal 

vesicles can be identified with 

confidence and the scan could be 

used for clinical decision making. 

 

Table 1. The revised SCART image quality scoring system. From Dickinson [118]. 
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4. CONCLUSION 

 

Taken  together,  these  projects  indicate  that  the  delivery  of  intensity  modulated 

radiotherapy  using  arcs  rather  than  static  beams  offers  a  number  of  advantages 

without a reduction  in treatment effectiveness. Foremost among these advantages is 

the much‐reduced treatment time, although a potentially  improved plan quality has 

also  been  demonstrated.  Furthermore,  the  use  of  on‐treatment  imaging  offers 

positional verification which  is of  increased clinical  relevance, and may also offer a 

further improvement in treatment workflow. 

 

A  previous  concern  about  VMAT  has  been  the  perceived  trade‐off  between  the 

amount of modulation required for an effective treatment, and the ability of the linac 

to deliver  the plan  efficiently and accurately. This  is both a planning  issue  (in  that 

knowledge  of  the  dynamic  machine  limitations  need  to  be  integral  to  the  plan 

creation)  and  a  delivery  issue.  The  simultaneous  motion  of  the  linac  gantry, 

modulation of dose rate, and movement of leaves is still a relatively novel method for 

the delivery of radiotherapy. While the retrospective installation of VMAT on existing 

linear accelerator technology has been demonstrated as robust, the results presented 

here  suggest  that more modern  linac  components  are  essential  to  gain  the most 

effective use of arc  therapy.  In particular, advances  in MLC speed along with high, 

continuously variable dose  rates have allowed  for much greater delivery efficiency, 

particularly for plans requiring a large degree of modulation.  

 

If the provision of  intensity modulated treatments  is to be  increased, allowing more 

patients  access  to  a  technique which  can  offer  an  increase  in  the  therapeutic  ratio 

between tumour control and normal tissue sparing, then the work undertaken as part 

of  this  thesis  indicates  that VMAT would be  an  effective  candidate  to  achieve  this 

aim.  
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APPENDIX 1 

 

A routine rotational synchronicity test for VMAT: feasibility study 

 

CJ Boylan 

W Beasley 

 

Contributions: 

I  developed  the  hypothesis  and  the  experimental  strategy.  WB  and  I  took  the 

measurements and performed the data analysis.  

 

Introduction 

Quality control regimes for fixed‐field IMRT are well‐established [1], and there have 

been  a number  of published guidelines  for  the  types  of  tests  to perform  and  their 

frequency  [2,  3].  More  recently,  the  question  of  what  additional  routine  quality 

control measures are required for VMAT have been discussed by a number of authors 

[4‐6].  

 

Generally, these studies suggest that three specific aspects of VMAT delivery need to 

be  routinely  checked:  the  dynamic MLC motion  accuracy,  gantry  positioning,  and 

dose rate modulation. While each of these can be analysed independently, in order to 

test  the  complete VMAT  system  it  is  important  to  verify  the  inter‐dependency  of 

these dynamic components. For example, Ling et al propose the delivery of a series of 

fields  onto  film  with  different  combinations  of  dose  rate  and  gantry  speed.  The 

uniformity  between  these  fields  can  then  be  assessed  to  determine  the  effects  of 

different dynamic parameters  [4]. Furthermore, Bedford  and Warrington  suggest  a 

test whereby  an MLC‐defined  sweeping  field  is  delivered  to  film  placed  inside  a 

cylindrical phantom [5]. The phantom is offset laterally on the couch such that, when 

the gantry rotates, the swept field remains centred on the same part of the film. The 

intention of this test is to check the synchronisation of the MLC and gantry motion. A 

similar test was also proposed by Bhagwat et al [6]. 
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The  proposed QC  regimes  above  involve  a  number  of  separate  tests  designed  to 

confirm the accuracy of VMAT delivery. Many of the tests are also resource intensive 

– for example, with the use of dosimetry film, requiring subsequent development and 

scanning  prior  to  analysis.  It  is  desirable,  therefore,  to  develop  a  routine  quality 

control  test  for VMAT, which  can  check  the  interdependency  of  various  dynamic 

delivery components, shows sensitivity to realistic errors and is quick to perform and 

analyse.  

 

Methods 

 

Measurements were taken at 6MV on an Elekta Synergy linac, which utilised the RTD 

version 6.0 control software. As such, the  ʹbinned dose rateʹ VMAT delivery method 

was used. All dosimetric measurements were taken using the Delta4 phantom (Figure 

1), which is a verification device for VMAT and IMRT plans, consisting of two diode 

arrays in a cylindrical PMMA phantom (Scandidos, Uppsala, Sweden).  

 

 

Figure 1. The Delta4 dosimetric phantom positioned on a linac couchtop 

 

The proposed QC  test  is adapted  from  the rotational  test described by Bedford and 

Warrington, and is shown schematically in Figure 2. First, a plan consisting of a static 

MLC‐defined  field of 2 cm x 20 cm was delivered  in an arc around  the Delta4. The 

delivered dose distribution  (nominally a cylindrical distribution of dose  in  the  long 

 75



axis  of  the Delta4) was  recorded.  Secondly,  the Delta4 was  offset  by  7cm  from  the 

central axis (Figure 2b). A plan was then delivered which consisted of a dynamic 2 cm 

x  20  cm  aperture,  which  swept  across  the  field  as  the  gantry  rotates,  remaining 

centred on the Delta4. Ideally, the two dose distributions should be identical. 

 

a) Static                                                                                   b) Dynamic 

 
Figure 2. Schematic of  the a) static MLC delivery around  the arc, and b) dynamic delivery, 

whereby the MLCs sweep across the field, but remain centrered on the Delta4 which is offset 

by 7cm from the central axis. 

 

These fields were delivered with different prescribed monitor units: 600, 300 and 150 

MU. This ensured  that different dose rates and gantry speeds would be selected by 

the linac, and remain constant over the arc. It was then possible to compare the static 

and dynamic deliveries by means of gamma analysis within  the Delta4 software  [7]. 

Using  the static delivery as  the  ʹreferenceʹ measurement,  the  results  then determine 

the effect of gantry speed on the synchronisation of the MLC motion. 

 

To check  the dependency of dose  rate,  further deliveries were made. By delivering 

the 300MU plan  twice without stopping  the Delta4 measurement,  it was possible  to 

compare  this acquisition via gamma analysis  to  the single 600MU delivery. Thus, a 

comparison  between  deliveries with  different  dose  rates  could  be made.  This was 

then  repeated  by  delivering  the  150MU  plan  twice  and  comparing  to  the  300MU 

acquisition. 
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Finally, a series of intentional errors were produced in the dynamic plans. By shifting 

the  entire VMAT  plans  around  the  gantry  by  1 deg  and  2 deg,  it was  possible  to 

simulate a  loss of synchronous motion between  the  leaves and  the gantry. Whereas 

the  original  plan  rotated  from  182  to  178,  the  introduction  of  an  error  led  to  a 

rotation of 183 to 179. The resulting dose distributions were recorded and compared 

to the ʹcorrectʹ deliveries to investigate the sensitivity of the test. 

 

Results and Discussion 

 

The  test  plans  showed  good  repeatability,  with  comparisons  between  repeated 

consecutive deliveries passing a 1%/1mm gamma analysis at 100%  for all detectors. 

Table  1  shows  the  gamma  comparisons  between  the  static  and  dynamic  MLC 

deliveries for different MU prescriptions. The higher MU prescriptions are associated 

with a higher dose  rate and gantry speed, whereas  the  lower MU prescriptions are 

delivered in a lower dose rate bin and a slower gantry speed. Figure 3 shows the dose 

distributions in the axial plane between a static and dynamic delivery. 

 

      Comparison between static and dynamic 

deliveries 

% Detectors with  < 1 
Prescribed 

MU 

Gantry 

speed (/s) 
Dose rate 

(MU/min) 

3%/3mm  2%/2mm  1%/1mm 

600  5.14  520  99.6  98.8  88.8 

300  4.94  250  100.0  99.7  97.3 

150  4.94  125  100.0  100.0  100.0 

 

Table 1. Gamma pass rates between  the static and dynamic MLC deliveries for  the different 

dose prescriptions, gantry speeds and dose rates 
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a) Static               b) Dynamic 

 
 

Figure 3. Dose distributions in the axial plane for the a) static delivery and b) dynamic. 

 

While  the  3%/3mm  gamma  evaluations  show  good  agreement,  there  are  more 

pronounced differences between the static and dynamic deliveries at tighter gamma 

tolerances.  In particular,  at  1%/1mm  there  is  a notable  reduction  in  the number of 

detectors passing  the gamma analysis  for  the  faster  (600 MU) delivery. Noting  that 

the  dose  rate  and  gantry  speeds  are  identical  for  both  the  static  and  dynamic 

deliveries,  it  is apparent that the requirement for faster gantry speed  in the 600 MU 

delivery  is  leading  to  poorer  dosimetry  –  an  effect  from  either  the  increased 

requirement  for MLC  speed and/or a  lack of  synchronicity with  the  rotation of  the 

gantry.  It  should  be  noted  also  that  the  dynamic  tolerance  for  the  leaf  positions 

during VMAT delivery is 4 mm. 

 

Comparison of  the 2 x 300MU versus 600MU deliveries, and  the 2 x 150MU versus 

300MU  deliveries  showed  good  agreement  at  tight  gamma  tolerances  (98.6%  and 

100.0%  of detectors  having    <  1  at  1%/1mm,  respectively). This  indicates  that  the 

linac is able to consistently deliver dose at different dose rates.  
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  Comparison between static and dynamic deliveries 

% Detectors with  < 1 
  3%/3mm  2%/2mm  1%/1mm 

Standard delivery  99.3  97.3  82.8 

1 error  99.3  91.8  61.4 

2 error  95.3  95.2  39.4 

 
Table 2. Gamma analysis between the ‘standard’ delivery and intentional gantry offsets of 1 
and 2. 
 

The introduction of gantry errors (simulating a lack of synchronisation between MLC 

position and gantry position) produced  the  results  shown  in Table 2. Results  show 

the  gamma  pass  rates  between  the  plans  delivered  with  deliberate  errors  and  a 

ʹcorrectʹ  delivery. At  gamma  levels  of  2%/2mm  and  1%/1mm  there  is  a  noticeable 

drop  in  the  number  of detectors with    <  1  for  the plans with  errors. Taking  into 

account also the results from Table 1, a gamma analysis at 2%/2mm appears to be the 

most  appropriate  choice  to provide  sensitivity  to problems  in MLC, dose  rate  and 

gantry synchronisation. 

 

Conclusion and Further Work 

 

This report has demonstrated  the  feasibility of a rotational synchronicity  test which 

checks the ability of the linac to synchronise gantry and MLC motion, as well as the 

ability to deliver at different dose rates. The use the Delta4 and the ability to perform 

gamma  evaluation  immediately  means  that  this  test  can  be  performed  routinely 

without the requirement for significant additional resources. 

 

There remains further work required to develop this QC process. In the above study, 

6  deliveries were  required  (3  static  and  3  dynamic)  in  order  to  perform  all  of  the 

evaluations. It will be of interest to investigate whether this number of deliveries can 

be  reduced by modulating  the dose  rate  in different parts of an arc. This  is  shown 

schematically in Figure 4. A plan could be created such that the dose is delivered in 

four distinct sectors  (gantry angles  ‐180  to  ‐90,  ‐90  to 0, 0  to 90 and 90  to 180), each 

with a different dose rate and gantry speed. This is first done without leaf motion (i.e. 
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with  the Delta4 at  the  isocentre), and  then with  the  sweeping  field  (with  the Delta4 

offset  by  7cm).  Gamma  analysis  could  then  be  performed  between  these  two 

deliveries. Ideally, each of the abutting sections of the cylinder will have received the 

same dose distribution, albeit with different combinations of gantry speed, leaf speed 

and dose rate.  

 

 

Figure  4.  Schematic  of  the proposed QC  test. A  series  of  abutting MLC‐defined  fields  are 

delivered  in  90  sectors  to  the Delta4. The  fields  have  the  same dose  but  are delivered  in 

different combinations of dose rate and gantry speed. Comparison will be made between a 

static MLC to the dynamic sweeping MLC delivery. For the dynamic delivery, reversing the 

order of the dose rate / gantry speed combinations will also allow a comparison to be made. 

 

It was observed  in  the above work  that a gantry error of 1 deg could be detected – 

however, further work will be required to determine the sensitivity to more clinically 

realistic  errors.  For  example,  it will  be  useful  to  introduce  deliberate  random  and 

systematic  MLC  positioning  errors  and  investigate  the  effect  on  gamma  values. 

Furthermore,  in  the  context  of  continuously‐variable  dose  rate  (CVDR)  it will  be 

necessary to further expand the range dose rates and gantry speeds investigated. It is 

suggested  that  such  a  test  – monitoring  the  inter‐dependence  of  various  dynamic 

VMAT components – could form part of a routine quality control regime for VMAT, 

alongside  the  static,  IMRT‐based  assessments  of MLC  positioning  accuracy,  beam 

flatness  and  symmetry  at  gantry  angle,  and  output  stability  over  a  range  of  dose 

rates. 
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