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1.1. History of VMAT 

Volumetric Modulated Arc Therapy (VMAT), formally known as Intensity 

Modulated Arc Therapy (IMAT) was introduced by Cedric Yu (1995b)1. IMAT is a 

rotational Intensity Modulated Radiation Therapy (IMRT) which can be delivered using 

conventional linear accelerator with conventional multi leaf collimators (MLC). The 

gantry is rotating continuously with the MLC leaves moving continuously while the 

radiation beam is ON. Intensity modulation is created by overlapping arcs. Between 1995 

till 20072, not much has been done with arc therapy. Linac manufacturers did not have 

control systems to deliver IMAT. No treatment planning system was capable of offering 

robust inverse planning tools for IMAT. Between 2008 till 20102, Elekta and Varian 

came up with linear accelerators capable of delivering IMAT. Their main idea for IMAT 

is that the dose rate, gantry speed and MLC leaf positions can be changed dynamically 

during the delivery. The term VMAT has been adopted during this period and also first 

commercial VMAT planning solutions were introduced. 

VMAT is capable of producing conformal dose distribution in a short period of time 

compared to conventional intensity modulated radiation therapy (IMRT). VMAT has 

gained a greater popularity and interest in the recent times. The idea of IMAT is initially 

explored by Brahme et al. Later more detailed analytical investigations at the level of 

treatment planning had been carried out by Cormack and co-worker6-8, Tulovsky et al and 

Ringor and Papiez9-11. In this work, he proposed the clinical use on linear accelerator to 

produce conformal dose distribution. This method did not gain much interest until the 

single arc version of the same, called VMAT, proposed by Otto has evolved because of 

its simplicity and delivery efficiency compared to the method proposed by Yu et al12. 

Along with these developments, commercial availability of VMAT such as Varian’s 

RapidArc and Elekta’s VMAT products developed considerable momentum in clinical 

applications. Rapid arc delivers treatments two to eight times faster than fastest dynamic 

treatments today with increased precision which is a winning combination that enables to 

improve the standard of case and treat more patients.  

A VMAT plan is delivered by means of the gantry rotations: while the gantry is 

rotating, beam aperture is changed continuously, and the dose rate and the gantry speed 

are varied. VMAT can provide single or multiple arc delivery, coplanar or non-coplanar 
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delivery along with the collimator rotation. As opposed to the original IMAT technique 

where the dose rate and the gantry speed values are fixed within each single arc, VMAT 

delivery combines dynamic MLCs with varying dose rate and gantry speed. Due to this 

peculiarity, VMAT may potentially ensure high dose conformity and sparing of normal 

tissue reducing the number of monitor units (MUs) and the delivery times with respect to 

other established modulating techniques. VMAT differs from existing techniques like 

rotational IMRT or IMAT because it delivers dose to the entire volume rather than slice 

by slice. And the treatment planning algorithm ensures the treatment precision, helping to 

spare normal tissues. Studies show that faster treatments allows for greater precision, 

since there is less chance of patient or tumor movement during the treatment delivery, 

and with less time on the treatment couch, also allow for greater patient comfort7. Even 

with these developments VMAT is still in its infancy12. The complete understanding of 

VMAT delivery, specific optimization and treatment planning approaches has not been 

thoroughly studied. It is clear that more work is needed to understand the VMAT 

treatment and its potential for delivering modulated dose distribution as stated by 

Bortfeld and Webb12. 

1.2. Purpose of this thesis 

VMAT has gained a lot of interest in the present days because of its less treatment 

time and more confined dose distribution with single and multiple arcs as compared to 

IMRT. The aim of his study is to develop advanced delivery techniques for static and 

moving targets using volumetric modulated arc therapy. In this work we mainly focus on 

the fundamentals of intensity modulated arc therapy and importantly the single arc 

version of it. We provide special emphasis on understanding the delivery aspects of the 

therapy. The four main objectives were to; 

• study interdependence between several parameters (gantry angular speed, beam 

dose rate and MLC leaf velocity) in the delivery of VMAT treatment plan for both 

static and the moving targets; 

• describe challenges involved in the VMAT delivery for moving targets, motion 

model and relation between the delivery parameters; 

• describe the acceleration constraint problem for the VMAT delivery and where it 

applies in the clinical scenarios, and  
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• provide advanced quality assurance techniques for VMAT delivery.  
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ABSTRACT 

Purpose: The primary goal of this article is to formulate volumetric modulated arc 

therapy (VMAT) delivery problem and study interdependence between several 

parameters (beam dose rate, gantry angular speed, and MLC leaf speed) in the delivery of 

VMAT treatment plan. The secondary aim is to provide delivery solution and prove 

optimality (minimal beam on time) of the solution. An additional goal of this study is to 

investigate alternative delivery approaches to VMAT (like constant beam dose rate and 

constant gantry angular speed delivery). 

Method: The problem of the VMAT delivery is formulated as a control problem with 

machine constraints. The relationships between parameters of arc therapy delivery are 

derived under the constraint of treatment plan invariance and limitations on delivery 

parameters. The non-uniqueness of arc therapy delivery solutions is revealed from these 

relations. The most efficient delivery of arc therapy is then formulated as optimal control 

problem and solved by geometrical methods. A computer program is developed to find 

numerical solutions for deliveries of specific VMAT plan. 

Results: Explicit examples of VMAT plan deliveries are computed and illustrated with 

graphical representation of the variability of delivery parameters. Comparison of delivery 

parameters with that of Varian’s delivery are shown and discussed. Alternative delivery 

strategies such as constant gantry angular speed delivery and constant beam dose rate 

delivery are formulated and solutions are provided. The treatment times for all the 

delivery solutions are provided. 

Conclusion: The investigations derive and prove time optimal VMAT deliveries. The 

relationships between delivery parameters are determined. The optimal alternative 

delivery strategies are discussed. 
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2.1. Introduction 

Intensity modulated radiation therapy (IMRT) using rotational methods have 

gained great popularity and interest in recent times (Palma1, Stieler2, Guckenberger3, 

Wang4). The idea of rotational therapy was initially explored by Brahme et al5 as a proof 

of concept. Later, more detailed analytical investigation at the level of treatment planning 

was performed by Cormack6,7,8, Tulovsky et al9, Papiez et al10 and Ringor et al11. The 

feasibility of linear accelerator based intensity modulated arc therapy for clinical use was 

studied by Yu et al12 in 1995. In this work they proposed clinical use of arc therapy with 

field shape being modulated per gantry angle on linear accelerator to produce conformal 

dose distribution. This method did not gain much interest until the single arc version of 

the same, called volume modulated arc therapy, was proposed by Otto15 because of its 

simplicity and delivery efficiency compared to the method proposed by Yu et al. Along 

with these developments, commercial availability of the VMAT version of rotational 

delivery such as Varian’s RapidArc and Elekta’s VMAT products developed 

considerable momentum in clinical implementation of this technique by early adopters. 

Even with all these developments, VMAT is still in its infancy. The complete 

understanding of VMAT delivery, VMAT specific optimization and treatment planning 

approaches, has not been thoroughly studied. It is clear that more work is needed to 

understand the VMAT treatment and its potential for delivering modulated dose 

distribution as stated by Bortfeld13, 14 and Webb16, 17.  

Problem: In this work we clarify main aspects of VMAT delivery using commercial 

available Linear accelerator technology. The questions we are addressing in this work are 

• What are the relationships between the VMAT delivery parameters? 

• How to choose the optimal VMAT delivery solution among several solutions 

available to deliver the treatment plan? 

• How to choose unique alternate solutions to deliver the treatment plan and what 

are their characteristics? 

 Additionally we provide proof for optimality of our solution and analytical 

relationship with pictorial representation of the delivery parameters. Also, we 

qualitatively compare our delivery solutions to a commercial delivery solution 
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(RapidArc). We avoided quantitative conclusions because of the unavailability of 

complete details of the commercial solution (RapidArc) in terms of constraints, algorithm 

and minor practical issues. 

 In this work, we do not aim to resolve issues involved with understanding of 

VMAT planning and optimization. In other words we don’t address the questions such as 

a) How to improve dose distribution of VMAT plans? b) How to design optimization 

techniques that do not compromise plan quality for delivery efficiency c) Are VMAT 

plans universally better than conventional IMRT? Rather our starting point is that the 

VMAT treatment plan is generated. Our interest is to clarify and quantify all possible 

realizations of a given VMAT plan when parameters of delivery vary so that the 

treatment plan is delivered as computed by the treatment planning system. 

 The goal of this paper is to derive relations between parameters of delivery 

(gantry speed dg/dt, dose rate dm/dt, MLC leaf velocities dz/dt that deliver the intended 

treatment plan without any compromise and not violate delivery parameters constraints. 

The secondary goal is to derive the most time efficient delivery under typical hardware 

constraints explicitly formulated in our investigations that minimize the beam on time 

(fastest delivery possible) given the treatment plan is not violated. Additionally we have 

explored alternative delivery approaches to the VMAT plan treatments such as constant 

gantry angular speed (CGAS) and constant beam dose rate (CBDR) deliveries. We have 

utilized five Varian RapidArc plans generated for clinical use for our investigation. There 

is no scientific reason for choosing treatment plans from the Varian Eclipse treatment 

planning system and we could have very well used plans from any other planning system. 

Our aim is to reveal the properties of the delivery and not make direct comparison against 

any commercial vendor’s delivery. We have qualitatively compared our results with 

Varian delivery parameters.  

 

 

2.2. Materials and Methods 

In VMAT delivery, radiation is delivered to the patient by rotating the gantry of a 

linac around the patient few times during which the radiation beam is continuously ON. 

During this process, several delivery parameters could be varied such as 1) the dose rate 
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or fluence rate 2) the MLC aperture shapes 3) the gantry rotation speed. The allowable 

limits of these variable parameters become the delivery constraints for the delivery.  The 

MLC aperture shape is determined during treatment planning process as a function of 

discrete gantry angle position. Also, the dose or monitor units (MU) to be delivered for 

each MLC aperture is determined during this stage and this defines a treatment plan 

which becomes an invariant for the delivery.  Below we describe in detail the delivery 

invariant, delivery parameters, constraints and derive a relationship between delivery 

parameters to be maintained to realize the delivery invariant (the treatment plan).  

2.2.1. VMAT Treatment Plan – Delivery Invariant   

In our study, we used five clinical treatment plans generated using Varian 

RapidArc treatment planning system version 8.5 for prostate carcinoma. The DICOM RT 

plans are exported and the MLC aperture shape and the gantry position as a discrete 

function of monitor units are extracted. This defines a treatment plan which should be 

treated as an invariant of the treatment delivery, i.e. it cannot be changed during delivery 

without violating the dosimetric integrity of the plan. For RapidArc plans the number of 

MLC apertures are 177 which are spaced every 2 degrees for one full arc. Before getting 

into the details of the delivery parameters and their relationships, we define the treatment 

plan using mathematical notations.   

2.2.2. Mathematical formulation of VMAT treatment plan  

The VMAT treatment plan contains uniquely shaped MLC apertures A, defined 

for each gantry angle g (denoted by A(g)) and uniquely determined monitor unit (dose 

output) function M describing number of monitor units associated with each MLC 

aperture indexed appropriately by gantry angle g (denoted by M(g)). It is easy to notice 

that a given sequence (A(g), M(g)) results in uniquely defined dose distribution in the 

patient .Thus, the requirements to deliver a given treatment plan results in precise  

delivery of the sequence of apertures A(g) and monitor units function M(g). Note that 

notation A(g) for aperture at gantry angle g is symbolic. For MLC, the aperture is defined 

by opening of leaves of MLC assembly. It consists of leading and following leaf pairs 

that define the aperture A(g) at gantry angle g. Thus, if the number of leaf pairs involved 

is K then A(g) is equivalent to a sequence of 2K numbers that indicate left zL,k(g) and right 

zF,k(g) leaf positions of pairs k = 1,2, …, K of MLC leaves at gantry angle g. Since the 
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delivery controlling parameter in DMLC is leaf velocity, it would be rather useful to 

define MLC apertures as a function of MLC leaf velocities rather than MLC leaf 

positions. We notice that, the treatment plan can be defined through derivatives dA(g)/dg 

of apertures A(g) rather than apertures A(g) themselves. First, if we know dA(g)/dg, 

denoted by V(g) we can determine A(g) by integrating over all gantry angles, provided 

initial condition for A(g) is known (for example at g=0). Moreover, we note that similarly 

as A(g) the quantity of V(g) = dA(g)/dg is equivalent to a sequence of 2K numbers that 

indicate leading dzL,k(g)/dg and following dzR,k(g)/dg leaf velocities (relative to gantry 

angle parameter change) of pairs k = 1,2, …, K of MLC leaves at g that are directly 

controllable variables in DMLC delivery. Summing up, we can state that VMAT arc 

treatment plan is uniquely defined by pair (A(g), M(g)) or equivalently by pair (V(g), 

M(g)).  

2.2.3. VMAT delivery parameters 

It is well known that delivery parameters for VMAT therapy are gantry angular 

speed (dg/dt), MLC leaf velocities (dz/dt), and beam dose rate (dm/dt). All these 

parameters are allowed to vary with time while satisfying the constraints imposed by 

hardware limitations (see B.IV). These are the typical delivery parameters for Varian 

linac and thus only these were considered. Other constraints such as gantry acceleration 

and collimator rotation speed etc. were not considered, as these are not the commonly 

stated constraints for RapidArc treatment plans used in this work. The problem of VMAT 

delivery is to relate these parameters to each other at each instant during treatment so that 

treatment plan (V(g), M(g)) is delivered exactly as planned. The derivation of the 

relationship between the parameters as well as insight into their geometrical 

interpretation and understanding of their properties are presented in the following 

sections. 

2.2.4. Delivery parameters constraints  

To better formulate the problem, the hardware constraints present in the existing 

photon therapy delivery systems for VMAT are to be considered. Typical constraints for 

clinical linear accelerators equipped with MLC systems include: 

a) Limitation maxω for the maximum speed of gantry rotation. 
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b) Limitation maxr for the maximum value of beam dose rate. maxr is the maximum value 

for quantity [dm/dt], where m(t) denotes cumulative number of monitor units delivered 

for time t and [dm/dt] is derivative of m(t) which interpret the number of monitor units 

delivered per unit time t.  In other words the limitation of beam dose rate means that 

[dm/dt] belongs to interval [0, maxr ]. 

c) Limitation maxv for the maximum physical speed of leaves denoted physicalν = [dz/dt], 

where z denotes position of leaf measured relative to isocenter along the direction of leaf 

motion. Thus   maxv is the maximum value for quantity [dz/dt], where z(t) denotes position 

of leaf at t. In other words the limitation for leaf velocity means that [dz/dt] belongs to 

interval [- maxv , maxv ]. 

d) The delivery constraints such as maximum gantry speed, maximum MLC leaf velocity 

and maximum dose rate were set in the Eclipse treatment planning system and the same 

were used for our algorithm. 

2.2.5. Relation between delivery parameters for given arc treatment plan  

To deliver the VMAT treatment plan one has to rotate the gantry around the 

patient, for example moving gantry from g = 0 to g = 360, while preserving MLC 

apertures as functions of gantry angle g and preserving beam weights (monitor units) 

associated with each aperture. Moreover, delivery parameters of VMAT treatments 

should not violate machine constraints.  

The condition to achieve beam weight M(g) at g during delivery of arc treatment plan can 

be expressed in terms of gantry speed dg/dt and beam dose rate dm/dt at g as:   

)()()()( g
dg
dtg

dt
dmg

dg
dmgM ⋅==         (1) 

Thus setting beam dose rate dm/dt at g as:  

)()()( g
dt
dggMg

dt
dm

⋅=          (2) 

assures that, for gantry rotating with angular speed dg/dt at g, the number of monitor 

units associated with aperture A(g) is M(g) as required by the VMAT treatment plan. 

The condition for preserving MLC aperture A(g) (or, equivalently, preserving the speed 

of change V(g) of beam aperture at g) can be expressed in terms of parameter dg/dt and 
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leaf velocity vL,k =dzL,k(g)/dg and vF,k = dzF,k(g)/dg  for leading and following leaves of 

leaf pair k as follows: 

][

)(
)()()()( ,,,

,

dt
dg

g
g

dg
dtg

dt
dz

g
dg

dz
gv

phys
kLkLkL

kL
ν

=⋅==      (3) 

and 

][

)(
)()()()( ,,,

,

dt
dg

g
g

dg
dtg

dt
dz

g
dg

dz
gv

phys
kFkFkF

kF
ν

=⋅==     (3’) 

where )()( ,
, gvg

dt
dz phys

kL
kL =  ( )()( ,

, gvg
dt

dz phys
kF

kF = ) denotes the physical speed (cm/s) of 

leading or following leaf of pair k. Thus setting the leading and following leaf physical 

speed of each pair k at g to value: 

)()()( ,, g
dt
dggvgv kL

phys
kL ⋅=

        (4) 

and 

)()()( ,, g
dt
dggvgv kR

phys
kR ⋅=         (4’) 

assures that, for gantry rotating with angular speed dg/dt at g, the speed of change V(g) of 

beam aperture is defined by vL,k (g) and vR,k (g) as required by the arc treatment plan. 

2.2.6. Geometric representation of relationship between delivery parameters 

  We like to note that, in equations (2) and (4), beam dose rate and leaf velocities at 

g appear as linear functions of independent variable dg/dt at g. Denoting three parameters 

of delivery (dg/dt, dm/dt, dz/dt) at g as variables x, y and v respectively, we can rewrite 

equations (2) and (4) as:  

xgMy ⋅= )(           (5) 

and 

xgvv ⋅= )(           (6) 

and for any fixed gantry angle g the relation among arc delivery parameters realizing 

treatment plan (A(g), M(g) or V(g), M(g)) is given by a straight line 

))(,)(,( xgvvxgMyx ⋅=⋅=  in three dimensional space, where coefficients M(g) and 

v(g) (for fixed g) are constants describing the direction of this half-line in space. 
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Figure 2.1: Geometric representation of the relation amongst delivery parameters of a 

VMAT plan for a given fixed g 

 

 In Figure 2.1, x-axis represents the gantry speed dg/dt, y-axis represents the beam 

dose rate dm/dt and the v-axis represents one leaf velocity (say left leaf of pair 1, i.e. z = 

xL,1). Thick solid (blue) half-line represents points in 3D that realize treatment plan (A(g), 

M(g)) (or equivalently, treatment plan, (V(g), M(g)). This line is given as 

))(,)(,( xgvvxgMyx ⋅=⋅=  and it projects on (x, y) plane along line xay ⋅=  and it 

projects on plane (x, z) along line xbv ⋅=  (for concise notation we denote constants M(g) 

and v(g) given by treatment plan (V(g), M(g)) by a and b, respectively). Points of thick 

solid (blue) half-line inside the box B = {(x,y,z) ; 0 < x < ,maxω 0 < y < rmax , -vmax < z < 

vmax )} define parameters of delivery that can be applied with hardware constraints 

imposed by delivery system, while points of thick solid (blue) half-line outside of the box 

B denote parameters of delivery that are unachievable for linear accelerators satisfying 

constraints discussed at points a, b and c above. Figure 1 shows clearly that large number 

of deliveries are feasible for a given treatment plan (A(g), M(g) ) or equivalently, 

treatment plan (V(g), M(g)). The figure also shows that most efficient delivery (one that 

takes least amount of time to complete arc therapy for given plan) is defined by 

parameters of the point P* defined by intersection of half-line 
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))(,)(,( xgvvxgMyx ⋅=⋅=   with the boundary of the box B. The point of intersection 

of blue half-line with box boundary has clearly the largest values of all parameters 

involved in delivery, in particular, the largest value of coordinate x (angular speed of 

gantry). Thus if for each subsequent gantry angle g, we chose parameters of delivery 

belonging to points of intersection of blue half-line with box boundary we will keep the 

angular speed of gantry angle at largest possible value at each g consistent with 

delivering treatment plan (A(g), M(g) (or equivalently, treatment plan, (V(g), M(g)). This 

will result in fastest completion of the arc therapy treatment plan. Figure 1 is not 

complete as it doesn’t take all the leaves into consideration.  

2.2.7. Delivery under special constraints 

 The understanding of relations between delivery parameters facilitates designing 

arc deliveries that can satisfy additional constraints and restrictions of the radiation 

delivery systems that may be imposed by hardware constraints or simply implemented as 

beneficial for patient for specific clinical circumstances. We consider below deliveries 

that require constant speed of the gantry and also deliveries that require constant beam 

dose rate.  

a) Constant Gantry Angular Speed (CGAS) delivery: The easiest understanding of 

how we can design the fastest delivery for VMAT with constant gantry speed technique 

we need to look again at Figure 1. First, we note that the line defining admissible delivery 

parameters (for given gantry position g) begins at the center of coordinates and 

successively moves away from plane x = 0, reaching at some instant the plane x = maxω . 

This reaching of plane x = maxω  may take place inside the box B or outside of it. If this 

happens inside box B the gantry speed (for given g) is allowed to rotate with the 

maximum speed maxω . If this happens outside of box B the gantry speed is not allowed to 

rotate with the maximum speed maxω . We note that if plane x = maxω  is allowed to shift 

towards origin (this is equivalent to decreasing values of maxω ) it will finally reach 

position close enough to origin (say when x = cω that the line defining admissible 

delivery parameters will cross the plane x = cω  earlier than it can cross planes y = rmax, 

or v = - vmax or v = vmax. We may notice that when value of parameter cω  is decreased 



16 

 

appropriately it will reach value that will be equal to the gantry speed cω  that is the 

largest constant gantry speed (valid for all gantry positions g) sustainable over the whole 

duration of delivery (with beam dose rate given at each g as M(g)* cω  and speeds of L,i 

and F,i leaves given at each g as vL,i(g)* cω  and vF,i(g) * cω , respectively (for i = 

1,2,…,K)). We can call delivery based on constant gantry speed cω  as defined above the 

optimal (minimizing time of delivery) constant gantry speed (CGAS) delivery for arc 

therapy. 

b) Constant Beam Dose Rate (CBDR) Delivery: To design the fastest delivery for 

VMAT with constant beam dose rate technique we turn again to Figure 1. The line 

defining admissible delivery parameters (for given gantry position g) begins at the center 

of coordinates and successively moves away from plane y = 0, reaching at some instant 

the plane y = maxr . This reaching of plane y = maxr  may take place inside the box B or 

outside of it. If this happens inside box B then beam dose rate (for given g) is allowed to 

be run with the maximum intensity maxr . If this happens outside of box B then beam dose 

rate (for given g) is not allowed to achieve its maximum admissible intensity maxr . We 

note that if plane y = maxr  is allowed to shift towards origin (this is equivalent to 

decreasing values of maxr ) it will finally reach position close enough to origin (say when 

y = cr that the line defining admissible delivery parameters will cross the plane y = cr  for 

any g earlier than it can cross planes x = maxω   or v = - vmax or v = vmax. We may noticed 

that when value of parameter  cr  is decreased appropriately it will reach value that will 

be equal to the beam dose rate cr  that is the largest constant beam dose rate sustainable  

over the whole duration of delivery (with gantry speed given at each g as x = y/ cr  and 

speeds of L,i and F,i leaves given at each g as v = vL,i(g) (y/ cr  ) and v = vF,i(g) (y/ cr ) , 

respectively (for i = 1,2,…,K)). We can call delivery based on constant beam dose rate cr  

described above as the optimal (minimizing time of delivery) constant beam dose rate 

(CBDR) delivery for arc therapy. 

 



17 

 

2.2.8. RapidArc Delivery analysis using Dynalogs 

 The delivery parameters of the RapidArc plans such as gantry speed profile, dose 

rate profile cannot be determined directly from the Eclipse planning system. These 

parameters are computed at the Varian linac console. In this work, we used the dynalog 

files to determine the gantry speed profile and dose rate profile for the Varian RapidArc 

delivery. The MLC dynalog file is created by the MLC controller and a gantry dynalog 

file is created by the linac console. MLC dynalog files contain information regarding 

gantry position, MLC position and fractional dose delivered every 50 ms of the delivery. 

Gantry dynalogs contain the gantry position as a function of MUs intended to deliver 

(segmented treatment table (STT) in Varian’s system) and also the actual gantry position 

as a function of MUs delivered during treatment. More details and accuracy of such log 

files can be found in the literature and in Varian manual18.  From this information we 

could compute the gantry speed profile, dose rate profile, and MLC leaf velocity as a 

function of time and gantry angular speed. The treatment delivery time can also be 

determined from this information. We used dynalog files and time displayed at the linac 

console to determine the delivery time for Varian delivery.  

2.3. Results 

Optimal VMAT delivery (Variable dose rate, Variable Gantry speed): Deliveries 

for optimized VMAT inverse planned treatments for 5 prostate patients (derived from 

Varian RapidArc planning system 8.5) have been designed following the method 

described in this paper. Aperture shapes A(g) indexed by gantry angles and the function 

M(g) expressing monitor units to be delivered as a function of gantry angle have been 

determined by treatment plans. These records constitute the invariant for designing the 

arc delivery procedure as described in Methods. The system constraints for delivery 

parameters have been set for these following cases:  

i. maximum gantry speed of 5.5 degrees/sec 

ii. maximum leaf velocity of 2.25 cm/sec and  

iii. maximum dose rate of 600 MU/min.  

The constraints we used are from the Eclipse treatment planning system in which 

RapidArc treatment plans used in this work were generated. While we verified the 

accuracy of these values from RapidArc manual, their technical support and in the 
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treatment planning system settings we are not aware of any other additional constraint 

imposed on the planning or on the delivery. 

 

 
Figure 2.2: Gantry velocity profile comparing the Varian RapidArc delivery and the 

Optimal VMAT delivery (with 467 MU) 



19 

 

 

 Figure 2.2 shows the gantry angular velocity profile comparing the Varian 

delivery and optimal delivery derived from our algorithm as a function of gantry angle 

(Figure 2.2a) and as a function of time (Figure 2.2b). Our delivery is optimal given the 

constraints we considered and the comparison against Varian delivery is for qualitative 

analysis only. For the optimal delivery we see that there is gantry velocity modulation 

during one segment of the delivery process and that most of the time the gantry angular 

speed is allowed to keep its maximum value and practically no modulation of this 

parameter is needed. Figure 2.2 shows explicitly that maximum gantry velocity of 5.5 

degrees/s is not violated during the course of the delivery.  Figure 2.2b indicates times of 

termination of optimal delivery (66.15 sec) and Varian RapidArc delivery (78.0 sec). The 

delivery time for Varian delivery is derived from dynalog files and verified with the time 

on the linac console after delivery is completed. Since we don’t have information about 

other constraints that Varian delivery might have we cannot determine Varian delivery is 

suboptimal. But from our results it can be seen that Varian delivery might have additional 

constraint on planning or delivery. The details of this have been discussed in the 

discussion section.  
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 Figure 2.3: Shows beam dose rate variation profile comparing the Varian RapidArc 

delivery and the Optimal VMAT delivery of Plan 1 (with 467 MU as shown)  

 

Figure 2.3 shows the corresponding dose rate profile comparison between the 

Varian delivery (derived from dynalogs) and optimal delivery as a function of gantry 

angle (Figure 2.3a) and as a function of time (Figure 2.3b) for the same treatment, 

demonstrating that dose rate maximum of 600 MU/min is reached over some portion of 

the treatment while being below this value at all other instances during treatment.   
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Figure 2.4: Graph represents maximum leaf velocity among all leaves of MLC 

assembly for the Optimal VMAT delivery 

 
Figure 2.5: The graph shows the dose rate profile for optimal constant gantry 

angular speed (CGAS) delivery and dose rate profile for the Optimal VMAT delivery as 

function of time 
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Figure 2.4 shows the maximum value of the fastest leaf velocity amongst all 

leaves of MLC used for optimal delivery. We see again that maximum leaf velocity is 

reached over some portion of the treatment delivery while at other times it is being kept 

below the maximum velocity constraint of 2.25 cm/sec. Figure 2.5 shows the beam dose 

rate profile for optimal constant gantry angular speed delivery (CGAS) (dg/dt = 4.29 

deg/sec in this case) for the same plan as a function of time. For comparison we also 

show in Figure 2.5 the beam dose rate profile for optimal VMAT delivery when all 

delivery parameters are allowed to vary. From Figure 2.2 we can see that, for optimal 

VMAT delivery the smallest gantry speed for the entire delivery is 4.29 deg/sec and that 

turns out to be the value to be used for optimal CGAS delivery. 

 
Figure 2.6: The graph shows the gantry angular speed profile (pink solid line) for 

optimal constant beam dose rate (CBDR) delivery and the gantry angular speed profile for 

the Optimal VMAT delivery (blue solid line) as function of time for plan 1 

 

Figure 2.6 shows the gantry angular speed profile for optimal constant beam dose 

rate therapy (CBDR) (dm/dt = 192 Mu/min in this case) for prostate plan as a function of 

time. For comparison we also show in Figure 2.6, the gantry angular speed profile for 
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optimal VMAT when all delivery parameters are allowed to vary. From Figure 2.3 we 

can see that, for optimal VMAT delivery the lowest dose rate for the entire delivery is 

192 Mu/min and that turns out to be the value to be used for optimal CDR delivery. 

Table 2.1 shows the comparison of delivery time for all arc treatment cases 

investigated. Table 2.2 shows arc treatment times for 5 VMAT plans delivered with 

different techniques, including optimal VMAT delivery, Varian RapidArc delivery and 

CGAS and CBDR techniques. As expected, we see consistently among all deliveries, that 

the optimal VMAT provides the minimal treatment time delivery. Optimal CGAS 

delivery techniques are generally faster than optimal CBDR delivery techniques and 

slower than Varian RapidArc delivery. Still it is worth pointing out that, the CGAS 

delivery is faster than Varian RapidArc. 

Table 2.1: Delivery time comparison between Varian delivery with respect to our optimal 
delivery 

Prostate Plan # MU Treatment Time 
(Sec) 

Varian Treatment 
Time (Sec) 

Percent Time Gain 
(%) 

1 467 66.15 78 17.9 
2 292 64.96 76.8 18.2 
3 594 66.96 79.2 19.3 
4 637 68.57 80.4 17.24 
5 719 74.98 85.8 14.42 

 

Table 2.2: Treatment delivery time for 5 IMAT plans with optimal algorithm, Varian 
delivery time, constant gantry speed and constant dose rate 

 Delivery Technique / Treatment Time (Sec) 

Plan 
# 

MU Optimal 
Delivery 

Varian 
Rapid Arc 
Delivery 

Constant Gantry 
Speed 
Delivery 

Constant Dose 
Rate Delivery 

1 467 66.15 78 83.22  
(4.29 deg/sec)* 

145.89  
(192 MU/min)** 

2 292 64.96 76.8 66.11  
(5.43 deg/sec) 

131.12  
(179 MU/min) 

3 594 66.96 79.2 81.14  
(4.43 deg/sec) 

108.24  
(314 MU/min) 

4 637 68.57 80.4 88.59  
(4.03 deg/sec) 

110.85  
(344 MU/min) 
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5 719 74.98 85.8 99.17  
(3.60 deg/sec) 

104.35  
(413 MU/min) 

* Maximum Gantry speed that can be kept constant     ** Maximum Dose rate that can be kept 

constant 

2.4. Discussion 

Investigating the features of VMAT delivery we have found solutions that are 

essential for clinical aspects of the treatment. The formulation of the problem of VMAT 

delivery enables us to enlighten many aspects of this type of delivery. First, it shows that 

there exists infinite number of arc irradiations that realize the same VMAT treatment 

plan. This allows us to search for deliveries that are characterizes by specific features, 

beneficial for clinical objectives in the family of all possible deliveries In particular, we 

may visibly determine the delivery that is most efficient (minimizes time of irradiation) 

but we can also clearly design deliveries that have other advantages for any given clinical 

case.  

One aspect of our solution may be of special importance – the rigorous 

determination of the most efficient VMAT delivery. The optimal delivery that we find 

shows time of treatment decrease relative to RapidArc delivery provided by Varian. The 

explanation of this is not apparent.  First our proof of the optimality is based on precise 

assumptions about the constraints for delivery imposed by machine hardware. We assume 

that complete set of these constraints are maximum gantry speed, maximum dose rate and 

maximum leaf velocity. These seem to be all constraints that linear accelerators impose 

on arc therapy delivery and these constraints are explicitly admitted by Varian.  If this is 

the case then there is no doubt that our optimal solution is the true one for VMAT 

optimality. Nevertheless, we cannot be entirely sure that the set of constraints that we 

impose is a truly complete set of limitations and that machine, mechanical or control 

characteristics do not impose additional constraints on the delivery. If these additional 

constraints exist then comparing our and Varian deliveries is not legitimate as they refer 

to different set of circumstances. In these circumstances our algorithm would require 

further adjustments to be directly comparable to Varian RapidArc. However, this is not 

the intent of this work.  
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The solutions of CGAS and CBDR delivery might be of interest for certain 

scenarios. If the machine is mechanically not robust in terms of control mechanics and 

cannot vary the gantry speed (because of the design or age of the machine) then CGAS 

would be a good option. Similarly if the linear accelerator is not able to modulate the 

dose rate effectively (because of the design or electron gun technology) then CBDR 

would be a viable option to deliver such plan. The compromise with both these 

techniques compared to VMAT plan is the delivery time. But given that constraint of 

constant gantry speed or constant dose rate the solutions provided are optimal.  

Other constraints such as collimator rotation speed and gantry acceleration 

constraints were not considered in this work. Elekta linear accelerators have ability to 

perform collimator rotation during delivery and this would be an interesting parameter to 

consider. Gantry acceleration constraint has not been explicitly admitted by the 

commercial manufactures but this would be an important constraint for delivery of 

VMAT plans to moving targets. Also, even for static target a maximum and minimum 

acceleration constraint would provide smoothness of the delivery which would be 

desirable from mechanical stability point of view.  Both of these problems could be 

formulated and studied but was left out to keep this manuscript clear from understanding 

the relationship between main delivery parameters.  

In this work we have investigated delivery for prostate VMAT treatments and 

thus, a question of how these observations would be extended to other treatment sites or 

other treatment techniques would be worthwhile to comment. First, we may expect that 

plans requiring more modulation of parameters during delivery (more variable changes of 

apertures and beam intensity with angle) should benefit substantially from the point of 

view of efficiency of treatment delivery when optimal relationship  delivery parameters is 

computed by the algorithm. On the other hand, in case of hypo-fractionated treatments, 

the gain in efficiency of optimal treatment will likely be insignificant due to natural 

slowing down of gantry motion and leaf motions necessitated by the need to deliver large 

number of monitor units per unit gantry angle. 

2.5. Conclusion 

The VMAT delivery problem has been formulated and the relationship among the 

delivery parameters are determined and studied. The solution for optimal VMAT delivery 
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is provided and the optimality is proved. Our optimal VMAT delivery solution is 

characterized by decreased treatment time provided constraints imposed by delivery 

system include only limitations on maximal gantry rotation speed, limitation on maximal 

admissible beam dose rate and limitation on maximal admissible leaf speeds. We have 

compared the delivery parameters and the delivery time with Varian RapidArc delivery. 

The delivery parameters were indirectly determined from the delivery log files.  

Our approach clarifies the mutual dependence of delivery parameters in arc 

therapy which allows in designing arc delivery methods for given plan that customizes 

delivery strategies. The need for special delivery strategies may be imposed by delivery 

systems or demanded by clinical circumstance. We investigate two special cases of 

delivery, one based on constant gantry angular speed and the other based on constant 

beam dose rate. Solutions for optimal CBDR and CGAS deliveries are provided. 
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ABSTRACT 

Purpose: The purpose of this work is to evaluate arc therapy delivery for static targets in 

the presence of acceleration constraint. 

 

Materials and Methods: VMAT rapid arc delivery requires fast motion of the gantry 

around the patient. This fast motion of the gantry required to deliver angular dose rate 

(MU/degree) of the plan leads to fast gantry acceleration or deceleration. Excessive 

acceleration or deceleration can restrict the ability of the accelerator to arc as fast as 

possible without violating the integrity of the plan. The arc therapy delivery for static 

targets is evaluated in the presence of gantry acceleration constraint. An algorithm is 

developed to find numerical solutions for efficient delivery in the presence of gantry 

acceleration constraint. Acceleration constraint is also evaluated for additional delivery 

methods such as constant dose rate and constant gantry speed.  

 

Results: The simulation demonstrates that the acceleration constraint algorithm is 

capable of delivering the VMAT plan to a static target fast and accurately without 

violating the machine constraints and the integrity of the treatment plan.  The average 

delivery time is increased by only 2% with respect to the delivery without acceleration 

constraint. Imposing acceleration constraint on the complex sites such as head and neck 

increased the delivery time by 5% as compared to that of the prostate VMAT delivery.  

 

Conclusions: Imposing acceleration constraint on the static VMAT delivery has provided 

a smoother gantry rotation with less than 2% increase in the treatment time as compared 

to the delivery without acceleration constraint. This is also accompanied by the complete 

removal of the mechanical stress on the system of gantry motion and also reduces the 

dosimetric errors during the delivery. 

 

Key words: VMAT, gantry acceleration constraint, gantry speed, delivery time 
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3.1 Introduction 

Volumetric modulated arc therapy (VMAT) offers dosimetric and delivery 

efficiency advantages by delivering modulated radiation using single or multiple arcs1,2. 

Unlike Intensity Modulated Radiation Therapy (IMRT) where intensity modulation is 

achieved only by leaf motion, VMAT creates modulation through moving MLC 

apertures, dose rate and gantry speed. Later two are inter-related. The number of intensity 

modulation levels achievable for VMAT is less than the conventional IMRT. Because of 

the dose rate and gantry speed modulations, VMAT can significantly shorten the 

treatment time. Rapid arc delivery of VMAT plans requires fast motion of the gantry 

around the patient. The fast motion of the gantry required to deliver the angular dose rate 

(MU/degree) of the plan leads to fast gantry acceleration5. During treatment plan 

optimization, dose rate modulation is given priority compared to other constraints. When 

the highest dose rate is not fast enough to deliver the required monitor units (MUs) for a 

given control point, the gantry slows down and the gantry angular modulation is 

executed. This is to ensure that gantry always rotates at the highest uniform speed with 

minimal acceleration or deceleration of the gantry as excessive acceleration or 

deceleration can cause unwanted dosimetric effects8. This warrants imposing minimum 

acceleration constraint on the plan to provide a smoother gantry motion. However, 

maximum acceleration constraint can be dealt by making it as a constraint in the optimal 

delivery algorithm9 and by restricting minimum MUs per segment to a certain value 

during plan optimization. 

There has been great interest in studying the dosimetric effects of gantry angular 

acceleration and deceleration in VMAT delivery. One study has shown that there is a 

dose difference of 2-6 cGy per fraction7. Another study has concluded that for fewer 

fractions, the dose difference of 2-6 cGy is trivial but for dose escalation cases, the 

accumulative differences could be significant and should not be ignored15. Another study 

has investigated the effect of gantry acceleration on VMAT delivery. They found that the 

dosimetric errors caused by gantry angular acceleration were -2.2, -1.5, -0.97, -0.37 and -

0.19% for the dose rates of 100, 200, 300, 400 and 500 MU/min, compared with 600 
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MU/min. They concluded that the effect of gantry angular acceleration is significant and 

should be taken into account during treatment planning and delivery16. 

In this work we have evaluated the arc therapy delivery for a static target in the 

presence of acceleration constraint for gantry angular speed. The shortest time of the 

rapid arc delivery was computed for different acceleration constraints. The acceleration 

constraint was evaluated for additional delivery methods like constant beam dose rate and 

constant gantry speed for smoother delivery and also for specific clinical circumstances. 

The integrity of the plan is maintained in all the cases. Acceleration constraint was 

evaluated for the complex treatment sites such as head and neck. 

 

3.2 Materials and Methods 

3.2.1. VMAT Plans 

The work presented in this paper is performed using Varian Novalis Tx (Varian 

Medical Systems, PaloAlto, CA) linear accelerator with 2.5 mm leaf-width high 

definition multi-leaf collimator. Five rapid arc plans were created using Eclipse 

treatment planning system (Varian Medical Systems, PaloAlto, CA)(TPS) version 8.6. 

Each plan consists of 177 control points corresponding to 2 degree gantry spacing. The 

interval between any two consecutive control points called as segments, leads to a total 

of 176 segments. The Rapid arc plans were optimized with the gantry rotating in the 

counter clockwise direction from 179.9o to 180.1o in a single arc. The plan information, 

including gantry angle, MLC leaf sequence and MUs were listed in the DICOM file. 

Note that the gantry speed, dose rate and MLC leaf velocity are not specified in DICOM 

file. They are determined later at the linac console by the VMAT delivery software once 

the plan has been transferred4.  

3.2.2. Machine Constraints 

In static IMRT, the intensity modulation is achieved through leaf motion with 

fixed gantry angles. Hence, the major machine constraint in IMRT is the leaf motion. 

VMAT provides intensity modulation through continuous gantry rotation, leaf motion 

and variable dose rate. VMAT delivery time is constrained by the allowable gantry speed, 

dose rate and MLC leaf velocity. In order to ensure that the computer-generated VMAT 

plans are deliverable, they have to meet the machine constraints. The machine constraints 
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are listed in Table 1. They represent the machine specifications of a modern Varian linac 

with MLC. In this work we have also used a fourth machine constraint, the gantry 

acceleration constraint and listed in Table 3.1.  

Table 3.3: Machine constraints for VMAT delivery 

Machine parameter Specification 

Maximum gantry speed 4.8 deg/s 

Maximum MLC leaf-velocity 2.25 cm/s 

Maximum dose rate 600 MU/min 

Maximum gantry acceleration 0.3degree/s2 

 

3.2.3. Mathematical Notations 

Before going into the details of the algorithm, we define the treatment plan using some 

mathematical notations. The gantry angle (g), MUs (m), and the MLC leaf positions (x) 

are derived from the DICOM plan. The number of control points is denoted by N and the 

total number of segments in the plan is denoted by k.  The gantry speed calculated from 

the gantry angle as the difference between current and the next position of the gantry over 

a period of time t is denoted by w. The dose rate which is calculated as the difference in 

the MUs over a period of time t, is denoted by M. The gantry acceleration is denoted by 

a. The machine constraints such as maximum allowable gantry speed wmax, maximum 

allowable dose rate rmax, maximum MLC leaf speed vmax and maximum allowable gantry 

acceleration amax are listed in the table 1. For smooth and reliable delivery, gantry 

acceleration limit, amax has been imposed. The gantry speed at kth segment is denoted as 

w(k). 

3.2.4. Gantry acceleration constraint algorithm 

The goal of the gantry acceleration constraint algorithm is to find the optimal delivery 

efficiency, that is, the shortest delivery time when the gantry acceleration constraint is 

imposed on the plan along with the other delivery constraints like maximum gantry 

speed, leaf velocity and dose rate. As the delivery time tk at the segment k depends on the 

gantry speed, maximum gantry speed is allowed throughout the delivery. Optimal 

delivery solution was computed for the VMAT plans without imposing the acceleration 

constraint. From the solution, the points which violate the maximum allowable gantry 
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acceleration constraint were identified. Considering each point separately, instead of 

increasing the gantry speed at that particular segment value, we decrease the gantry speed 

at the next segment value. The allowed gantry speed w(k+1) has to fall within the interval 

])(,)([ 1max1max ++ ×+×− kk takwtakw . If the calculated speed w(k+1) is greater than 

1max)( +×+ ktakw , w(k+1) is required to be decreased to a value equal to 

1max)( +×+ ktakw . If w(k+1) is smaller than 1max)( +×− ktakw , w(k) is required to be 

decreased by a small step and w(k+1) is then recalculated until w(k+1) is within the 

interval ])(,)([ 1max1max ++ ×+×− kk takwtakw . The delivery parameters for the segment 

k need to be recalculated. The process is repeated for all the segments and the delivery 

parameters are determined for the entire arc. The flow chart representation of imposing 

gantry acceleration constraint is shown in Figure 3.1. 
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Figure 3.1: Logic flow of the gantry acceleration algorithm for VMAT delivery to static 
target
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3.3 Results 

Twenty two patient plans have been used for this study out of which 15 are 

prostate plans, 5 head and neck plans and 2 ESRT plans. The monitor units, treatment 

time without acceleration constraint and treatment time with acceleration constraint is 

presented in Table 3.2.  

Table 3.4: Treatment time for VMAT delivery 
Column 3: with no acceleration constraint Column 4: with acceleration constraint 

Type Plan No. MU 
no acceleration 

constraint (s) 

with acceleration 

constraint (s) 

% Treatment 

time increase 

Prostate 1 392 74 74.2 0.3 

Prostate 2 467 74.2 75.1 1.2 

Prostate 3 564 74.4 76 2.2 

Prostate 4 637 75 76.8 2.4 

Prostate 5 718 78.9 81.2 2.9 

H&N 6 356 75 77 2.7 

H&N 7 415 81.9 83.2 1.6 

H&N 8 428 82.7 84 1.6 

H&N 9 359 80 82 2.5 

H&N 10 364 80.1 83 3.6 

ESRT 11 901 103.6 108.3 4.5 

ESRT 12 1141 114.9 121.5 5.7 

 

The percentage increase in the treatment time is also calculated for all the plans 

and is presented in the table. When the acceleration constraint is imposed on the 

treatment plan there is less than 2% increase in the treatment delivery time for prostate 

plans and an average of 2.5% for head and neck plans and 5% for ESRT plans. The 

increase in the percentage of the treatment delivery time is more for the complex 

treatment sites like head and neck but it is comparable to prostate cases. The treatment 

delivery time is not increased significantly with the addition of acceleration constraint.  
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The gantry speed for the variable dose rate with respect to the delivery time is 

presented in Figures 3.2. Gantry speed with and without gantry acceleration constraint is 

presented in the figure for comparison. The dotted line represents the maximum 

permissible gantry speed that is allowed during the treatment delivery. The gantry motion 

is much smoother when the acceleration is imposed on the delivery. Also there is an 

increase in the delivery time which is not much significant. It is observed from the 

delivery that the plan is not violating the gantry speed delivery constraint of 4.8 

degree/sec. 

 

Figure 3.2: Gantry speed profile with variable dose rate.  
Blue line indicates the gantry speed without acceleration constraint and the green line 

indicates the same with the constraint. Red dotted line represents maximum permissible 
gantry speed. The limitation for acceleration is set to 0.3 degree/s2 

Figure 3.3 represents the gantry acceleration profile with respect to the delivery 

time for variable dose rate. The acceleration profiles with and without gantry acceleration 

constraint are shown in the same plot for comparison. The dotted line represents the 

gantry acceleration and deceleration constraint which is +/- 0.3 degree/sec2. The profile is 

smoothed out as compared to the acceleration profile without acceleration constraint.  
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Figure 3.3: Gantry acceleration profile with variable dose rate. 
Blue line indicates the gantry acceleration without acceleration constraint and the 

green line indicates the same with acceleration constraint. Red dotted lines represent 
maximum and minimum permissible gantry acceleration. 

Figure 3.4 represents the dose rate profile for variable dose rate with and without 

acceleration constraint. Figure shows that the plan is not violating the maximum 

permissible dose rate which is 600 MU/min during the delivery. When the gantry is 

slowed down when the acceleration is imposed on the plan, the dose rate is proportionally 

decreased to deliver the same number of monitor units over the same interval of gantry 

angle. Thus there is an increase in the delivery time which is presented in the plot. The 

delivery time for the prostate plan which is shown in the plot is increased by only 2% 

which is not a significant number in the clinical scenarios.   
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Figure 3.4: Dose rate profile with variable dose rate.  
Blue line indicates the dose rate without acceleration constraint and the green line indicates 

the same with acceleration constraint. Red dotted line represents maximum permissible 
dose rate. 

Figure 3.5 and Figure 3.6 represents gantry speed profile and gantry acceleration profile 

for constant dose rate delivery as a function of delivery time. The maximum dose rate of 

370 MU/min was kept constant without violating other delivery constraints such as 

gantry speed and leaf speed. For the constant dose rate plans, the gantry was moving 

much slower increasing the treatment time by 3 fold. It is worth considering the constant 

dose rate delivery even though the treatment time is increased. This is because if the 

linear accelerator is not able to modulate the dose rate effectively, constant dose rate 

would be a viable option to deliver the plan.  
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Figure 3.5: Gantry speed profile with constant dose rate. Blue line indicates the gantry 
speed profile without acceleration limitation and the green line indicates the same with 
acceleration limitation. Red dotted line represents maximum permissible gantry speed. 

Maximum dose rate that is kept constant is 370 MU/min. 

 

 

Figure 3.6: Gantry acceleration profile for constant dose rate. Blue line indicates the gantry 
acceleration without acceleration constraint and the green line indicates the same with 

acceleration constraint. Red dotted lines represent maximum and minimum permissible 
gantry acceleration. 
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Figure 3.7 represents the dose rate profile for the constant gantry speed delivery with 

zero acceleration. The maximum gantry speed of 3.7 degree/sec was kept constant 

throughout the delivery without violating other delivery parameters. The treatment time is 

increased by an average of 15% with respect to variable gantry speed delivery. 

 

Figure 3.7: Dose rate profile for constant gantry speed. Blue line indicates the dose rate for 
variable dose rate delivery and the orange line indicates the same for constant dose rate 

delivery. Red dotted line represents maximum and minimum permissible gantry 
acceleration. Maximum gantry speed that is kept constant is 3.7 degree/sec. 

 

Figure 3.8 shows the MLC opening area calculated from the treatment plan to ensure if 

same plan was delivered in all the cases with and without the acceleration constraint. The 

MLC opening area difference in both the cases is very negligible, thus proving that the 

plan integrity was not changed in all the cases. 
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Figure 3.8: MLC opening area map with respect to gantry angle for optimal delivery with 
and without acceleration constraint to ensure that the same plan is delivered in both the 

cases. 
 

3.4 Conclusion 

This paper presents gantry acceleration constraint algorithm for the static target 

with the optimal delivery efficiency which is the shortest delivery time for VMAT 

delivery. The gantry acceleration constraint is imposed on twenty two VMAT plans with 

both variable and constant dose rates. Alternate delivery methods such as constant dose 

rate and constant gantry speed have also been evaluated. With the constraint there is less 

mechanical stress on the gantry as the acceleration and deceleration of the gantry motion 

are reduced. There is less than 2% increase in the treatment time when the acceleration 

constraint is imposed which might not be a significant number in the clinical scenario. 

Constant dose rate delivery increases the delivery time by three fold with the reduction in 

the gantry speed. The acceleration and deceleration of the gantry motion is not improved 

with the constant dose rate delivery. In summary, imposing gantry acceleration on the 

treatment delivery will provide a smoother and also can reduce the dosimetric errors 

during the delivery. 
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3.5 Discussion 

 

Figure 3.9: The graph illustrates the two stage computation of the admissible trajectories for gantry 
rotation in arc therapy with acceleration constraint imposed on the gantry motion where local 

constraints for admissible speeds for constructed trajectories are (t, g) dependent. 

Geometrical representation of gantry acceleration constraint is illustrated in 

Figure 3.9. Assume the gantry angular speed at g is v1. In subsequent Δg, the angular 

acceleration is constant. Thus the trajectory in the next interval Δg, if maximum 

acceleration is utilized, can be expressed as 
2

1max11 )()(
1

tatvg ∆⋅+∆⋅=∆ ⋅  

Solving for 1t∆  we get, 

max

max
2

11
1 2

4
)(

α
α

⋅
∆⋅⋅−+−

=∆
gvv

t  

The above derived (Δt1) is the smallest possible time over which level g2 is reached from 

level g1 assuming at each instant of the evolution over time interval (Δt1) the acceleration 

(α)max is applied. Denoting the velocity after acceleration at the end of the interval (Δt1) 

as v2 then   
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v2 = v1 + (Δt1) (α)max 

However, the effective speed that allows approximating the trajectory over the Δg as 

straight line and move from level g1 to level g2 with the smallest possible interval of time 

under the constraint of constant acceleration is given by Δg / (Δt1). The angle of the 

straight line approximating this evolution is defined by this effective speed and can be 

expressed as  

βα
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The above derived angle β shows the difference between original speed defined by angle 

α and the speed after acceleration defined by angle (α+β). The angle β will define the 

constraint on acceleration when it is assumed that it happens instantaneously in point of 

the grid (tl, gk). We may notice at this point that mechanically the acceleration will be 

changing over the whole interval Δg or (Δt1). However, this miniscule variation of 

trajectory of gantry relative to its piecewise linear approximation will not introduce any 

perceptible error in dose delivered to the body and thus approximation of gantry motion 

by piecewise linear function will work perfectly well for the arc therapy that includes 

constraints on acceleration. 
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ABSTRACT 

 

The goal of this paper is the formulation of the volumetric modulated arc radiation 

therapy (VMAT) delivery problem to moving tumors treated on medical linear 

accelerators. The main aim of the study is to determine and understand the 

interdependence between several parameters (dose rate, gantry speed and MLC speed) in 

the delivery of VMAT treatment plan to tumors that move. The secondary aim is to prove 

local delivery optimality (minimal beam ON time). The problem of VMAT delivery to 

moving target is formulated as a control problem with constraints. The relationships 

between parameters of arc therapy delivery are derived under constraint of treatment plan 

invariance and limitations on delivery parameters. The non-uniqueness of arc therapy 

irradiation is revealed from these relationships. The most efficient delivery of arc therapy 

is formulated as optimal control problem and solved by geometrical methods. A 

computer program is developed to find numerical solutions for delivery of specific 

VMAT plan. Explicit examples of VMAT delivery plans for 3-dimensional target motion 

are computed and illustrated with graphical representations of the variability of delivery 

parameters.  

Copyright © 2002 IFAC 

 

 

Keywords: motion compensation, intensity modulation, VMAT, control problem, MLC 

radiation therapy. 
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4.1. Introduction 

Radiation therapy is commonly used modality in cancer management which involves use 

of precisely controlled and calibrated machines (mostly linear accelerators) to deliver 

radiation to the tumour while sparing surrounding normal tissues. Recently, a delivery 

technique called volumetric modulated arc therapy (VMAT) using linear accelerators has 

gained considerable interest. In this technique the gantry rotates around the patient while 

the radiation beam is ON all the time. Also while the gantry is rotating the field defining 

apertures called multi leaf collimators (MLC) changes and so does the beam dose rate or 

fluence rate. It is important to maintain the temporal and spatial integrity of these 

parameters (gantry angle position, MLC position and beam dose rate) to accurately treat 

the tumour. In reality human anatomy is dynamic and certain tumours moves to an extent 

that the motion effects cannot be ignored. To design a efficient delivery technique by 

properly relating the delivery parameters while considering machine constraint and the 

target motion is the main objective of this work. 

  We start with defining first generic 3D motion of the tumour that the arc radiation 

delivery is designed to compensate and treat. Then we recall the main features of the 

delivery to static anatomy and discuss the method of incorporating adjustments 

appropriate for moving target delivery. Finally, we derive relevant formulas and explain 

how they are incorporated into algorithms for static body anatomy known from earlier 

studies. 

Subsequently, we devote our attention to geometrical interpretation of moving target 

delivery and provide the detailed description of the locally optimal solution that provides 

directly the computation of delivery parameters. We will illustrate our solutions by 

reviewing explicit deliveries of arc therapy to moving target for one case of VMAT 

treatment to moving thoracic tumor. Moreover, the efficiency and accuracy of the 

delivery will be evaluated and discussed. 

 

4.2. Materials and Methods 

The motion of target relative to beam will be eliminated at delivery by moving apertures 

at each gantry angle g to keep them unchanged relative to target’s projection on beam eye 
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view (BEV). We denote BEV plane at gantry angle g passing through isocenter of the 

machine by P(g). Thus static apertures defined for each P(g) will move in synchrony with 

the target projection on P(g). We assume that target is a rigid body and so its translational 

movements in space (rotations and deformations of target are ignored) will be completely 

defined by the trajectory of the motion of its center in 3D. This trajectory, will in turn 

determine the position of the target’s center projection on P(g). The family of apertures 

for successive gantry angles g will be denoted as Atrg(g) when referred to moving target 

on P(g) and will be denoted as Alab(g) when referred to beam central axis on P(g) at 

gantry angle g. The plan of treatment is uniquely determined by combination of Atrg(g) 

and function M denoted by M(g) describing number of monitor units associated with 

each aperture Atrg(g) and indexed appropriately by gantry angle g. Given sequence 

(Atrg(g), M(g)) results in uniquely defined dose distribution in the static patient body. As 

the delivery of the sequence of angle dependent intensity map (Atrg(g), M(g)) to static 

target is equivalent to the delivery of the sequence of angle dependent intensity map 

(Alab(g), M(g)) to moving target the delivery of arc plan (Alab(g), M(g)) results in the 

imposition of the same dose distribution to the moving target that plan (Atrg(g), M(g)) 

imposes on the static target. We neglect in this assessment, infinitesimal changes that 

motion of the target relative to other parts of the anatomy makes on attenuation and 

scattering of photons that in turn cause minimal changes in dose deposition in the moving 

target. 

4.2.1. Definition of parameters for VMAT delivery for moving targets 

 Delivery parameters for arc therapy are the angular speed of the gantry (dg/dt), MLC 

leaf speed (dz/dt) and the beam dose rate (dm/dt). All these parameters are allowed to 

vary with time satisfying the constraints imposed by keeping treatment plan and hardware 

limitations invariant. The suitable implementation of arc therapy delivery requires these 

parameters to be truthfully related to each other at each instant during treatment so that 

arc treatment (Alab(g), M(g)) to moving target is delivered exactly as planned. The 

derivation of these relations as well as insight into their geometrical interpretation and 

understanding of their properties is our main goal. 
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4.2.2. Delivery Parameter Constraints 

The hardware constraints for the existing equipment for photon radiotherapy delivery 

with MLC leaf assembles consist of (Rangaraj et al):  

a) Limitation maxω for the maximum speed of gantry rotation. 

b) Limitation maxr for the maximum value of beam dose rate. maxr is the maximal value 

for quantity [dm/dt], where m(t) denotes cumulative number of monitor units delivered 

for time t and [dm/dt] is derivative of m(t) having interpretation of number of monitor 

units delivered per unit time t.  In other words the limitation of beam dose rate means that 

[dm/dt] belongs to interval [0, maxr ]. 

c) Limitation maxv for the maximum physical speed of leaves denoted physicalν = [dx/dt], 

where x denotes position of leaf measured relative to isocenter along the direction of leaf 

motion. Thus maxv is the maximal value for quantity [dx/dt], where x(t) denotes position 

of leaf at t. In other words the limitation for leaf speeds means that [dx/dt] belongs to 

interval [- maxv , maxv ]. 

4.2.3. Relation between delivery parameters for given arc treatment plan 

 To deliver the VMAT treatment plan to moving target one has to rotate the gantry 

while keeping beam apertures Alab(g) shaped at every angle g as determined by the 

treatment plan and target motion. At the same time, treatment plan also requires delivery 

of beam weights M(g) associated with each aperture. Moreover, delivery parameters of 

VMAT treatments have to be kept to values that will not violate machine constraints.  

The condition for achieving beam weight M(g) at g during delivery of arc treatment plan 

can be expressed in terms of gantry speed dg/dt and beam dose rate dm/dt at g as  

)()()()( g
dg
dtg

dt
dmg

dg
dmgM ⋅==        (1) 

Thus setting beam dose rate dm/dt at g to value  

)()()( g
dt
dggMg

dt
dm

⋅=         (2) 

assures that for gantry rotating with angular speed dg/dt at g number of monitor units 

associated with aperture Alab(g) at g is M(g) as required by the arc treatment plan. 
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The condition of achieving beam aperture Alab(g) (or, equivalently, preserving the speed 

of change Vlab(g) of beam aperture at g) can be expressed in terms of parameter dg/dt and 

leaf speeds vlab
L,k = dzlab

L,k(g)/dg and vlab
R,k =  dzlab

R,k(g)/dg for left and right leaves of 

leaf pair k as follows: 
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we note that the left and right physical leaf speed of any pair k at g at laboratory frame of 

reference has to be 

)(~)()()( ,,
,

, gvg
dt
dggvgv lP
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and 
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to assures that for gantry rotating with angular speed dg/dt at g the physical speed of 

change Vlab(g) of beam aperture at g is defined by )(,
, gv physlab
kL and )(,

, gv physlab
kR as 

required by the arc treatment plan and motion of the target for the delivery of the VMAT 

planned therapy to moving. The determination of locally most efficient delivery of 

parameter dg/dt for given treatment plan to moving target is derived in Appendix A.  
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4.2.4. Additional technical challenges and solutions  

 The formulation of the solution of the problem presented above ignores two 

difficulties that may appear under general conditions of delivery to moving target.  

1. First difficulty may appear when the acceleration (or deceleration) of the gantry 

motion imposes additional constraint on delivery strategies. In case of predictable motion 

of the target, the solution for including this additional limitation in delivery strategies that 

keep treatment plan invariant can be based on constructing a sequence of gantry motion 

trajectories in plane of gantry positions and gantry speeds that reside in the domain of 

accessible speed parameters and satisfy condition on acceleration (deceleration) 

limitation. Among all trajectories of this type, those that minimize time of delivery are 

chosen and are most clinically desirable. 

2. In case of motion unpredictability the solutions constrained by limitations on gantry 

speed acceleration (deceleration) can be solved only locally and with approximation 

minimizing the error in plan variation. 

3. Potentially the most consequential error in plan delivery in arc therapy to moving 

target may arise in the contradiction between parameters set as invariant by treatment 

plan and solutions to equations expressing these parameters in terms of controllable 

variables of delivery. From the formulation of the problem, we know that number of 

controllable parameters is fortunately larger than number of parameters defined by 

treatment plan. Thus, if there were no constraints imposed on values of controllable 

parameters (ideal hardware conditions) the solutions for delivery ideally matching the 

treatment plan would have been always possible, and actually, many solutions would be 

possible. Due to constraints on delivery parameters this is not always the case. Depending 

on mutual relationship between treatment plan and motion of the target the exact 

solutions may not exist when delivery parameters are restricted by hardware design. 

Under these conditions the best strategy for clinical solution is to find the minimum error 

unavoidable per given plan and given target motion (and how to find solution that leads 

to this minimum error) and decide if the minimum error is acceptable (or better than 

exact delivery of any dosimetrically suboptimal plan). This approach can also be seen as 

evaluating the existing delivery equipment and defining requests for technological 
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advances in radiotherapy delivery systems that eliminate restrictions on clinically most 

desirable solutions. 

4.3. Results 

Deliveries for optimized VMAT inverse planned treatments for a lung patients 

(derived from Varian RapidArc planning system 8.5) have been designed following the 

method described in this paper. Aperture shapes Atrg(g) indexed by gantry angles and the 

function M(g) expressing monitor units to be delivered as a function of gantry angle have 

been determined by treatment plans. These records constitute the invariant (treatment 

plan) for designing the VMAT delivery procedure as described in Methods. The system 

constraints for delivery parameters have been set for these following cases:  

1. maximum gantry speed of 5.5 degrees/sec 

2. maximum leaf velocity of 2.25 cm/sec and  

3. maximum dose rate of 600 MU/min 

Figure 4.1 shows maximum amplitude of 1 cm.  

 
Figure 4.1: The target trajectory along the direction of the leaf motion 

 

Figure 4.2 and Figure 4.3 show the gantry speed and the dose rate profiles as a function 

of delivery time, respectively. The delivery time to tracking a tumour moving in 1D along 

the leaf motion takes about 175 seconds for a specific VMAT plan. We can see that the 
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maximum velocity constraint of 5.5 degrees/ sec is not violated during the entire delivery. 

Also one could see the rapid acceleration and deceleration of the gantry which is forced 

by the MLC velocity to track the target. 

 
Figure 4.2: Gantry angular velocity as function of time 

 

 

Figure 4.3: Dose rate as a function of time 



54 

 

 

 Figure 4.4 shows the maximum of all the leaf velocities at a function of time. It 

shows that one of the leaves is always going at the maximum speed because of the target 

motion it needs to track and maintain spatial integrity of the plan. 

 
Figure 4.4: Speed of leaf travelling with maximal velocity 

 

Figure 4.5 shows the MLC aperture area as a function of gantry angle for the treatment 

plan performed on a static CT dataset and that of the tracking delivery from target frame 

of reference.  This shows that the integrity of the treatment plan dose distribution is 

maintained during tracking. The treatment plan integrity is critically dependent on ability 

at each gantry angle to shape the aperture opening relative to moving target according to 

plan requirements. This demand is almost perfectly reproduced in our delivery with small 

errors easily attributable to numerical errors in computations. 
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Figure 4.5: MLC aperture area as a function of gantry angle 

 

4.4. Conclusion 

In this work we have formulated the VMAT delivery problem to moving target and 

derived the relationship between the delivery parameters. We have validated the solution 

and the approach by simulating a target motion on a clinically used treatment plan. The 

results show that the relationships among the delivery parameters and their constraints are 

maintained during the entire delivery. The treatment time has increased considerably for 

moving target which is expected because of additional desire of target tracking. The 

solution reveals a need of acceleration constraints for some linacs which may not be able 

to modulate gantry speed to the extent determined in our solution. Alternatively we can 

also look at solutions of constant gantry speed for moving target at a price of further 

increased treatment time but the acceleration issue if exist would not be applicable.  

Though we analysed solutions for apriori known 1D moving tumour, the derived 

solutions are application of targets moving in 3D and also if we are intended to deliver in 

real-time. These formulations help us in better understand the completeness and 
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robustness of the solution for such advanced real-time deliveries. Also such 

understanding would help use to design other alternative VMAT deliveries with 

additional constraints and deliveries with other desired characteristics. 
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ABSTRACT 
Purpose: Linear accelerators have introduced delivery control systems with the ability to 

deliver Volumetric Modulated Arc therapy (VMAT) either by a single arc or by multiple-

arc. VMAT delivery for complex treatments such as head and neck requires providing 

more number of segments for a given plan. In a two arc plan, there are at least two 

segments providing modulation from a given angle which is absent in a single arc 

delivery. The primary goal of this study is to combine those multiple arcs into a single arc 

and compare the dose distribution and the treatment time for the two plans. 

Materials and Methods: Five Head and Neck plans, two prostate plans and two test 

plans were considered in this study. For each case, two arc VMAT plan were generated 

using Varian SmartArc treatment planning system version 8.5. These plans were 

delivered on the Varian Linac. The DICOM RT plans are exported and the MLC aperture 

shape and the gantry position as a discrete function of monitor units are extracted. For 

these plans the MLC apertures is 91 which are spaced every 4 degrees for both the arcs. 

A combined DICOM plan with single arc is created which has half the spacing as the 

original multiple arc plan and have all the segments of the multiple arc plan. For the 

combined arc plan and the multiple arc plans, the delivery time for optimal delivery 

under delivery constraints is determined using the delivery algorithm proposed by 

Rangaraj et al. The treatment times are then compared. 

Results: It is observed that the delivery time for the Head & Neck plans for the combined 

arc is improved by 35% as compared to the two arc plan. The delivery time for the 

prostate plan is improved by 37%. It is also observed that the combined arc plan is 

dosimetrically similar to the two arc plans. The treatment times for all the plans are 

provided. 

Conclusions: Combined arc delivery provides comparable plan quality and improved 

treatment delivery time. Hence, for more complex sites combined arc delivery is 

preferable due to the improvement in the treatment time while maintaining similar dose 

distribution with that of the multiple arc plans. 
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5.1. Introduction 

With the recent availability of the various commercial products such as Varian’s 

RapidArc and Elekta’s VMAT, intensity-modulated arc therapy (IMAT) techniques 

using one rotational arc have gained interest in the clinic. These techniques are believed 

to improve delivery efficiency compared to static-field IMRT while maintaining similar 

treatment plan quality. IMAT was proposed by Yu et al as an alternative to 

tomotherapy. Instead of using rotating fan beams as in tomotherapy, IMAT uses 

rotational cone beams of varying shapes to achieve intensity modulation. Volumetric 

Modulated Arc Therapy (VMAT) is a single arc form of IMAT where the apertures 

were delivered by varying the weights with a single arc rotation using dose rate 

variation of the treatment machine. With the commercial implementation of VMAT, 

wide clinical adoption is quickly taken root. However, there is still a lack of general 

understanding of the planning of the arc treatments, and what delivery limitations and 

compromises are made. Arc therapy involving field shaping using multi-leaf collimator 

(MLC) was proposed by Takahashi in 1965(1). The MLC moves dynamically to shape 

each subfield while the gantry is rotating and the beam in on all the time.  

Similar to step and shoot where intensity modulation is achieved by 

superimposing MLC shaped segments, multi-arc VMAT uses multiple overlapping 

arcs. Multiple overlapping arcs are delivered with the leaves moving to new positions at 

a regular angular interval. Each arc is programmed to deliver one subfield at each 

gantry angle. A new arc is started to deliver the next subfield and so on until all the 

planned arcs and their subfields have been delivered. The magnitude and the intensity 

step per arc and the number of arcs required depend on the complexity of the treatment. 

A typical treatment takes three to five arcs and the operational complexity is 

comparable to conventional arc therapy. Although multi-arc VMAT can achieves 

highly conformal dose distributions(8), the delivery time increases with the number of 

arcs used, e.g. 6-17 minutes for 5-15 arcs (1 arc approximately takes at least 1 minute to 

deliver). This extended delivery time has led to the exploration of the combining arc 

technique as a more efficient process. In a effort to increase the delivery efficiency, we 
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developed a new method that uses one arc to generate similar quality of treatment plan 

as VMAT with multiple arcs. 

5.1.1. Purpose of this project: In this work we are mainly focusing on the three main 

aspects of the arc delivery. 

1) We propose that in an arc delivery the dose distribution is not highly sensitive to 

gantry angle displacement. We prove this by systematically offsetting the arc 

delivery (say 2-4 degrees) and comparing the dose distribution for several sites such 

as HN, prostate, etc. 

2) As our second aim, we propose that it is possible to combine two arcs into single 

arc and could be delivered to yield similar dose distribution. We study this by 

comparing a two arc plan with a combined arc plan formed by combining first arc 

and an offset second arc (say by 2 degrees).   

3) As our final aim, we propose that the treatment time might be less for the combined 

arc compared to the multiple single arc plans. We investigate this by comparing the 

time taken to deliver a combined arc plan with the multiple single arcs plan using 

the optimal delivery algorithm proposed by Rangaraj et al(6). 

 The main goal of this paper is to combine the multiple arcs from a given plan into 

a single arc and compare the delivery efficiency and the dosimetric efficiency of the 

plans without violating the delivery parameter constraints mentioned by Rangaraj et 

al(6).  

 

5.2. Materials and Methods 

5.2.1. VMAT plans 

Five head and neck plans, 5 prostate plans and two test plans were used for this 

study. All plans were created using Pinnacle treatment Planning system version 9.0 using 

SmartArc planning module. Briefly, the VMAT optimization starts with the creation of 

initial control points around the arc, with the first one positioned at the start angle and the 

remaining control points spread out at 40 increments. For each initial control point a 

fluence map is optimized using intensity modulation. All the machine constraints such as 
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the maximum leaf speed, maximum gantry speed and the valid fluence rates are 

maintained during the optimization. Convolution doses are calculated and final step of 

segment weight optimization is performed. The plan information, including MLC leaf 

sequence, gantry angle and monitor units (MUs) is stored as discrete control points and 

exported in a DICOM file. Note that gantry speed, dose rate and MLC leaf-velocity are 

not specified in the control points, and will be determined later at the linac console by the 

VMAT delivery software once the plan has been transferred. Each plan consists of 177 

control points, and the interval between any two consecutive control points is called a 

segment, thus totaling 176 segments.  

5.2.2. Creating off-set plans and combined arc plans 

In effort to increase the delivery efficiency of the arc plans, we developed a new 

method that uses only one arc to deliver a multiple arc plan. We realize that if there is a 

slight change in the gantry position for a given aperture, the dose distribution in the plan 

is not affected much. This is because, for each segment the MUs delivered per each 

gantry angle is very small. Each SmartArc plan consists of two arcs with 4 degree gantry 

spacing, one going in the clockwise direction and the other in the anti-clock wise 

direction. According to aim 1 listed in 4.1, one of the arc is systematically offset by 

known degree (2 degrees) and the dose distribution is compared with the original plan. 

An algorithm is developed using MATLAB 7.7 to offset the second arc. With this we 

prove that the dose distribution is not sensitive to the gantry angle displacement. Once the 

offset arc is created, it is then combined with the first arc. Hence the number of segments 

for the combined arc is twice the number of segments of each single arc. Figure 5.1a 

shows the schematic of the arc1 with the 4 degree gantry spacing. Figure 5.1b shows 

offset arc 2 which is offset by 2 degrees and figure 5.1c shows the combined arc which is 

obtained by inserting offset arc two segments into arc1. 
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Figure 5.1: figure 1a shows the arc 1 with 4 degree gantry spacing, figure 1b shows the arc 2 

which is offset by 2 degree and figure 1c shows the combined arc 

The monitor units (MUs), gantry angles and the leaf positions are derived from the 

DICOM-RT plan. The MU’s for the combined arc plan is obtained by splitting the MU’s 

between the arc1 and arc2. The new Mu’s for combined arc are obtained from the 

formula 

2
arc2for  MU

2
arc1for  MU arc Combinedfor  MU +=      (1) 

Once the MU’s, gantry angles and the leaf positions are obtained for the combined arc 

plan, it is imported back to the treatment planning system and the dose is computed for 

new plan. The DVH’s for the combined arc plan is then compared with the original plan 

with the two arcs. It is assumed that the two plans are similar dosimetrically. The 

1a 1b 

1c 
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treatment time for the combined arc plan is calculated using the MATLAB algorithm 

developed by Rangaraj et al 6.  

Two test plans were created for the prostate cases with the open fields of 5x5 and 

10x10 to test the validity of the algorithm. The results for the test plans were also 

presented in the results section. 

 

5.3. Results 

The plots are obtained for the head and neck plan which has total MU’s of 428 for 

arc1, 485 for arc2 and 908 for combined arc. The gantry spacing for the arc1 and arc2 is 4 

degrees and the gantry spacing for combined arc is 2 degrees. The test plan has the total 

MU’s of 910 for arc1, 455 for arc2 and 1358 for the combined arc.  Figure 5.2a shows 

the gantry angle as a function of MU’s for arc1, arc2 and the combined arc. Figure 5.2b 

shows the same for the test plan. In the figure, blue line represents the MU’s with respect 

to the gantry angles for arc1, red line represents the same for arc2 and the green line is for 

combined arc. From the figures it is observed that the MU’s for the combined arc is 

approximately the sum of the MU’s from the arc1 and arc2 which is as expected.  

  

Figure 5.2: Gantry Angle vs MU's for arc1, arc2 and combined arc 

Figures 5.3(a) – 5.3(c) show gantry angular velocity as a function of time for arc1, arc2 

and combined arc. It is observed from the figures that the maximum gantry velocity 

2a 2b 
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constraint of 4.8 degree/sec is not violated during the delivery for the combined arc. The 

treatment time obtained by the optimal delivery algorithm for arc1 is 75.93 sec and for 

arc2 is 76.68 sec. It is observed from the Figure 5.3(c) that the delivery time for the 

combined arc is improved by 33% for the head and neck plan as compared to the two arc 

plan. It is also observed that most of the time the gantry for arc1 and for arc2 is going at 

the maximum speed of 4.8 degrees/sec at certain beam angles. 

 
(a) 

 
(b) 

 
(c) 

Figure 5.3: Gantry angular velocity with respect to time for the arc1, arc2 and combined 

arc 
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(a) 

 

(b) 

 

(c) 

Figure 5.4: Dose Rate with respect to time for the arc1, arc2 and combined arc 

Figures 5.4(a) – 5.4(c) represents the dose rate profiles as a function of the treatment 

time for arc1, arc2 and the combined arc. It is observed from the figures that the 

maximum dose rate constraint of 600 MU/sec is not violated throughout the delivery by 

the combined arc plan. The dose rate is modulated very much as the gantry speed, dose 

rate and the leaf velocity parameters are correlated. 
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(a) 

 

(b) 

 

(c) 

Figure 5.5: Gantry angular velocity profile for arc1, arc2 and combined arc with respect to 

gantry speed 

Figures 5.5(a) – 5.5(c) shows gantry angular velocity profiles for arc1, arc2 and 

combined arc. It is observed from figure 5.5(a) and 5.5(b) that most of the time arc1 and 

arc2 is reaching maximum gantry speed of 4.8 degrees/sec except for some gantry 

positions. It is observed that there is gantry modulation during only few segments of the 

delivery process and most of the time the gantry velocity is allowed to be at its maximum 

value and no modulation is needed for this parameter. 
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5.4. Conclusions 

An algorithm for combining the multiple arcs into a single arc has been developed 

and verified aiming at the shortened delivery time. Simulation demonstrates that the plans 

can be accurately and efficiently delivered at almost 33% reduction in the treatment time. 

The dose distribution for the combined arc plans is similar as compared to the multiple 

arc plans. Combined arc delivery provides comparable plan quality and improved 

treatment delivery time. Hence, for more complex sites combined arc delivery is 

preferable due to the improvement in the treatment time while maintaining similar dose 

distribution with that of the multiple arc plans.  
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ABSTRACT 

Purpose: Rapid arc delivery is an advanced beam delivery technique where the intensity 

modulated dose is delivered by controlling the gantry angular velocity, multi leaf 

collimator (MLC) leaf velocity and the beam dose rate. We explore the use of dynalog 

files to perform QA of this complex delivery by comparing various parameters of the 

delivery to the planned delivery.  

Method: A rapid arc delivery on the Varian linear accelerator generates two log files, the 

MLC dynalog and the gantry dynalog. Information of the MLC position as a function of 

time can be determined from MLC Dynalog file which are sampled every 50 

milliseconds. The gantry Dynalog file provides information about the delivered monitor 

Units (MUs) as a function gantry position. The information about the delivery obtained 

from the dynalog files are compared against the planned delivery (DICOM‐RT plan file) 

to assure the quality of the delivery. Factors affecting dosimetric quality and machine 

mechanical ability are compared. An in‐house developed software tool was used to 

import the dynalog and plan files, analyze data and export results. Parameters such as 

MLC segment area as a function of gantry angle, MLC positional error, gantry angular 

velocity, dose rate variation and dose distribution were compared between the planned 

and the delivered.  

Results: We have found the delivery was overall very stable and reproducible. The 

Dynalog files provided more information about the delivery than the measurements. 

Delivery errors related to the machine which may be insensitive to the dose can also be 

detected using Dynalog files.  

Conclusion: Another advantage of Dynalog files is their use in moving towards 

comprehensive automated Quality Assurance. 
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6.1. Introduction 

Recent advancement in intensity modulated radiation therapy (IMRT) is Volumetric 

Modulated Arc Therapy (VMAT) in which IMRT is delivered in rotational fashion [Yu 

1995, Otto 2008, Wolff et al 2009]. VMAT delivers radiation by rotating the gantry of 

the linear accelerator through one or more arcs with the radiation beam continuously 

being ON while the multi-leaf collimator leaves (MLC) and beam dose rate are 

modulated [Bedford 2009 and Warrington 2009]. To accurately deliver the plan several 

delivery parameters are needed to be controlled precisely including the gantry speed, 

dose rate and MLC leaf positions. The MLC position and the beam dose rate is varied to 

achieve spatial and the temporal aspects of the dose deposition as dictated by the plan.  

Because of the complicated nature of the delivery, efficient and effective and 

comprehensive quality assurance (QA) is necessary. In this paper, we described our study 

on VMAT quality assurance process and how that is different from the conventional 

IMRT process. We also discuss the potential issues that could happen and propose a 

quality assurance technique to solve them. The method proposed involves the use of 

machine log files which records the activities of the machine during actual delivery. 

While this approach is not new, this is an under-served methodology in radiation therapy. 

We highlight the benefit of using machine log files and their importance especially for 

VMAT type delivery. 

6.1.1. Current IMRT Quality Assurance Paradigm 

Currently, once the treatment plan is generated by the dosimetrist, the delivery 

parameters are transferred to the record and verify (RV) system. Typically VMAT plans 

may involve several beams (7-10) with some collimator and/or couch rotation along with 

several MLC segments for each field. Physicist performs the check for data transfer 

integrity. The IMRT treatment plan is also copied on to a phantom to perform patient 

specific QA with ion chamber measurement, film or other special devices such as 

diode/ion chamber arrays. In some cases, an independent dose calculation or MU 

calculation is performed. This is to ensure the correct dose is planned in the treatment 

plan and also the MLC segments are consistent with RV system. In addition, physicist 

performs periodic QA (weekly) to ensure there is no deviation of patient treatments from 
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the delivery initially intended. Proper verification of dosimetry and treatment QA 

procedures are important measures to ensure the treatment can be delivered according to 

the treatment plan. This is one of the liming factors for large scale implementation of 

IMRT because of the amount of the work involved, physics work in particular. This type 

of method for verifying dosimetry is tedious and time consuming. Figure 6.1 shows the 

IMRT workflow which is discussed in this section. 

 

Figure 6.1: IMRT workflow 

6.1.2. Benefits and Challenges of VMAT QA Paradigm 

In VMAT there is only one angle. The data is transferred to the R&V and there is nothing 

extensive the physicist has to check. Also the MLC positions are very difficult to check 

manually. On a weekly basis too there is nothing the physicist can check to ensure the 

delivery is performed consistently as planned. While it is beneficial that the arc type 

delivery saves resources that would otherwise been used for checking, it does not provide 

enough information that one can verify the consistency of the delivery to the treatment 

plan and also the consistency of delivery from fraction to fraction (something we do 

manually for other IMRT delivery). While one can consider VMAT as a one field IMRT 

delivery, which is not completely accurate as the delivery parameters that are varied to 

create the dose distribution are different (dose rate, gantry speed and MLC speed) 

6.1.3. Benefits of using Machine Log File for VMAT Quality Assurance 

After the VMAT delivery, the LINAC and the MLC controller create two log files:  MLC 

log file and the Gantry log file. The MLC log file contains the MLC leaf positions of the 

both leaf banks recorded every 50 ms by the MLC controller during the delivery. Gantry 
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log file records the monitor units as a function of gantry angles. These dynalog files can 

be used to check the data transfer accuracy and the consistency of the treatment plans, 

fluence verification, gantry speed consistency, consistency of the MLC segments and the 

delivery consistency. This could potentially substitute the data integrity and consistency 

checks performed during initial and the weekly chart checks which are otherwise 

performed for the conventional IMRT plans. Also these checks using dynalogs can be 

performed as a pretreatment (before 1st fraction treatment) and also during completion of 

every fraction with potential of automation. 

6.1.4. Automated machine log file analysis for VMAT QA 

In this work we study the delivery accuracy and constancy of the arc delivery parameters 

for the plans generated on RapidArc planning system and SmartArc planning system and 

delivered using Varian linear accelerator in detail as an automated patient specific QA.  

Particularly we study the constancy of delivery parameters (gantry speed, MLC speed, 

dose rate variation) from fraction to fraction. To facilitate rapid automated feedback, we 

compare the fluence error of the delivery projected on a plane as it is more sensitive 

metric than dose error. The fluence error threshold was used as a trigger for further 

investigation of the plan. Significant dosimetric impact could arise from MLC positional 

errors which suggest that periodic MLC QA should be performed to ensure the accuracy 

and reproducibility of MLC leaf positions. The automated software identifies the MLC 

positional errors corresponding to the gantry angles. With this we can ensure the accuracy 

of the MLC leaf positions. The planned and measured gantry rotational speed and the 

dose rate variations can be compared using the software to ensure that the average gantry 

speed and the dose rate are within the machine constraints. 

  

6.2. Materials and Methods 

6.2.1. Treatment plan and delivery system information 

Treatment plans for several sites were created using Varian Eclipse (Varian Medical 

Systems, PaloAlto, CA) treatment planning system version 8.6 using RapidArc planning 

module. All the treatment plans created using RapidArc has 177 static segments 
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corresponding to 2 degree gantry spacing. Also several plans were created using Pinnacle 

treatment Planning system version 9.0 using SmartArc planning module for the same 

patient dataset used for RapidArc plans. All smart arc plans were created with 91 

segments corresponding to 4 degree gantry spacing. All the treatment plans were 

delivered using the Varian 21IX Clinac equipped with Millenium 120 leaf MLC. All 

plans consist of a single counter clockwise full arc with 179-181 gantry angle range. 

When these plans are delivered two log files were created, one by the MLC controller 

called MLC dynalog file and another by the Linac console (gantry log file). These files 

were extracted and used for our analysis.  

6.2.2. Automated patient specific QA workflow 

The workflow for automated patient specific QA process is shown in Figure 6.2. When 

the machine delivers the VMAT plan it creates two log files: MLC log file and the 

controller log file. These two files erre analyzed using an in-house software called 

Dynalog QA developed using version R2008a, Mathworks, Inc., Natick. The planned 

fluence and delivery fluence were compared to determine the acceptability of the delivery 

along with individual gantry and MLC positional accuracy  tolerance.  

 

Figure 6.2: Work flow of Dynalog QA using the Machine log files from the Linac console 

and the DICOM-RT file from the treatment planning system 
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The plan parameters for the Dynalog QA were extracted from the DICOM plan file, 

which was exported from the treatment planning system and the Dynalog files were 

obtained from the linear accelerator. The parameters that affect the arc delivery are gantry 

speed, dose rate and leaf speed. Several rapid arc test plans generated on phantom and 

real patients CT data sets were used for testing the use and efficiency of dynalogs for 

Rapid arc QA. Parameters such as MLC segment area as a function of gantry angle, MLC 

positional error, gantry angular velocity between planned and delivered, dose rate 

variation between planned and delivered, jaw position difference and gantry position 

difference were compared. Repeatability of the delivery was also tested by delivering the 

same plan several times and comparing the parameters of interest between the dynalogs 

generated for each delivery.   

6.2.3 Constancy check 

A major advantage for the proposed method is that consistency of the dose delivery for 

any number of fractions can be verified. Errors such as the delivery of wrong patient plan 

can be detected. Dynalog QA tool was used to check the constancy of the delivery of the 

VMAT plans. The plan is delivered for five fractions and the dynalog files are obtained 

for all the fractions. Dose rate and the gantry speed were plotted against the time for all 

the five fractions and was compared using Dynalog QA program.  

6.2.4. 2D Fluence comparison 

Dynalog QA program was used to compare the planned fluence with the delivered 

fluence. Planned fluence was obtained from the DICOM RT plan file. A fluence map is 

generated from the dynalog files obtained from the Linac console and the MLC 

controller. These two maps are compared and the difference is obtained. From the plots 

we can obtain the dose difference errors between the treatment plan and the treatment 

delivery. 

6.2.5. MLC error distribution 

Dynalog QA program was used to compute the MLC positional error distribution from 

the Dynalog files obtained from the Linac Console and the MLC controller. The mean 

and the maximum MLC error are computed. The MLC error distribution is smoothed by 
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using Gaussian low pass filter algorithm. Smoothing is done to smooth the curve and 

remove any unwanted noise. The MLC opening area with respect to the gantry angle for 

treatment plan and treatment delivery was also obtained using the program.  

6.2.6. Gantry speed and dose rate variation 

The gantry rotation speed and the dose rate variation were obtained from the software. 

The gantry speed with respect to time is obtained from the plan and the delivered log 

files. This study ensures that the treatment plan was delivered by not exceeding the 

maximum permissible values of the gantry speed of 5.5 degrees/sec and the dose rate of 

600 MU/min. 

 

6.3. Results 

Figure 6.3 shows dose rate as a function of delivery time. The dose rate was plotted for 

all five fractions to check the consistency of the delivery. We can say from the figure that 

for all the five fractions the dose rate was very consistent.  

 
Figure 6.3: Dose rate consistency plot 

Figure 6.4 shows the gantry angular speed as a function of the delivery time. The gantry 

speed was observed to be very consistent for all the fractions.  
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Figure 6.4: Gantry speed consistency plot 

Figure 6.5 A-B shows the fluence map comparison of the delivery and the planned 

fluence respectively. The difference plot which gives the difference between the planned 

fluence and the delivery fluence was calculated and shown in Figure 6.5C. The fluence 

maps match very well with the difference within 2%.  

Figure 6.6 shows the MLC error distribution as a function of gantry angles. The MLC 

error for all the leaves is within 2 mm. From the figure, we can determine whether MLC 

QA is needed. If the error is more than 2 mm, the dosimetric error is more with the need 

to perform MLC QA.  
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Figure 6.5: Fluence map comparison between planned and delivered fluence 
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Figure 6.6: MLC error of all the leaves with respect to the gantry angles 

Figure 6.7 shows the MLC aperture area as a function of gantry angles. The aperture area 

was plotted for both the plan and the treatment delivery. The planned and the delivered 

apertures match very well which proves the integrity of the plan.  
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Figure 6.7: MLC opening area with respect to gantry angles (planned vs delivered) 

Figure 6.8 shows the gantry angular velocity profile as a function of gantry angle. The 

gantry speed was consistent without exceeding the given maximum permissible value.  
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Figure 6.8: Gantry angular velocity with respect to gantry angle. The dotted line represents 

maximum permissible gantry speed which is 5.5 degree/sec 

Figure 6.9 shows the dose rate variation plot as a function of gantry angle. Unlike IMRT 

where the dose rate is kept constant, the variable dose rate in VMAT is required to be 

monitored to ensure that the delivery is not exceeding the maximum permissible dose 

rate. From the figure we can say that the dose rate is within the permissible value of 600 

MU/min. 
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Figure 6.9: Dose rate plot with respect to gantry angle. The dotted line represents maximum 

permissible dose rate which is 600 MU/min 

 

6.4. Conclusions 

In this study we have developed a new tool for performing the quality assurance 

of the VMAT plans. We have found the delivery was overall very stable and 

reproducible. The dynalogs provided more information about the delivery than the 

measurements. Measurement performed using ion chamber array agreed well with the 

plan (Eclipse TPS). Delivery errors related to the machine which may be insensitive to 

the dose can also be detected using dynalogs. Another advantage of dynalogs is their use 

in moving towards comprehensive automated Quality Assurance. Results obtained from 

our system concluded that there is a very good consistency of the VMAT delivery, the 

fluence maps matched very well with the differences less than 2%, and the MLC leaf 

error is within 2 mm for all the leaves with respect to the gantry angle. Our volumetric 
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assessment permits a more detailed analysis, and provides a greater confidence in the 

accuracy of the delivery. Provided that the machine calibrations and the dose calculations 

of the TPS are verified in the standard monthly QA procedures, the proposed method 

represents a simple and easy process for VMAT QA. The results presented in the paper 

provide a valuable clinical tool to assure the VMAT dose delivery. 
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Summary 

Volumetric Modulated Arc Therapy (VMAT) is the rotational version of Intensity 

Modulated Arc Therapy (IMRT) where the delivery is performed by continuous rotation 

of the gantry around the patient. Compared to IMRT, the technique excel in reducing the 

treatment delivery time while maintain a similar plan quality. Apart from the differences 

in the algorithmic structure, all the single arc VMAT techniques aim at providing fastest 

treatment delivery with comparable dose distribution to IMRT in one single gantry 

rotation. Compared to typical nine-field IMRT treatment that may take about 10 min of 

beam on time, a single arc treatment may be completed in 1.5 – 3 min. In multi arc 

VMAT, intensity modulation is attained by superimposing the MLC segments at all beam 

angles by multiple overlapping arcs. Typically 5-12 arcs are used for the complex sites 

such as head and neck and the delivery time is proportional to the number of arcs 

involved, i.e. 6-15 min.  

The purpose of this thesis is to develop advanced delivery techniques for static and 

moving tumor anatomy. In this work we mainly focused on the fundamentals of intensity 

modulated arc therapy and importantly the single arc version of it. We studied the 

interdependence between several delivery parameters such as gantry speed, dose rate and 

MLC leaf velocity for both static and moving targets. Secondly we described the 

challenges involved in the VMAT delivery for moving targets, motion model and relation 

between the delivery parameters. Thirdly, we described the acceleration constraint 

problem for the VMAT delivery and where it applies in the clinical scenarios and finally 

we provided advanced quality assurance techniques for VMAT delivery.  

VMAT delivery problem has been formulated and the relationship among the 

delivery parameters is presented in chapter 2. The solution for optimal VMAT delivery is 

provided and the optimality is proved. The delivery time is proved to be the shortest time 

with imposed machine constraints like maximum gantry speed, maximum admissible 

dose rate and maximal leaf speeds. We compared the solution to varian rapid arc delivery 

and observed the time gain of 18% for static patient anatomy. We also considered two 

special cases of delivery such as constant beam dose rate and constant gantry speed. 

Solutions for both of these deliveries are provided in the study. 
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We have formulated VMAT delivery problem to moving target and derived the 

relationship between the delivery parameters in chapter 3. We have validated the solution 

and the approach by simulating a target motion on a clinically used treatment plan. The 

relationship between the delivery parameters is maintained throughout the delivery. Also, 

the treatment time has been increased considerably for moving target as compared to 

static target. This is expected because of the additional desire of target tracking. Though 

we analysed solutions for apriori known 1D moving tumor, the derived solutions are 

application of targets moving in 3D and also if we are intended to deliver in real-time. 

These formulations help us in better understand the completeness and robustness of the 

solution for such advanced real-time deliveries. Also such understanding would help use 

to design other alternative VMAT deliveries with additional constraints and deliveries 

with other desired characteristics. 

Combining multiple arcs into a single arc for delivery to static patient anatomy has 

been presented in chapter 4. An algorithm for combining multiple arcs into a single arc 

was developed and verified at the shortest delivery time. Simulation demonstrates that the 

plans can be accurately and efficiently delivered at 33% reduction in the treatment time. 

Combined arc delivery provides comparable plan quality and improves treatment time. 

Hence for complex treatment sites such as head and neck combined arc delivery is 

preferable due to the improvement in the treatment time while maintaining the dose 

distribution with that of the multiple arc plans. 

Imposing gantry acceleration constraint for VMAT delivery on static target is 

presented in chapter 5. The gantry acceleration constraint is imposed on twenty two 

VMAT plans with both variable and constant dose rates. With the constraint there is less 

mechanical stress on the gantry as the acceleration and deceleration of the gantry motion 

are reduced. There is less than 2% increase in the treatment time when the acceleration 

constraint is imposed which might not be a significant number in the clinical scenario. 

Constant dose rate delivery increases the delivery time by three fold with the reduction in 

the gantry speed. The acceleration and deceleration of the gantry motion is not improved 

with the constant dose rate delivery. In summary, imposing gantry acceleration on the 
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treatment delivery will provide a smoother and also can reduce the dosimetric errors 

during the delivery. 

Automated VMAT QA using Dynalog files has been presented in chapter 6. A 

software tool has been developed for performing the QA. We have found that the 

delivery was overall very stable and reproducible. Delivery errors related to the machine 

which may be insensitive to the dose can be detected using Dynalog files. Another 

advantage of dynalogs is their use in moving towards the comprehensive automated QA. 

Our volumetric assessment permits a more detailed analysis, and provides greater 

confidence in the accuracy of the delivery. Provided that the machine calibrations and the 

dose calculations of the TPS are verified in the standard monthly QA procedures, the 

proposed method represents a simple and easy process for VMAT QA. 
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Abbreviations and Definitions 

BEV beams eye view 

CBDR constant beam dose rate 

CGAS constant gantry angular speed 

DICOM-RT digital imaging and communication in medicine – radiation therapy 

ESRT extra-cranial stereotactic radiation therapy 

HN head &neck 

IMAT intensity modulated arc therapy 

IMRT intensity modulated radiation therapy 

MLC multi leaf collimator 

MU monitor units 

QA quality assurance 

RV record and verify 

TPS treatment planning system 

VMAT volumetric modulated arc therapy 

 

 

MU Measurement of ionization occurring in a treatment beam within the 
treatment head. One MU is typically equal to a specific dose of 
radiation, at a specific depth in a water phantom, for a beam of 
particular energy, with a particular field size and at a certain distance 
from the target 

IMAT Rotational IMRT delivered on a conventional linear accelerator using 
a conventional MLC 

VMAT Single arc form of IMAT. Elekta’s IMAT solution 

RapidArc Varian’s IMAT solution that focuses on a single arc delivery 

Smart Arc Planning solution in Pinnacle 
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