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Abstract: RapidArcTM is a radiation technique that delivers highly conformal dose distribu-

tions through the complete rotation (360°) and speed variation of the linear accelerator gantry. 

This technique, called volumetric modulated arc therapy (VMAT), compared with conventional 

radiotherapy techniques, can achieve high-target volume coverage and sparing damage to normal 

tissues. RapidArc delivers precise dose distribution and conformity similar to or greater than 

intensity-modulated radiation therapy in a short time, generally a few minutes, to which image-

guided radiation therapy is added. RapidArc has become a currently used technology in many 

centers, which use RapidArc technology to treat a large number of patients. Large and small 

hospitals use it to treat the most challenging cases, but more and more frequently for the most 

common cancers. The clinical use of RapidArc and VMAT technology is constantly growing. At 

present, a limited number of clinical data are published, mostly concerning planning and feasibil-

ity studies. Clinical outcome data are increasing for a few tumor sites, even if only a little. The 

purpose of this work is to discuss the current status of VMAT techniques in clinical use through 

a review of the published data of planning systems and clinical outcomes in several tumor sites. 

The study consisted of a systematic review based on analysis of manuscripts retrieved from the 

PubMed, BioMed Central, and Scopus databases by searching for the keywords “RapidArc”, 

“Volumetric modulated arc radiotherapy”, and “Intensity-modulated radiotherapy”.
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Introduction
Varian Medical Systems, Inc. (Palo alto, CA, USA) has launched into the marketplace 

a new arc delivery technique named RapidArcTM. In this method, the treatment is 

delivered in one or more arc rotations of the linac gantry; in this rotation, the multileaf 

collimators (MLCs) are moving dynamically and, at the same time, the dose rate is 

varied throughout variation of the gantry speed rotation.1

The earliest form of arc therapy, termed intensity-modulated arc therapy (IMAT), 

was first described by Yu et al in 19952 and required the use of multiple superimposed 

arcs to achieve a satisfactory dose distribution.3 The general IMAT concept as described 

by Yu et al2 makes use of several arcs, all delivered in a cone-beam fashion, but as 

an “arc-in-arc” approach, where each arc patches in the missing dose levels from the 

previous arcs to obtain the desired dose distribution.

With the RapidArc technique, to obtain an extremely conformal dose distribution 

by means of the increase of degrees of freedom, the variation of dose rate is gained 

in a single arc by the mishmash of gantry speed combined with dynamic MLCs, all 

specified in a large number of control points over the rotation. There is a limit to the 
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modulation factor that is related to the movement allowable 

of the MLCs per second per degree of gantry rotation.

The RapidArc approach can be considered an extension 

to dynamic MLC IMRT, and the machine commissioning 

and quality assurance should validate standard dynamic 

MLC delivery, and the combination with dose rate variations 

and gantry rotation with variable speed, which is specific to 

RapidArc.

Comparisons between RapidArc and IMRT have been 

evaluated for quite a lot of tumor sites. Relevant works have 

largely demonstrated that RapidArc, compared to IMRT, is 

capable of creating analogous or better dose distributions, 

compared to IMRT, is capable of creating analogous or better 

dose distributions, while attaining a reduction in treatment 

time and monitor units are halved.4–8 The quantity of radia-

tion generated by the linear accelerator is expressed in MUs; 

growth in MUs is connected with a higher scatter radiation 

from the accelerator, which would hypothetically increase 

the risk of secondary malignancies. Above all, two studies 

have assessed treatment with RapidArc for head and neck 

cancer and observed that the distribution is comparable to 

or improved with respect to IMRT; there is a decrease in 

MUs and, consequently, an important decrease in treatment 

times.8,9 Compared to other techniques, specifically tomo-

therapy and fixed-field IMRT, RapidArc has the extra benefit 

of more rapid treatment times. Elongated treatment time has 

been known as one of the disadvantages of the fixed-field 

IMRT technique. In the event that the IMRT plan is particu-

larly complicated, the delivery of a fraction of the treatment 

can last even more than 15–30 minutes;10,11 however, most 

fractions of three-dimensional conformal radiation therapy 

(3D-CRT) require only a few minutes, depending on dif-

ficulty. This has always been considered as an inevitable 

consequence to achieve an extremely conformal radiotherapy, 

a condition that we could accept to enhance dose distribu-

tion obtained by IMRT. The extension of treatment time 

has more than a few undesirable implications. It requires 

patients to pass a lot of time on the radiotherapy couch, 

which can lead to patient distress and increases the risk of 

intra-fraction movement of the tumor or patient. Formally, 

it considerably reduces the quantity of patients who can be 

treated per treatment unit every day.12 This is particularly 

true when considering that the tumors are treated on a slice 

by-slice basis, as an axial tumor shift could cause a portion 

of the tumor to be underdosed, notably when single or few 

large fractions are used.13

Longer treatment times could cause a following increase 

of the time needed by the physicians for quality assurance in 

order to verify the dose distribution before delivering it to the 

patient. As well, other reflections with prolonged treatment 

time are necessary, such as there may be detrimental radio-

biological consequences. According to some authors, with 

long treatment times, the tumor cells will have the possibility 

for DNA repair, leading to their proliferation,14,15 as in vitro 

data from several investigators showed.16–18

Particularly demanding radiotherapy treatments, such as 

stereotactic lung radiotherapy treatments, which are mainly 

challenging in that they deliver up to 20 Gy per fraction to a 

moving target, often require 30–45 minutes to deliver radio-

therapy treatment utilizing IMRT, whereas, using RapidArc, it 

can be delivered in 4–11 minutes.19 The better treatment times 

with RapidArc are a consequence of a number of factors: 

more MUs are required for IMRT plans, and this involves 

having the treatment machine turned on for an extended time, 

verify and set accurately the parameters field and rotate the 

gantry require more time to send information to the treat-

ment machine.20 With RapidArc, the arc must be able to be 

considered as a single field and all parameters are set just 

once per arc. Table 1 summarizes some articles relating to 

treatment times for RapidArc and VMAT techniques and 

tomotherapy. Figure 1 shows the dose distribution across the 

most representative RapidArc plans.

Clinical applications of RapidArc
Brain tumors
RapidArc has been employed to treat brain cancers and 

metastases. Davidson et al21 determined the advantages of 

VMAT compared with IMRT for brain glioma and evaluated 

the effect of complete arc and partial arc with the VMAT 

technique. The investigators found particular benefit in 

relation to IMRT with respect to spinal cord sparing, saw a 

reduction in the integral dose using an additional partial arc, 

and came to the conclusion that VMAT gives faster delivery 

than IMRT for brain tumors, maintaining a very similar 

dosimetric effect to IMRT plans.

A study by Fogliata et al22 examined a planning study of 

12 patients using RapidArc, fixed-field IMRT with five to seven 

fields, and helical tomotherapy. The patients suffered from 

meningiomas, acoustic neuromas, and pituitary adenomas. 

The results demonstrated similar target coverage for all tech-

niques, with an improvement of the coverage, however faint, 

to the advantage of IMRT treatment. VMAT and IMRT plans 

were better than helical tomotherapy with regard to organ-at-

risk (OAR) sparing and reducing integral dose. Also, doses 

to OARs were lower with IMRT plans than RapidArc; this 

can be considered important for patients with brain cancer to 
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Figure 1 The dose distribution of representative volumetric modulated arc therapy plans.
Notes: (A) VMAT plans for radiotherapy to prostate; (B) VMAT plans for oropharyngeal cancer; (C) VMAT plans for radiotherapy to hepatic cancer; (D) VMAT plans for 
pleural mesothelioma; (E) VMAT plans for spinal cord; (F) VMAT plans for abdominal tumors.

Table 1 Representative treatment times with VMAT techniques and tomotherapy

Treatment sites Authors Dose per  
fraction

Modalities  
reported

Treatment times  
in minutes (mean/range)a

Conventionally fractionated treatments
Several sites Bauman et al68 

Bijdekerke et al69 
Sterzing et al18

Various 
Various 
Various

Tomotherapy 
Tomotherapy 
Tomotherapy

6 
11 
10.7

Several sites – pediatric Fogliata et al22 Various Tomotherapy 4.9
Lung Bedford et al41 Not specified VMAT (Elekta) 1.7
Nasopharynx Lee et al35 1.8 Gy Tomotherapy 

IMRT
8 
14

Naso-, oro-, hypopharynx Verbakel et al8 2 Gy RapidArcTM 1.3–3
IMRT 8–12

Prostate Cozzarini et al70 Up to 2.65 Gy Tomotherapy 4–6
Shaffer et al7 Up to 2.4 Gy VMAT 3.7

Hypofractionated stereotactic treatments
Lung Verbakel et al19 7.5–18 Gy RapidArcTM 4.5–11

3D-CRT 11–13
Vestibular schwannomas Lagerwaard et al24 12.5 Gy RapidArcTM 4–5
Liver and lung Sterzing et al18 Not specified Tomotherapy 46
Liver, lung, and spine Fuss et al71 5–20 Gy Tomotherapy  

(helical and serial)
22–48

Notes: Treatment times may not be directly comparable across studies due to variations in plan complexity. aExcludes time for patient setup or imaging.
Abbreviations: 3D-CRT, three-dimensional conformal radiotherapy; IMRT, intensity-modulated radiation therapy; VMAT, volumetric modulated arc therapy.

minimize the risk of radiation-induced secondary malignancy. 

Wagner et al23 conducted a study on malignant gliomas (World 

Health Organization [WHO] grade 3 or 4). They analyzed 14 

treatment plans with 3D-CRT, IMRT (sliding window) utilizing 

five to nine fields, and single-arc VMAT. Planning target 

volume (PTV) coverage was better in IMRT with respect to 

VMAT (94.7% and 90.5%, respectively), whereas conformity 

was superior for VMAT and IMRT compared with 3D-CRT. 

For OARs far away from PTVs, 3D-CRT and IMRT were more 

suitable regarding PTV coverage. The trend was inverted when 

OARs were situated neighboring PTVs. In these cases, PTV 

coverage was significantly superior for VMAT. The authors 

recommended that 3D-CRT or IMRT would be the most 

appropriate solutions for PTVs situated distant from OARs. 

PTV coverage in these specific cases was satisfactory, with a 

superior sparing of healthy brain. Nevertheless, for PTVs near 

to OARs, VMAT technique would be more advisable, consider-

ing that PTV coverage was satisfactory, with more sparing of 

OARs followed by other advantages such as reduced MUs and 

treatment time. One cannot help but arrive at the conclusion 
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that the choice of radiation technique for these tumors must 

be examined case by case, and VMAT may not always be the 

best solution.

For years, stereotactic radiosurgery was achieved with 

multiple static or conformal arcs delivered by a linear 

accelerator, or with multiple highly collimated cobalt sources 

utilizing gamma knife radiosurgery. These methods have 

been restricted for patients with a single metastasis or oli-

gometastatic diseases with less than three lesions. To date, 

quite a lot of studies have evaluated the opportunity to use a 

VMAT technique for radiosurgical irradiations or stereotactic 

fractionations to multiple brain metastases.24,25 Lagerwaard 

et al24 compared whole brain radiotherapy (WBRT) with a 

simultaneous integrated boost to the metastatic lesions using 

double-arc VMAT with their conventional strategy of WBRT 

followed sequentially by a single stereotactic boost (21 Gy 

to 80% isodose) using multiple non-coplanar conformal 

arcs. For the integrated VMAT plan, the total dose to the 

metastatic lesions was 40 Gy in five fractions. The authors 

found adequate coverage for the boost and WBRT PTV in the 

integrated plans and much steeper dose gradients outside the 

boost PTV, which resulted in improved conformity compared 

with the conventional strategy. Clark et  al25 evaluated the 

advantage of single-isocenter plans with respect to multi-

isocenter plans with arc therapy for stereotactic radiosurgery 

of multiple central nervous system metastases. Their first 

results showed single-isocenter volumetric plans had a dosi-

metric distribution comparable to multi-isocenter plans. For 

tumors at close range, multiple single-isocenter plans with 

non-coplanar arcs were necessary. Radiosurgery for multiple 

targets with the RapidArc technique would be very efficient, 

and the delivery requires less than half the time, taking into 

consideration the setups needed for multi-isocenter plans. 

VMAT radiosurgery prefigures most likely a possible alterna-

tive for multi-isocenter techniques for radiotherapy treatment 

of multiple targets.

Hsu et al26 made a feasibility study about using arc therapy 

to deliver WBRT with a simultaneous integrated boost and 

hippocampal sparing for one to three brain metastases. They 

demonstrated that, using the Radiation Therapy Oncology 

Group dosimetric parameters for radiosurgery quality assur-

ance, RapidArc can deliver highly conformal dose distribu-

tions to single metastases and in the same way was able to 

satisfactorily deliver WBRT with hippocampus avoidance. 

The mean delivery time was under 4 minutes. Awad et al28 

valuated the feasibility and acceptability, as well as acute and 

late toxicity, of the melanoma brain metastases treated with 

whole brain with a simultaneous integrated and hippocampal 

sparing. They found only one clinical case with grade IV late 

toxicity, while slight toxicity in a few cases was clinically 

unimportant. They concluded that the dose distributions to 

single metastases were highly conformal and adequately 

delivered despite the hippocampus avoidance.

In the present author’s institution (Campus Bio-Medico 

University Hospital, Rome, Italy), RapidArc is also used 

to treat whole brain with hippocampus sparing. The repre-

sentative dose distribution of a RapidArc plan is shown in 

Figure 2.

Figure 2 An example of Arc treatment plan (axial, coronal, and sagittal views) with hippocampal sparing and homogenous dose coverage in the rest of the brain.
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Head and neck cancer
Radiation therapy for head and neck cancer can be problem-

atic owing to the anatomy of this region, forasmuch as these 

tumors are generally adjacent to the critical organs where 

limiting dose irradiation is necessary. Besides, these cancers 

often show an aggressive phenotype and grow rapidly due to 

the rich lymphatic supply in the head and neck region, and can 

therefore present at a locally advanced stage. Radiotherapy is 

an important treatment modality in these tumors as it offers 

an alternative treatment option to surgical resection, which 

can cause unacceptable cosmetic deformity and functional 

impairment. Head and neck cancers are clinical cases typi-

cally treated with IMRT standard technique. Up until a short 

time ago, this was the best-suited solution to spare OARs in 

close proximity to the tumor volume. Twenty-five patients 

with hypopharyngeal or oropharyngeal tumors treated with 

IMRT were replanned by Bertelsen et al28 with one-arc VMAT. 

In the shift from the IMRT to VMAT, a substantial improve-

ment occurred in all dosimetric values of the treatment plan. 

Low dose volumes in the healthy tissue were increased in the 

VMAT plan, while high dose volumes were reduced. The 

reduction of treatment time improved from 8.5% to 35%, 

showing the advantage of the VMAT plans, and a moderate 

reduction in the MUs was observed in the VMAT treatment 

plans. In an article by Johnston et al,29 head and neck cancer 

was planned with a simultaneous integrated boost to com-

pare VMAT plans with IMRT plans. Making a comparison 

between the two techniques, both plans were dosimetrically 

and clinically acceptable, but IMRT plans had three times 

MUs of VMAT plans. Comparisons between VMAT and 

serial tomotherapy for nasopharyngeal carcinoma on clinical 

quality, OAR sparing, and efficiency of the delivery process 

were reported by several authors.30,31 Generally, tomotherapy 

provides comparable dose distribution and, in some cases, 

it might be argued, the best homogeneity and conformity of 

treatment plans, but a longer period of time was required 

for delivery. Neubauer et  al32 studied the interfractional 

movement of the shoulders in respect to isocenter during 

treatment and evaluated the possibility of dosimetric effects 

of this shift in head and neck cancer treated with VMAT and 

IMRT plans. The mean shoulder displacement was 2–5 mm 

in all directions; in an extreme case, it reached 20 mm. A 

displacement upwards would be responsible for the loss of 

coverage, while, with movement downwards, there would be 

a risk of overdose of the brachial plexus. The research results 

were similar in both cases, VMAT and IMRT plans. With 

regard to observed shifts, the clinical target volume coverage 

to 99% came down to 101 cGy and the dose to the brachial 

plexus increased to over 72 cGy. For rear displacements, 

IMRT plans were more sensitive compared with VMAT plans. 

Oliver et al33 evaluated the practical tradeoffs between IMRT 

and dual-arc VMAT (DA-VMAT) for locally advanced head 

and neck cancer. For advanced head and neck cancer, both 

DA-VMAT and IMRT plans with nine fields (step-and-shoot) 

reached the dosimetric objectives. Although the DA-VMAT 

delivery time was shorter, the planning time was longer 

compared to IMRT. Stieler et al30 examined dose distribution 

of IMRT (step-and-shoot), VMAT radiotherapy, and serial 

tomotherapy for head and neck with conservation of one 

parotid; this is a situation often encountered in head and neck 

radiotherapy. They considered VMAT delivery in terms of 

dosimetric accuracy and concluded that VMAT, IMRT (with 

static and dynamic MLCs), and tomotherapy treatment plans 

were similar regarding dosimetric distribution, but VMAT 

indicated better efficiency with regard to treatment time and 

MUs required. Also, Verbakel et al8 made a comparison of 

head and neck treatment plans obtained by RapidArc plans 

and conventional IMRT with seven-field sliding window. 

The two different types of plans were similar regarding dose 

distribution; also, in this case, a mean reduction in number 

of MUs (approximately 60%) was noted in RapidArc plans. 

Single-arc RapidArc plans showed a reduced dose homogene-

ity in PTV compared with IMRT plans. PTV homogeneity of 

RapidArc plans was improved using two arcs compared with 

IMRT plans, and the OAR sparing in the two treatment tech-

niques was nearly the same. Lee at al35 made a comparison of 

IMRT with seven fixed beams and VMAT plans with single 

and double arcs on nasopharyngeal carcinomas, evaluating 

the possible dosimetric advantages of both techniques. The 

results were contradictory. VMAT plans achieved better, 

worse, or similar results to IMRT plans depending on the 

complexity and size of the target volume and on the number 

of VMAT arcs. Even so, double-arc VMAT was still more 

suitable regarding OAR sparing and PTV coverage in respect 

to single-arc; at the same time, Lee et al35 showed similar per-

formance compared with IMRT without forgoing the delivery 

efficiency. The delivery efficiency was improved thanks to 

the reduction in treatment time both with single and double 

arcs: delivery time was reduced by 51% and 41% depending 

on whether the user had chosen one or two arcs.

The target volumes in head and neck radiotherapy 

are particularly complex. On the strength of the above-

mentioned remarks, it seems clear that more than one 

arc is necessary to achieve a satisfactory dose distribu-

tion. Johnston et  al29 analyzed various treatment plans 

with a nine-field fixed-field IMRT plan and single-arc, 
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double-arc, and triple-arc VMAT plans in patients receiv-

ing primary or postoperative radiotherapy for pharyngeal 

tumors and paranasal sinus tumors. Comparing the IMRT 

and VMAT plans in terms of dosimetric efficiency, single-

arc VMAT showed an inferior PTV coverage to the IMRT 

plan; in all the other cases (double- and triple-arc), PTV 

coverage and homogeneity were similar or superior. In 

primary pharyngeal patients, both single-arc and double-

arc VMAT plans were inferior to the IMRT plan, while 

the triple-arc plan was equivalent. In the paranasal sinus 

group, all VMAT plans were inferior to the IMRT plan 

for dose coverage, particularly in the region between the 

orbits.

It must be emphasized that, in most studies, IMRT 

plans were achieved with f ive to seven f ields. When 

more beams were used (seven or nine), the quality of the 

IMRT plan improved, but a greater number of MUs and 

longer treatment times corresponded to a higher number 

of beams.

An example of standard dose distributions for head and 

neck cancer is displayed in Figure 3.

Lung cancer
The transition from 3D-CRT to IMRT in the treatment of 

lung cancer has shown room for improvement regarding 

dosimetric parameters and normal tissue sparing.35,36

Intrafraction motion results in significant geometric and 

dosimetric uncertainties in radiation treatment planning and 

dose delivery. Many methods may be used to achieve visu-

alization of the tumor positions during the respiratory cycle, 

among which are deep inspiration breath-hold techniques, 

respiratory gating, four-dimensional CT scanning, Active 

Breathing Coordinator, and marker tracking.37–39

The combination of dynamic MLC tracking and RapidArc 

has rendered achievable the optimization of the dose distri-

bution to a moving target. A recent feasibility study showed 

promising results of tracking target motion for arc therapy 

associated to a dynamic multi-leaf collimator algorithm.40

Not much of the scientific literature describes VMAT 

use in advanced lung tumors, apart from a review which 

included a case report of lung cancer treated with arc therapy 

and which affirmed the capability of arc therapy to deliver 

an optimal radiotherapy treatment in the shortest time.41 A 

Figure 3 An example of dose distribution in IMRT and VMAT plans for oropharyngeal cancer.
Notes: (A and B) IMRT. (C and D) VMAT. The primary planning target volume (red contour) is encompassed by 95% isodose (orange line and color wash).
Abbreviations: IMRT, intensity-modulated radiation therapy; VMAT, volumetric modulated arc therapy.
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lung tumor often takes the shape of a convex hull; for this 

reason, the rapid delivery of VMAT is an advantage which 

makes this technique competitive in respect to conventional 

IMRT.41 Scorsetti et  al42 treated 24 patients affected by 

unresectable locally advanced lung cancer of large volume 

with RapidArc; initial results of the clinical cases reported 

acute toxicity.

Dosimetric parameters attained with RapidArc concern-

ing target coverage and dose homogeneity were satisfactory 

also in non-strongly heterogeneous regions.42 A considerable 

contralateral lung sparing was observed, while the maximum 

dose to the spinal cord was under the tolerance level. The 

authors considered the heart irradiation worrying, seeing as 

the target position was extremely cranial. RapidArc proved to 

be a safe and advantageous treatment modality for non-small 

cell lung cancer with large volumes because it diminishes 

acute toxicity. Long term observation of patients is needed 

to assess the outcome and late toxicity. VMAT technique 

for lung tumors might be employed both for conventional 

fractionated radiotherapy and for stereotactic radiotherapy. 

VMAT technique and non-coplanar plans with five fields 

showed that the higher dose comes down in normal lung 

tissue and, furthermore, improves target coverage compared 

with coplanar beams;43 this is advantageous for stereotac-

tic radiotherapy of non-small-cell lung cancer. Very high 

conformal dose distributions were obtained with single-arc 

VMAT plans; moreover, these plans kept a high standard of 

control of dose distribution in OARs and a reduction in lung 

dosimetric parameters. VMAT is ideal for stereotactic lung 

radiotherapy, both for delivery efficiency and to reduce spe-

cific problems associated with intrafraction movement given 

that treatment time diminishes by 37%–63%.43,44 Brock et al 

compared dosimetric parameters of VMAT plans to 3DCT 

plans with three, five, seven, and nine non-coplanar fields.43 

Stereotactic lung radiotherapy with non-coplanar plans with 

a number of beams, inclusive within five to seven, showed 

really good tumor coverage while minimizing the higher 

dose to normal lung tissue compared with coplanar beam 

arrangements, and VMAT was equivalent to non-coplanar 

plans with regard to target coverage and V20 (percentage 

of lung volume that receives a dose of 20 Gy), but with a 

shorter treatment time, although McGrath et al44 observed 

a better V5, V10, V12.5, and V20 in 3D conformal plans 

compared to VMAT plans. In McGrath et al’s study, partial 

arcs were used in order to avoid the contralateral lung; this 

could explain the considerable discrepancy with regard to 

the article by Brock et al.43 According to recent papers45–47 

on inoperable non-small-cell lung cancer, stereotactic 

radiotherapy appears to be an excellent method to control 

disease and toxicity.

Holt et al48 delivered 54 Gy in three fractions for early-

stage lung cancer and illustrated the potentiality of VMAT for 

stereotactic body radiotherapy treatment with comparison to 

IMRT technique. Utilizing coplanar arcs for early-stage lung 

cancer, the authors obtained high-quality dose distribution 

and skin dose levels similar to those of non-coplanar IMRT 

and a little improvement compared with coplanar IMRT. 

It cannot be ignored that delivery time was reduced up to 

70% using VMAT. Tumor motion in lung cancer treatment 

is a concern with VMAT and IMRT techniques due to the 

interplay between tumor motion during the respiratory cycle 

and the movement of the MLC leaves.49

IMRT techniques have also been evaluated for malignant 

pleural mesothelioma. de Perrot et al evaluated adjuvant high-

dose radiation therapy (up to 60 Gy) for malignant pleural 

mesothelioma. They used trimodality therapy (radiotherapy 

after surgery followed by chemotherapy), which consisted 

of chemotherapy with cisplatin followed by extrapleural 

pneumonectomy. Trimodality therapy can be considered 

practicable for patients with absent nodal metastasis because 

the results were promising; on the contrary, when there was 

N2 disease, the outcome of the therapy was unsuccessful.50 

Arc therapy with RapidArc was studied on malignant pleural 

mesothelioma to examine the performance of this irradiation 

technique. Treatment plans with two arcs on six patients with 

mesothelioma were analyzed and compared with IMRT plans 

with nine fixed fields.51 As far as this last technique, sliding 

window IMRT has been considered the standard of care.

RapidArc and standard IMRT obtained comparable cover-

age of the target; also, the conformity index was similar for 

both techniques, but dose sparing was better in RapidArc. 

The value of MUs was reduced by one-third with RapidArc; 

in a similar vein, the delivery time was reduced from 13.4 

minutes for IMRT to 3.7 minutes for RapidArc.51 Taking into 

consideration the decrease of the MUs and the time necessary 

to deliver treatment radiotherapy, arc therapy can be regarded 

as a possible alternative for patients affected with malignant 

pleural mesothelioma.

Prostate cancer
IMRT has been the standard technique utilized in several insti-

tutions for primary prostate radiotherapy for a long time. With 

the introduction of arc therapy, the transition from IMRT to 

VMAT techniques was short. VMAT can be ideal for prostate 

cancer due to the geometry of this kind of anatomical district. 

Localized prostate cancer was studied by Palma et al,4 who 
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examined 3D-CRT, IMRT, and VMAT. Taking into account all 

dosimetric parameters, the sparing of critical organs was better 

with IMRT and VMAT methods compared to 3D conformal 

plans. The highest sparing to OAR obtained with RapidArc  

was borne out by a comparison with the IMRT plans. In 

particular, femoral head, rectum, and bladder were the organs 

which benefited most from the VMAT technique. Contrary to 

the study by Palma et al,4 Yoo et al52 found that for prostate 

cancer that included seminal vesicles and lymph nodes, dose 

sparing was better in IMRT plans for rectum, bladder, and small 

bowel compared to VMAT with a single arc. However, for a 

prostate target that included seminal vesicles and lymph nodes, 

RapidArc with a double arc seemed to reach the dosimetric 

values of the IMRT. The treatment delivery is more efficient 

with RapidArc. The improved OAR sparing with VMAT has 

been reported in other planning studies. A planning study of 

eleven prostate cancer patients at the Memorial Sloan Kettering 

Cancer Center compared five-field fixed-field IMRT (step-

and-shoot) with VMAT.53 The authors saw the normal tissue 

improved; in particular, they reported improvements to rectal 

wall sparing and complication probability (normal tissue com-

plication probability) (by 1.5%) and lower doses to the bladder 

wall (not statistically significant) and femoral heads. Treatment 

of prostate cancer was also examined by Wolff et al,54 who 

compared 3D-CRT, step-and-shoot IMRT, VMAT, and serial 

tomotherapy. All modulated techniques (tomotherapy, IMRT, 

and VMAT) were obviously more efficient compared to 

3D-CRT. The best healthy-organ sparing was obtained with 

tomotherapy, but the treatment delivery was more practical 

with RapidArc. 3D conformal plans offered excellent tumor 

coverage, but caused side effects of the high dose to the rec-

tum and bladder. Pardo-Montero and Fenwick55 compared 

VMAT and tomotherapy techniques for prostate cancer from 

the point of view of the delivery efficiency, optimization of 

cost function, and dependence on machines. They established 

that the value of tomotherapy plans is strictly conditioned 

by the width and pitch of the fan beam utilized in treatment 

delivery. The better tomotherapy plans were obtained with a 

1 cm fan beam width; only in these cases were tomotherapy 

plans superior to VMAT plans. When the fan beam width was 

2.5 cm, the results were opposite, and VMAT was superior 

to tomotherapy. A different study, by Wolff et al,54 compared 

VMAT radiotherapy with 3D-CRT, fixed-field IMRT, and serial 

tomotherapy. These authors reported inferior mean doses to 

the rectum in IMRT and serial tomotherapy compared with 

VMAT plans. Myrehaug et al56 compared conventional IMRT 

and VMAT for high-risk prostate cancer. All dosimetric data 

were very similar in both cases, both IMRT and VMAT had 

respected Radiation Therapy Oncology Group parameters 

for the PTV coverage, and the same applied to OAR sparing 

and integral doses. To get a benefit from VMAT plans, it was 

necessary to use two or three arcs, but even when more than 

one arc was used, delivery times were greater with IMRT. Tsai 

et al57 compared VMAT plans with helical tomotherapy and 

fixed-field IMRT plans and saw better conformity and superior 

OAR sparing with helical tomotherapy. An analogous study 

by Rao et al58 likened VMAT to fixed-field IMRT and helical 

tomotherapy. In this study, the authors found similar dosimetric 

values across the three techniques and comparable sparing 

of OARs. On the whole, most of the mentioned studies have 

shown satisfactory PTV coverage for VMAT, fixed-field IMRT, 

and tomotherapy. In the matters of homogeneity and confor-

mity of the target volume, the results are in disagreement: some 

studies showed an advantage of VMAT, reporting improved 

conformity or homogeneity, while other studies observed bet-

ter results with fixed-field IMRT. These different results could 

be due to many changing factors, among which are the arcs 

utilized in the VMAT plans (insofar as it has been possible to 

observe that double-arc plans can attain superior conformity 

and homogeneity compared with single-arc plans), the number 

of fields utilized in the IMRT plans, and the type of VMAT 

or IMRT optimization approach. Usually, each increase in the 

number of fields corresponds to an improvement in the plan’s 

quality; this could explain the higher results with fixed-field 

IMRT observed in the works by Yoo et al52 and Wolff et al.54

All the studies in this review have one thing in com-

mon, namely the better efficiency of VMAT delivery that 

reduces the treatment times. The impact of this change in 

treatment schedules is increased MUs and treatment time 

per fraction, therefore faster VMAT delivery techniques 

may be an attractive solution. On the other hand, the times 

required for optimization and dose calculation for fixed-

field IMRT are briefer compared with VMAT planning. Few 

studies have reported clinical outcome data because of the 

novelty of VMAT technology. Pesce et al59 described their 

clinical outcomes on 45 patients treated with VMAT. There 

was no acute rectal toxicity (grade 2 or 3), while 12% of 

patients presented dysuria (grade 2) and 44% had preserved 

erectile function. After 6 weeks, patients reported a good 

biochemical response, with median PSA levels reduced to 

0.4 ng/mL. Subsequent follow-up will be needed to evalu-

ate other clinical results including late toxicity and local 

control and survival. More problems such as secondary 

malignancy induction should be examined, given that there 

is not sufficient information to quantify this type of risk for 

IMRT and VMAT techniques.
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An example of dose distributions for prostate tumors with 

VMAT and conventional IMRT is displayed in Figure 4.

Gynecological cancer
In view of the fact that RapidArc treatment in prostate cancer 

has achieved a positive dosimetric response, the use of Arc 

techniques has garnered attention and interest in the radiation 

treatment of other pelvic malignancies and gynecological 

cancers.

IMAT was the first arc therapy examined in gynecological 

cancers. It was used for the first time for whole abdominopel-

vic radiotherapy, in particular for relapsed ovarian cancer.60 

Another study, by Wong et al,61 utilized the same IMAT tech-

nique for women affected with high-risk endometrial cancers. 

In the matter of multimodality therapy, the irradiation of the 

nodules and tumor bed did not go over the dose limits for 

OARs. IMAT produced adequate dose distributions and bet-

ter dose homogeneity compared with conventional IMRT and 

spared OARs to the same amount, but was simpler to deliver in 

respect to several fixed-field IMRT techniques. A consequent 

development of the IMAT was the volumetric intensity-mod-

ulated arc VMAT, which led to the possibility to deliver dose 

distribution in the target in only one arc. The performance of 

the volumetric modulated arc radiotherapy on cervix uterine 

tumors has been evaluated by Cozzi et al.6 As a benchmark 

of this study, a fixed-field IMRT technique was utilized. Even 

though target coverage was almost the same for RapidArc 

and IMRT, dose distribution homogeneity was better with the 

VMAT treatment. RapidArc showed a further improvement 

in healthy-tissue sparing and in OAR avoidance as compared 

with conventional IMRT without jeopardizing target coverage. 

With the addition of the shorter treatment times, RapidArc 

can be considered a good technique to fully exploit for these 

tumor sites. Further prospective studies will be necessary to 

evaluate clinical results in favor of arc therapy. Wong et al61 

reported that two anterior arcs were sufficient in treating the 

target volume satisfactorily with adequate sparing of OARs. 

VMAT has been considered as a next logical step given the 

possibility of treating the entire target volume in a single arc, 

which would reduce treatment delivery time. A study by Mah-

antshetty et al62 compared dosimetric parameters of VMAT and 

IMRT for whole abdomen radiotherapy after ovarian cancer. 

Fixed-field IMRT and RapidArc were comparable for target 

coverage. The homogeneity index was slightly improved with 

RapidArc, while the OARs were spared to a similar degree. 

Another study, by Matuszak et  al,63 analyzed dosimetric 

advantages and delivery efficiency of volumetric modulated 

arc radiotherapy with IMRT and 3D-CRT. Both studies showed 

acceptable PTV coverage, with a decrease in MUs and treat-

ment times, much to the advantage of RapidArc.

The shortened treatment time may reduce the impact of 

intrafraction motion, which may be significant in intraab-

dominal radiotherapy.

Other tumors
RapidArc has been employed for tumors in several other parts 

of the body, eg, in total-marrow irradiation,64–66 pancreatic 

malignancies,67 and breast cancer.65–67 In these studies, it was 

a common finding that RapidArc was more efficient for dose 

delivery, while with regard to treatment planning and dose con-

formity, RapidArc provided considerable added value. These 

studies emphasize that RapidArc and, in wider terms, VMAT 

techniques can be considered a possible alternative to tradi-

tional irradiation methods for the cure of several cancers.

Discussion
What sets apart VMAT with RapidArc from earlier irradia-

tion techniques such as helical tomotherapy, IMAT, or IMRT 

is the opportunity to deliver dose distribution for the entire 

volume and not only slice by slice. In addition to this, the 

Figure 4 An example of dose distributions achieved with VMAT and fixed-field 
IMRT for prostate cancer (color wash).
Abbreviations: IMRT, intensity-modulated radiation therapy; VMAT, volumetric 
modulated arc therapy.
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treatment planning algorithm guarantees highly accurate dose 

delivery and therefore great healthy-tissue sparing.

Examining treatment plans from various points of view, 

a VMAT plan gives similar or better quality target volume 

coverage by comparison with other treatment techniques. 

Nevertheless, it still remains a controversial issue with 

respect to OAR and healthy-tissue sparing or integral 

dose. The most significant observation of this study is the 

difference in terms of MUs and treatment time required 

to deliver the prescription dose daily between VMAT and 

IMRT. VMAT delivers significantly less MUs per treatment 

session compared with IMRT. Treatment time (including 

mode-up time) was significantly less with VMAT as com-

pared to IMRT. Only a small number of scientific studies 

have examined clinical results and toxicity after VMAT. 

All the studies reviewed have shown that VMAT improves 

efficiency of delivery with reduced MUs and delivery time 

compared to conventional IMRT. The lower MUs in VMAT 

delivery may potentially reduce the risk of radiation-induced 

cancers, which needs to be validated by long-term studies. 

Few studies have reported on the toxicity and clinical out-

comes of VMAT compared to IMRT. In general, VMAT is 

a safe and efficient treatment modality for various cancer 

types. The significant difference between VMAT and fixed-

field IMRT is the reduction in MUs and treatment delivery 

time, which was an almost universal finding in all the 

planning studies. There are inherent limitations with these 

planning studies. Even if the same strict planning objec-

tives and calculation algorithms were used, it is extremely 

difficult to completely eliminate planner bias, especially if 

multiple planners are involved in the process. Direct com-

parisons between different studies are not possible because 

of significant differences in target volume definitions, dose 

prescriptions, and treatment schedules. VMAT gives an 

optimal treatment delivery for lots of tumors; nevertheless, 

treatment plan optimization and dose calculation are more 

complex and need a longer planning time. Compared to 

tomotherapy, VMAT using a standard linear accelerator, per-

mits the elasticity to employ the other features of the linear 

accelerators (the use of electrons and different energies of 

photons) for other patients who do not necessitate VMAT. 

However, tomotherapy has the benefit of integrating CT 

imaging for setup verification, consenting the IGRT, without 

the supplement of other technologies. Linear accelerators 

do not have an inherent CT scanning capability, but can be 

done using a cone-beam CT, which is mounted to the linear 

accelerator19 or other on-board X-ray imaging devices. One 

uncertainty regards the low dose in the normal tissue, which 

tends to increase with IMRT and VMAT; this supposedly 

increases the risk of secondary malignancy. In any case, 

further follow-up of patients of these techniques will be 

necessary to quantify this risk.

Conclusion
Few studies are related to clinical outcome data; most of the 

published literature involves dosimetric planning data. But 

VMAT is a new technology, and the numbers of patients 

treated is growing and clinical data will increase. Most 

dosimetric studies of various tumor sites compared VMAT 

with 3D-CRT techniques and fixed-field IMRT.

The resemblances between VMAT and IMRT are not unex-

pected, considering that VMAT is a development of IMRT. The 

principal difference is the significant reduction in delivery time 

and MUs in favor of VMAT, as the reviewed studies have shown. 

Comparisons across various studies are difficult to do due to 

important divergences in target volume definitions, different 

dose prescriptions, and doses delivered. Furthermore, in IMRT 

and VMAT, the numbers of fields or arcs and the gantry angles 

can be different; for these reasons, the data on target coverage 

and healthy-organ sparing can deeply differ across studies.

RapidArc has a strong and growing role in the treatment 

of several tumors, but it cannot be considered the solution 

to all clinical cases. Each clinical case must be evaluated on 

an individual basis, choosing the most favorable radiation 

technique that will give the most suitable outcomes.
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