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ABSTRACT

Modern conformal radiation therapy using techniques such as modulation, image guidance and motion management
have changed the face of radiotherapy today offering superior conformity, efficiency, and reproducibility to clinics
worldwide. This review assesses the impact of these advanced radiotherapy techniques on patient toxicity and survival
rates reported from January 2017 to September 2020. The main aims are to establish if dosimetric and efficiency
gains correlate with improved survival and reduced toxicities and to answer the question ‘What is the clinical evidence
for the most effective implementation of VMAT?’. Compared with 3DCRT, improvements have been reported with
VMAT in prostate, locally advanced cervical carcinoma and various head and neck applications, leading to the shift
in technology to VMAT. Other sites such as thoracic neoplasms and nasopharyngeal carcinomas have observed some
improvement with VMAT although not in line with improved dosimetric measures, and the burden of toxicity and the
incidence of cancer related deaths remain high, signaling the need to further mitigate toxicity and increase survival. As
technological advancement continues, large randomised long-term clinical trials are required to determine the way-
forward and offer site-specific recommendations. These studies are usually expensive and time consuming, therefore
utilising pooled real-world data in a prospective nature can be an alternative solution to comprehensively assess the
efficacy of modern radiotherapy techniques.

INTRODUCTION (Intensity Modulated Proton Therapy—IMPT) beams
Cancer is the second leading cause of death globally’? and and the dosimetric gain over 3D conformal radiotherapy
a major public health concern. For over a century, radio- (3DCRT) has been widely studied.” Published surveys® and
therapy used alone or in combination with other treat- reviews suggest a shift in usage from 3DCRT to VMAT®

specifically, combined with varying dose fractionation
schemes [hypofractionation, Stereotactic Body Radia-
tion Therapy (SBRT) and Simultaneous Integrated Boost
(SIB)]. Additionally, the effect of image guidance (Image
Guided Radiation Therapy, IGRT) and motion manage-
ment systems on dose delivery, target positioning accuracy
and reproducibility, warrants the assessment of collective
clinical impact of these practices with modulated therapies.

ment modalities such as chemotherapy or surgery, has
been proven effective for the treatment and management
of cancer.” Owing to the critical role of radiotherapy in the
treatment of cancer, advances in radiotherapy techniques
are likely to have major clinical impact and necessitate
review of optimum evidence-based practice.

Modern radiation therapy techniques employ modulated
photon (Intensity Modulated Radiation Therapy—IMRT,
Volumetric Modulated Arc Therapy—VMAT) or particle
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Unlike fixed-field IMRT, VMAT allows simultaneous motion
of gantry, MLC and dose rate using dynamic modulated arcs,
resulting in increased conformality and enhanced sparing of
the critical structures near the target.” Techniques of VMAT are
diverse and can employ flattening filter free (FFF) beams, stan-
dard, tangential (t-VMAT) or restricted angles (R-VMAT). The
application of IMRT clinical trial outcomes® to VMAT is proof of
increased VMAT implementation.

Some authors consider VMAT as a type of IMRT, and since its
introduction* the initial divide in the literature’s nomenclature
has blurred considerably in recent years, particularly with the
advent of comparative proton studies.

IMPT utilises proton pencil beams which produce distinct dose
distributions when compared to photons due to the character-
istic Bragg peak, resulting in maximum dose deposition at a
finite tissue depth followed by a sharp dose fall-off with no exit
dose.” Dosimetric studies suggest there may be advantages in
the use of protons over photons with findings of normal tissue
sparing and improved target conformity.”~!?

Previously, there have been two review papers on the clinical use
of VMAT and its outcomes, one assessing VMAT at the start of
its implementation (2000-2010)'* and the other looking at the
clinical outcomes of its implementation (2009-2016).* Both
noted increases in the global usage and clinical implementation
of VMAT with many publications tailored to planning and feasi-
bility studies; however, clinical outcome studies were emerging
but scarce and reporting only acute toxicities.

This paper seeks to review the impact of modern radiotherapy
techniques and treatment schemes on patient clinical outcomes
for seven clinical sites during 2017-2021 and to establish if
improved survival and reduced toxicities relate to dosimetric and
efficiency gains. In analyzing the available literature on reported
clinical outcomes where VMAT has been employed this review
seeks to answer the question ‘What is the clinical evidence for the
most effective implementation of VMAT?

METHODS

This analysis strictly followed the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement.!> The search engines used were the
National Library of Medicine (PubMed/Medline) and The
British Journal of Radiology (BJR) database. These identified arti-
cles from January 2017 to October 2021 which recorded clinical
outcomes post radiotherapy using the keywords “radiotherapy,
intensity-modulated” OR “VMAT” OR “arc radiotherapy” AND
“treatment outcomes” OR “clinical trials” OR “evidence-based”
OR “clinical outcomes..

Inclusion and exclusion criteria

Publications were selected for inclusion if they were published
within the above timeframe, English language only, full text arti-
cles which reported clinical outcomes (survival and toxicities)
after modern radiotherapy schemes.
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Exclusion criteria included any case reports, comment abstracts,
dosimetric only studies, wrong technique (chemotherapy, tomo-
therapy, carbon ion therapy etc.) and whose main aim does not
assess the treatment outcomes of VMAT.

RESULTS

The PubMed search yielded 604 articles while searches through
the BJR database identified 20 articles. After title and abstract
examination for relevance and removal of publications which
are present in the exclusion criteria, 175 publications remained
and are included in this review (Figure 1). These assessed papers
involved; retrospective studies; prospective studies and review

papers.

Prostate

The management of prostate cancer can utilise radiotherapy
(photons, protons, or brachytherapy) surgery, or active surveil-
lance.'® Advances in photon therapy resulted in extensive publi-
cations on dosimetric efficacy for prostate cancer and even led
to the establishment of radiotherapy guidelines. The European
Association of Urology (EAU) now recommends either dose
escalated IMRT or VMAT as standard therapy for prostate carci-
noma, due to reduced toxicity compared to 3DCRT.' VMAT has
been widely accepted and may be considered as first choice for
radiotherapy prostate treatments due to significant reduction of
rectal volume doses and improved efficiency due to reduction of
MUs for some models of treatment units.'”

Clinical implementation and recommendations'® are currently
present without substantial empirical data from well-designed
perspective clinical benefit studies."” Nonetheless, recently
published clinical outcome studies assessed the impact of IMRT
and VMAT along with fractionation schemes and escalated doses
(SIB, hypofractionation, SBRT) and image guidance techniques
(IGRT) on toxicity and survival.

Hypofractionated schemes

Treatment fractionation has several known benefits: repair of
sublethal damage to normal tissue, reoxygenation of hypoxic
tumour cells, and redistribution of tumour cells to radiosensitive
phases of the cell cycle.'® Hypofractionated radiotherapy delivers
larger than 2Gy-Fraction daily doses resulting in fewer total
fractions during radiotherapy.'” For cases of prostate cancer,
hypofractionation regimens are guided by the staging. Current
recommendations propose ultrahypofractionation for low to
intermediate risk and moderate hypofractionation regimens
for high risk.** The American Society of Radiation Oncology
(ASTRO) defines SBRT as “an external beam radiation therapy
(EBRT) method used to precisely deliver a high dose of radiation
to an extracranial target within the body, using either a single
dose or a small number of fractions”! and a few studies investi-
gate its use in prostate cancer therapy.zz’23

A recent study** comparing hypofractionation (70 Gy in 28 F)
vs conventional fractionation (80 Gy in 40 F) utilising VMAT
as the treatment technique reported no significant difference in
biochemical relapse-free survival (BRES) between the groups
(94.6% vs 95% respectively (p = 0.704)), and therefore support
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Figure 1. PRISMA flow diagram. IMRT, intensity modulated radiation therapy; VMAT, volumetric modulated arc therapy.
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the use of hypofractionated regimes for localised prostate cancer
therapy. Another study by Vassis et al* also assessed hypofrac-
tionation (60 Gy in 20 F) against conventional fractionation
(78 Gy in 39 F) utilising VMAT and reported hypofraction-
ated radiotherapy schemes produce no significant difference
in freedom from biochemical failure (FFBF) and late toxic-
ities; however, significant reduction in proctitis and urinary
frequency was observed. A third study®® of 206 males treated
with step-and shoot IMRT concluded a hypofractionated
regimen of 72 Gy in 2.4 Gy fractions increased the biologically
effective radiation dose to the prostate, providing better control

than conventionally fractionated of 75.6 Gy in 1.8 Gy fractions.
Additionally, hypofractionated schemes reduced treatment dura-
tion (8.4-6 weeks) and did not correlate to increased late urinary
toxicity incidence.”® A non-significant increase in rectal bleeding
was observed, however, all cases resolved with treatment thus
concluding that this regime is safe and effective.”” In fact, in the
United Kingdom, hypofractionated radiation therapy (60 Gy in
20 Fractions) has been recommended as the new standard of care
for localised prostate cases® and these results guide fractionation
in VMAT.
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In 2017, a publication by Haque et al*® highlighted the lack of
completed Phase III randomised trials comparing outcomes
of prostate cancer patients treated with conventional fraction-
ation to SBRT. Though consensus in prescription has not been
concluded, studies reported good clinical outcomes for low-
risk disease for a SBRT scheme of 35-36.25 Gy in 5 daily frac-
tions**~*? however, its effectiveness in high or intermediate risk
disease is less clear. A study in Philadelphia assessing 263 local-
ised prostate cancer patients found no difference in 5-year FFBF
between matched SBRT and conventionally fractionated IMRT
groups and no significant difference in toxicity, concluding SBRT
can be a suitable alternative treatment for patients with prostate

cancer. .22

Dosimetric comparison of proton- and photon-based hypofrac-
tionated SBRT by Goddard et al*® concluded when Hounsfield
unit (HU) uncertainties were not addressed, IMPT and VMAT
treatment plans were comparable for target coverage, conformity
and OAR sparing, with proton-based plans reducing OAR dose
more than VMAT. However, when HU uncertainty is considered,
VMAT surpasses IMPT in terms of target conformity, and OAR
sparing> Additionally, a recent clinical outcome study comparing
IMRT, and proton beam therapy concluded that no significant
difference in biochemical failure, local failure, regional failure
and distant failure was seen with these techniques.*® Therefore,
VMAT still has a role in the future of prostate radiotherapy and
further prospective studies are required to recommend another
treatment modality.

IMRT vs VMAT

A study in 2017 of patients treated with SIB-IMRT and SIB-
VMAT to the whole pelvis recorded no significant difference
in the rate of acute genitourinary (GU) or gastrointestinal (GI)
toxicities and no reported late Grade III toxicity of GI and GU
except for rectal toxicity between the two groups.’ The recom-
mendation was therefore that dose escalation using SIB-IMRT
or VMAT with daily CBCT will reduce radiation toxicity to the
bladder and rectum.* A year later, Tondel et al studied the use of
daily CBCT vs weekly orthogonal images on a 250 patient cohort
receiving 3DCRT using field-in-field technique.'” Though
Tondel observed daily CBCT verification significantly reduced
rectal irradiation, this gain was not translated into a reduction of
acute side-effects.'” A similar study as Tondel using VMAT may
produce more promising clinical outcomes.

Randomised clinical outcome studies are emerging”>* for locally
advanced high-risk carcinoma of the prostate and conclude
prostate and pelvic lymph node IMRT is safe. Although higher
Grade II toxicities are observed when compared with prostate
only studies®® low levels of GI and GU toxicity scores from physi-
cian and patient reported assessments were achieved 24 months
after treatment.’®> Whilst regional nodal irradiation provides
a survival advantage to patients with localised high-risk breast
cancer; studies have not concluded whether the same effect is
seen in prostate cancer.”

Owing to the time and financial implications of randomised clin-
ical outcome studies, currently the literature has described IMRT
findings more than VMAT. However, VMAT has been used to
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assess fractionation and image guidance®**® implying that
it has been widely adopted as the gold-standard for prostate
radiotherapy.

Anorectal

Colorectal cancer (CRC) is the third most common cause of
cancer-related death worldwide*’ and chemoradiotherapy is the
current standard of practice*' owing to works of Ajani et al.*?
Although historically the radiation prescription with 3DCRT
was conservative, toxicity incidence was high and often required
extended mid-treatment breaks resulting in reduced oncological
outcomes and substantial late pelvic radiation morbidity.**

Current studies advocate for the use of IMRT and VMAT over
3DCRT as there are several benefits: anal sphincter sparing™;
increased conformity and homogeneity’; toxicity reduction
and improved clinical outcomes (Table 1).°° In 2017, Muirhead
et al assessed the implementation of IMRT (step-and-shoot
IMRT, VMAT and tomotherapy) in the UK for anal cancer and
concluded that although not universal, these techniques were
gaining frequency in the UK.*® This national audit also observed
a small improvement in Grade III/IV toxicity, though statistically
insignificant due to the small cohort of patients, incidence of GI
(specifically diarrhoea) and haematological Grade ITI/IV toxicity
differed between IMRT and 3DCRT with sequential boost.**

Additional studies reported similar findings to Muirhead et al
reporting IMRT*! and VMAT alongside IGRT**™* reduce acute
GI and haematological toxicity and increase overall and 5-year
DEFS. Of note, statistically significant findings reported patients
treated with fixed-gantry IMRT delivered with a sliding window
technique presented a significantly higher risk of acute Grade
I (or more) toxicity compared to those treated with VMAT
or helical tomotherapy (38.5% vs 15.3%, p = 0.049).*® Toxicity
and survival rates for anorectal cancer patients from five retro-
spective trials*®~° are tabulated in Table 1. These report 1- to
3-year overall survival of approximately 90% is achievable with
low G3 toxicity levels. These publications confirmed the safety
and efficacy of photon modulated therapies and recommend the
adoption of VMAT alongside IGRT as the standard of care for
anorectal cancer.

Physician-weighted and patient reported outcomes (PROs)
represent a critical aspect of toxicity evaluation. An extension
of the UK nationwide study conducted by Gilbert et al reported
high overall 1-year oncological outcomes for overall, disease-
free and colostomy-free survival consistent with the reported
prospective and randomised studies of IMRT in anal cancer.”!
The 1-year PRO toxicity data are consistent with centre reported
data and suggest IMRT techniques (VMAT, tomotherapy and
static IMRT) reduce bowel toxicity and male sexual dysfunction.
Despite the improvement with IMRT techniques acute GI and
hematological toxicity’* should be further reduced to minimise
unplanned treatment breaks and hospitalisation.* There is a
clear need for further optimisation and development of planning
techniques to reduce OAR dose™ combined with randomised
prospective studies with extended follow-up to further vali-
date the observations published and determine the durability
of the findings. The usefulness of VMAT-SBRT for lymph-node
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Outcomes- Survival
Three-year CFS and DFS
rates were both 86%

3 year OS rate was 88%
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Table 1. (Continued)

CGS, cancer free survival; CSS, cancer-specific survival; 3DCRT, 3D conformal radiotherapy; DFS, disease free survival.

; 3DCRT, 3D conformal radiotherapy; CFS, cancer free survival; CSS, cancer-specific survival; DFS, disease free survival; DFFS, distant failure-free survival; EBRT, external beam radiation therapy; GU,
genitourinary; IMRT, intensity modulated radiation therapy; LFFS, local failure-free survival; OS, overall survival; PTV, planning target volume; RT, radiation therapy; VMAT, volumetric modulated arc therapy.

Terms:
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recurrent cases of CRC was also studied by Franzese et al and the
efficacy for local disease control confirmed.>

Planning studies have shown that proton therapy could signifi-
cantly reduce the dose to the OARs especially pelvic bone
marrow;>* however to date, no published clinical trial is present
in the literature, so inferences can only be made from dosimetric
outcomes. An ongoing clinical trial will provide answers to the
usefulness of proton therapy with CRC in the next 5 years.'?

Gynaecological

Cervical cancer has the second highest incidence among females
and is the third leading cause of cancer-related death among
females worldwide.! Owing to the well-established nature of
VMAT and IMRT, current literature uses these techniques to
assess fractionation schemes (SIB and hypofractionation) or
compare with other techniques such as brachytherapy if not
feasible® and long-term studies compare IMRT and VMAT to
3DCRT

Cases of locally advanced cervical cancer (LACC) respond
favourably to VMAT with low haematologic toxicity incidence
and promising survival rates (Table 2).”® Authors even suggest
that SIB-VMAT can be an effective treatment technique for irra-
diation of LACC where brachytherapy cannot be facilitated.”>**
The combined use of image guidance and VMAT (IG-VMAT)
in patients with LACC reported low haematologic toxicity and
promising survival rates.”® Current literature recommends the
adoption of hypofractionated schemes, image guidance proto-
cols and simultaneous integrated boost (SIB-VMAT) towards the
enhanced management of LACC.®

A comparative study of IMRT and VMAT by Lin et al* observed
no significant difference in 3-year survival rates (OS, DFES, LC
and DMFS) however, VMAT was superior to IMRT for certain
toxicity incidences, including acute anaemia, chronic enteroco-
litis and higher cystitis, and early-stage (IA-ITIA) overall survival
rates. Kloop et al®’ compared physician and patient reported
outcomes for two cohorts: 3DCRT and IMRT. Klopp defined
IMRT as any inverse planning technique and therefore included
IMRT, VMAT and tomotherapy in the second group. Findings
from this randomised study cannot be conclusive about VMAT
since both tomotherapy and IMRT were also used,”” however, it
revealed pelvic IMRT decreased impact on bowel and urinary
function and quality of life (QOL) metrics. Therefore, a reduction
in the decline of physical function is observed with IMRT, VMAT
and tomotherapy compared with standard pelvic radiotherapy.

Though long-term follow-up is still suggested to determine the
impact on late toxicity and survival rates, the literature is consis-
tent that VMAT has been well tolerated, safe and effective and its
use alongside hypofractionation and image guidance has resulted
in tangible clinical evidence of reduced GI and GU toxicity and
enhanced QOL.

Breast
3DCRT has been the gold-standard for the treatment of breast
carcinoma, however, results from dosimetric and efficiency
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VMAT: A review of clinical outcomes and implementation (2017-2021)

- e studies have steered the shift to modern techniques in many
- i centres. Due to the involuntary motion of the lungs during radio-
0 = . . : . .
. bEE 58 therapy, motion management strategies namely deep inspiration
é - *::2 3 . 8 TErErp208 g LZ breath-hold (DIBH) is encouraged alongside photon modulated
S E EEEEE ? g ? & 5: & 5: & 5: & 5: 2| o3 techniques to minimise heart and lung doses.** Owing to the
S 5|ggsEreacatagiagase| g increase in 10-year survival rates, it is critical to understand and
CA|FAnnEEaRaEaRadal| £F minimise long-term toxicities and late cardiac events.*>"%” For
835 - .
e . . . L
®c carcinoma of the breast, this means the investigation of both
i)
=y c g modulated techniques and motion management systems.
2 SE
4] )
S o
= S Jagsi et al® compared patients treated with 3DCRT on free-
o
2 . w g breathing scans vs step-and-shoot IMRT on DIBH scans and
3 =3 . .
S| g g g concluded that IMRT with DIBH has potential benefit to
g § < 3 preserve cardiac ejection fraction, among patients with left-sided
95 disease with internal mammary nodal involvement. Another
= d% study® reported a reduction in mean heart doses and expected
B years of life lost with DIBH compared to free breathing (FB). A
- 74 g 2 prospective, randomised study by Choi et al”® compared 3DCRT
] =]
_‘é! AR £5 (50.4 Gy in 28 F followed by 9 Gy in 5 F boost) to SIB-IMRT
— = £ . .
sZ |4 &0 (50.4 Gy in 28 F to the breast and 57.4 Gy in 28 F to the tumour
35 bed) reported no significant difference in 3 year LRRFS, DMEFS,
v 5 RFS and OS. However, the IMRT cohort experienced a reduction
o z © in Grade II or higher radiation dermatitis (27.8% IMRT vs 37.1%
o
=3 . T 3DCRT) and lower dose to the ipsilateral lung and heart (for
E g E 2 LBreast), therefore there is promising data for the use of IMRT
2leg. £ >3 for early-stage breast cancer.”’
E|RESE 0
M|l eSS >= “ o
33 Literature on the use of VMAT for breast radiotherapy has
28 reported enhanced tumour coverage, increased dose homoge-
v e neity and conformity,”! with one main drawback, the generation
= 5 2 of low-dose baths specifically to the contralateral breast, lung and
% T o heart which exceed that of 3DCRT.”* In a study by Ma et al,”?
< O
| = . VMAT was associated with an increase in mean heart dose and
]
£ o 9 N low-dose volume to the lung, compared with 3D-CRT, possibly
= o
g" g g % g explaining the higher use of tangential IMRT over VMAT.
@ > [J]
T NC) R
&l § T An estimation of excess absolute risk (EAR) in terms of devel-
S 'f.;g oping a secondary cancer in three organs [contralateral breast
goz (CB), contralateral lung (CL), ipsilateral lung (IL)] after expo-
7 | 8 i‘—j é sure to radiation was determined by Haciislamoglu et al.”*
— = 0
sg They observed a significantly lower EAR risk with field in field
o 2 Y g y
E 5 ‘g (FiF) technique and a statistically lower secondary cancer risk
= 582 compared with IMRT and VMAT.”* Additionally, the volume
o = . . .
g g 5 o of low dose (3 Gy and 5 Gy) to normal tissue was significantly
e u < 5 higher with IMRT and VMAT than FiE”* Whole breast hypof-
|
Bls SED ractionated VMAT has been studied and implemented in some
RS RS . .
S|z £eg centres and reports of safety, efficiency and tolerated patient
5% experience has been noted.”> New techniques such as tangen-
523 tial VMAT (t-VMAT) and tangential IMRT (t-IMRT) has been
€32 8
58 = éé compared and found while t-VMAT produced higher target
3 _&ij £ % 2% homogeneity and conformity, t-IMRT for left-sided breast carci-
o 5 2 ces noma resulted in significant reduction in heart and lung doses
= 2|z LES and a greater than 40% reduction in heart and lung EAR.”!
2 7| & ) :
-~
o pEE
© & o g The optimal radiation technique to treat breast cancer can vary
ogo . . .
o _ "G e with patient anatomy and laterality of the breast cancer and
2 el £g g size of the treated field. Long-term clinical trials and theoret-
© N L 3e ical estimation studies are required to determine the effects of
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the low-dose baths seen with VMAT on the healthy tissue and
secondary cancer induction. Though some dosimetric promise
has been reported with proton therapy (mean heart dose < 1
Gy),'! the clinical impact on late cardiac toxicity of this and other
modern techniques is currently unknown and a minimum of 10
years of follow-up would be required to determine the effect of
modern techniques on toxicity and survival.”®

Thoracic neoplasms

Stage I non-small cell lung cancer (NSCLC) can be optimally
treated with surgery providing good local control and survival
outcome.”” However, for a significant number of patients, this
option is not viable due to comorbidities and as a result receive
concurrent chemoradiation therapy (CCRT). Historically, CCRT
corresponded to relatively poor outcomes: long-term survival
15-30%; local control 40-50%7 ; median survival time of 28.7
months.”® Radiation-induced toxicity, specifically radiation
pneumonitis (RP) incidence impacts survival and QOL,” and
thus is a factor of interest when comparing techniques and treat-
ment efficacy.

In recent years, the use of modern conformal techniques (IMRT,
VMAT, IGRT, SBRT) have dramatically changed the treatment
capability and expected clinical outcomes for NSCLC (Table 3).%¢
Though large variations in treatment plans are seen with planners
of different experience levels,®” studies have reported increased
5-year OS rates and favourable toxicity profile with SBRT using
IMRT or VMAT.”® Chi et al*® assessed the clinical outcomes
of following particle beam therapy and SBRT and observed
for both techniques incidence of severe toxicity (Grade III-V),
chest wall toxicity and RP were low, and no significant differ-
ence was seen between techniques in incidence of Grade IV-V
toxicity. Additionally, Liao et al 2018”® reported comparable inci-
dence of RP between IMRT and passive scatter proton therapy
(PSPT) and IMRT reported a slightly better, but not significant,
overall survival rates (p = 0.297) may be produced with PSPT
for NSCLC. Another study observing the effect of IMPT and
concurrent chemotherapy on thoracic tumours also observed
low toxicity for advanced inoperable cases; however, due to the
short follow-up and non-randomised study design concluded
that further randomised prospective trials are required to vali-
date and accurately quantify the effect of IMPT use.®* Although
it cannot be concluded that PSPT or SBRT is better for the
treatment of NSCLC, we can say with confidence that these are
viable options and offer improved outcomes than those seen
historically.

Retrospective studies®””%%% record improved survival and
reduced RP incidence and severe toxicity with VMAT compared
with 3DCRT and even IMRT and report a significant increase
in use of VMAT after 2010.%”” Radiotherapy management of
locally advanced NSCLC has therefore improved with modern
photon therapies; however, the survival rates and toxicity inci-
dence can possibly be improved by standardising treatment
planning, implementation of new techniques, increased use of
motion management systems and assessment of fractionation
schemes. As an example, VMAT techniques with FFF beams are
potentially advantageous as they employ higher dose rates and
jaw-tracking technology which may further increase conformity

Hunte et a/

and OAR sparing.® At the very least, it can be concluded that the
use of VMAT in NSCLC and other thoracic neoplasms offers no
detriment to survival rates historically seen.

Head and neck

Radiotherapy has and continues to play a critical role in the
management and treatment regime for head and neck (HNC)
cancers.” Historically, photon-based techniques dominated HNC
treatment; however, there is a growing interest in modulated
proton therapy for clinical use. One major drawback of IMPT
is its high sensitivity to anatomical changes which is critical in
HNC due to inter- and intrafractional motion and target volume
changes with high weight loss.”

Toxicity profiles for patients with locally advanced head and
neck cancer (LAHNC) have improved but remain significan
with frequent, though reduced, reports of xerostomia.’!
Sequential (SEQ) boost vs SIB for LAHNC reported comparable
survival rates; however, acute toxicity incidence benefited

with SEQ-IMRT.”® LAHNC are susceptible to locoregional
recurrence and as such reirradiation was explored.’? Bahl et al
recommended a prescription >46 Gy for inoperable recurrent
tumours as < 45 Gy showed a higher incidence of progressive
disease (=0.01).” Additionally, QUANTEC guidelines were
released 10 years ago with much of the evidence based on
conventional 3D conformal therapy. There is therefore a need
for validation and prospective studies to guide the optimisation
of the treatment plans generated in this era.’*

t90

Nasopharyngeal cancer

For nasopharyngeal cancers (NPCs), the advent of IMRT facil-
itated reduction in dose to OARs and improved target homo-
geneity.”> A few randomised controlled trials have assessed
the clinical benefit of IMRT compared to 3DCRT.?*"® Studies
comparing IMRT and VMAT in NPC have shown the variation
in plan conformity, coverage and homogeneity are marginal.**
Additionally, clinical outcomes of tumour control, survival,
and changes in QOL are comparative between IMRT or VMAT
(Table 4).33-%°

It has been shown that particle therapy (IMPT) can offer OAR
sparing and target conformity with promising initial findings.*
However, evidence for the translation of these benefits to effi-
cacy and toxicity are limited. It is therefore safe to say despite
the enhancement in NPC management in the last 30 years,
the burden of long-term toxicities, which impair QOL, is still
present. Adaptive radiotherapy, IGRT and the comparison of
clinical outcomes (more than 5 years) between particle and
photon therapies fueled by PROs is the next step for research.
Additionally, specific research geared towards the decrease in
cognitive and hearing impairment is necessary to improve QOL
of the survivors.

Oropharyngeal cancer

The average 5-year overall survival for oropharyngeal cancers is
65% with traditional radiotherapy techniques.’ The use of VMAT
for oropharyngeal carcinoma has been published and viewed as
safe and effective with increasing rates of survival and disease
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control.'® Prospective proton therapy studies'”' have shown
clinical benefits for oropharyngeal cancer with reduced rates
of PEG-tube replacement, acute hospitalisation and narcotic
requirements compared to VMAT. Although longer follow- up
is needed to determine long-term effects, initial findings show
a reduction in acute toxicity and hence improved quality of life.
Owing to the sensitivity of proton beams to radiological density
changes, the use of on-board imaging to confirm setup and
anatomical reproducibility is mandatory’ alongside long-term
prospective studies that can clearly quantify the clinical benefit
of IMPT over IMRT and establish recommendations for safe and
effective treatment.

Multiple brain metastases

Whole brain radiotherapy (WBRT) was the initial practice of
care for multiple brain metastases'® and single large brain
metastases with the latter also employing the use of surgical
resection.”’ Currently, there has been a shift from WBRT to SRS
where possible as a 12-fold reduction in 1-year local failure is
gained with the use of SRS'®* along with increased OAR sparing,
improved outcomes, and increased life expectancy.'%*

Additionally, WBRT is associated with reduced QOL from
decreased neurocognitive function and increased memory loss.
A Phase II RTOG 0933 clinical trial'® proposed employing strat-
egies to avoid the hippocampus during WBRT (HA-WBRT) as a
possible approach to mitigate these events. Some practical strate-
gies have been published,'”® which have been employed for cases
of diffused metastases where SRS was not permissible.'*

The commercial solutions for delivering SRS are wide ranging
employing Cobalt-60 sources (Gamma Knife (GK) unit),
photon-based deliveries (CyberKnife (CK)) or a gantry-based
linear accelerator system with stereotactic capabilities.'”” Histor-
ically, the use of GK platform for radiosurgery was preferred;
however, treating more than five metastases with GK burdens
staff resources as treatment is associated with long times (1-3 h)
especially as the cobalt-60 source decayed.'®® The use of Linac-
based SRS employing FFF beams have now been extensively
used as its high dose rate is more time efficient (approximately
20 min).!® VMAT SRS when compared to GK also improved
target conformity with no significant difference between 6 MV
FFF and 10 MV FFE. However, gradient index may be a more
relevant parameter to study and one downfall is the increased
low-dose baths compared to GK for which the clinical signifi-
cance is currently unknown'%

Glioblastoma multiforme (GBM)

Published literature has illustrated the dosimetric and efficiency
advantages of VMAT to IMRT for GBM management in treat-
ment time reduction, dose reduction to the brain stem, hippo-
campi, optic chiasm and cochleae and improved target coverage
and conformity,'%'!! therefore explaining the increased imple-
mentation of VMAT over IMRT without clinical outcome data.
Sheu et al was the first to assess the clinical benefit of VMAT for
GBM and deduce if dosimetric advantages translated to clinical
outcomes.'”® Toxicity was assessed and recorded weekly and an
MRI with contrast taken 1-month post-RT.

No significant difference was observed in median OS (18.4
months IMRT vs 22 months VMAT: p = 0.33) and dermatolog-
ical toxicities (81% alopecia; 58% erythema); however, fatigue
(57%) and headaches (20%) were reported by both groups with
no difference in toxicity incidence as well. Sheu et al concluded
that care should be used in correlating dosimetric gain to clin-
ical effects and centres should understand new techniques before
adoption.'%

Another study assessed the impact of chemoradiation using
VMAT on survival and disease progression or tumour failure
at the contralateral hippocampus (cHC) for 82 patients with
GBM over 4 years (2014-2018)."'? The median follow-up for
survivors was 11.7 months (range, 3.6-39.1) with a median OS
of 23.5 months (95% CI: 18.4-28.7 months) and median PFS of
9.7 months (95% CI, 7.9-11.5 months). 6- and 12-month cHC
failure-free rates were high at 98.7 and 97.2% respectively and
overall tumour-failure at the cHC was low with 7.3% observed
at the cHC and 9.8% failure observed at a 1-cm margin to the
cHC.®?> Wee et al therefore concluded that chemoradiation
using HA-VMAT produced low incidence of cHC- and cHC
+ 1 cm-failure, and therefore can be safe in newly diagnosed
cases of GBM once this technique does not impair target

coverage. 12

Although there are several dosimetric studies of the poten-
tial impact of proton therapy for GBM, a recent publication'!?
observed that although the radiation exposure to normal tissue
responsible for cognitive function was significantly less with
proton therapy this did not translate to improved cognitive
outcomes.

Oesophageal

The use of radiotherapy for both resectable and unresectable
oesophageal cancer is well understood and is effective and
essential to its management.''* Numerous planning studies
highlighted the superiority of IMRT over 3DCRT; however,
the question of association between dosimetric gain and clin-
ical effects remain. Xu et al reported a significant reduction
in survival for patients treated with 3DCRT (p = 0.007) when
compared to IMRT; however, the two techniques produced
similar incidence of radiation pneumonitis and radiation
oesophagitis."'* Another study highlighted by Gwynne et al''®
assessed long-term clinical outcomes of patients treated with
3D-CRT (n = 413) and IMRT (n = 263) and reported a statisti-
cally significant increase in the risk of dying and of locoregional
recurrence with 3DCRT compared to IMRT (72.6% vs 52.9%, p
< 0.0001; p = 0.0038 respectively).

Cone beam CT (CBCT) has been proven to be reliable in pre-
treatment target verification and greater setup reproducibility in
the treatment of oesophageal and gastrooesophageal cancers'!>!!¢
and has since been mandated in the UK’s NeoSCOPE/SCOPE
two trial for IGRT usage. Initially, due to concerns of the effect
of the low-dose baths from IMRT and VMAT NeoScope did not
allow these techniques in their earlier trials, however, owing to
the benefits seen with these techniques they have been mandated
to be used in the current SCOPE two trial.'!”!1#
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Zhao et al"*'"? reported both the favourability of reduced

toxicity (less than Grade IV) with modern techniques and
concern of high LR failure. Dosimetric studies point to proton
therapy for clinical improvement,'?’ however, multicentre, long-
term (greater than 5 years) prospective randomised trials aimed
at technique standardisation, effective comparison of the various
techniques and ultimately recommendations are needed.''*

Radiotherapy and pregnancy

Malignant tumours occur in 1:1000 pregnancies'?! with breast
cancer followed by gynaecological malignancies and lymphomas
being the most diagnosed tumours in pregnant females.'?
Radiotherapy during pregnancy, though not impossible, require
careful considerations based on tumour location and gestational
age as the foetal effects are vast: abortion, foetal death, micro-
cephaly, and foetal malformations.'?* Modern photon modulated
techniques require specific considerations and multidisciplinary
input owing to the creation of low dose-baths by IMRT or VMAT
approaches and use of kV-generated images for IGRT.'**

Breast radiotherapy in pregnancy

Intraoperative radiotherapy (IORT)'** has been identified as a
satisfactory boost to the tumour bed in carcinoma of the breast.
However, treatment of breast cancer with radiation poses a chal-
lenge due to the proximity of the foetus to the tumour bed. Hence,
international consensus supports a gestation stage-based treat-
ment approach for breast cancer and recommends possible post-
ponement of near-term patients more than 37 weeks of gestation
where the treatment can be post-poned until post-partum in
near-term patients at more than 37 weeks of gestation.'**

In 2011, the Italian European Institute of Oncology treated the
first pregnant patient with electron beam intraoperative radio-
therapy (ELIOT) at week 15 of gestation and an estimated dose
to the foetus was 0.84 mGy. These results suggest that ELIOT
can therefore be considered as a treatment option for anticipated
boost therapy during the first and second trimester of pregnancy
and whole breast radiotherapy post-poned until after child-
birth.'* The inclusion of a multidisciplinary team goes without
saying and as much as possible treatment should follow estab-
lished guidelines for non-pregnant patients.'*’

Pelvic radiotherapy in pregnancy

Spontaneous abortion has been observed within 3-6 weeks of
pelvic RT.'? Cases of cervical cancer diagnosed after the 20th
week of gestation; a treatment delay can be considered in the
interest of the foetus without a significant effect on the prog-
nosis.'** No international consensus or recommendations have
been published for pelvic RT during pregnancy as the risk of
foetal defects and abortion with radiotherapy is significant.'??

Lymphoma and pregnancy

Evens et al'? investigated the effects of chemotherapy, RT or a
combination of both in Hodgkin’s lymphoma and non-Hodgkin’s
lymphoma in a series of 90 pregnant females. Four cases (4.4%)
utilised radiotherapy with Stage I and IIA diagnoses and dose
prescription of 25-30 Gy. No spontaneous abortions, neonatal
intensive care unit admission or malformations were reported

Hunte et a/

therefore radiotherapy in pregnant patients with lymphoma may
be feasible and modern radiotherapy techniques can be explored.

Oral cancer and pregnancy

The incidence of oral cancer during pregnancy is less than 2%
and the treatments are as follows: surgery (56.4%), chemotherapy
(12.8%), radiotherapy (28.2%), no treatment during pregnancy
(23.1%).'2° Like other clinical sites, no clear guidelines exist for
the treatment of oral cancer during pregnancy'?*'*” Treatment
strategies should involve careful investigation of patients staging
and social history.'*®

Takahashi et al'?® studied a 36-year old tongue cancer patient
treated during pregnancy using FFF-VMAT technique. Dosim-
etric comparison between tomotherapy, single arc VMAT and
FFF-VMAT showed significant out of field doses due to scatter
from the flattening filter. FFF-VMAT attained the lowest simu-
lated foetal dose with phantom study and was therefore selected
with the following prescription: involved nodes - 66 Gy in 33 E,
tumour bed and ipsilateral neck - 60 Gy in 33 F; contralateral
neck - 54 Gy in 33 E. The actual foetal dose was measured using
in vivo dosimetry and calculated to be 30 mGy and a baby was
born healthy at 37 weeks.

Brainstem gliomas

Brainstem gliomas though rare (approximately 2% of adult
gliomas) occur more in younger adults,'?® and hence must be
studied when evaluating the suitability of radiotherapy during
pregnancy. Brainstem gliomas are associated with high maternal
mortality,'?® therefore treatment with surgery or radiotherapy
should not be delayed. Despite the high mortality, Rosen et
al observed'?® some favourable pregnancy outcomes and,
concluded that the most optimum treatment plan can be deter-
mined through in vivo monitoring and phantom estimation
studies.

Oropharyngeal cancer in pregnancy

Pineda et al observed the effectiveness of 6 MV IMRT on a
patient with oropharyngeal cancer treated during pregnancy and
concluded that in this case radiotherapy alone provided good
local control to the patient and did not result in any foetal abnor-
malities at birth or 18 month post-delivery.'® This is a promising
outcome; however, care must be taken for radiotherapy delivery
during pregnancy.

CONCLUSION

VMAT has been widely adopted throughout many centres and
many clinical sites. Proof of this adoption can be seen in its use to
evaluate the effectiveness of other techniques (chemotherapy regi-
mens, SIB, FFE, SBRT, IGRT and hypofractionation)3’7'39’130_133
and the application of outcomes in dose fractionation gained
through static IMRT studies seamlessly applied to VMAT.

VMAT has surpassed 3DCRT in most sites and has been proven
to be more efficient while providing increased OAR sparing,
reduced toxicity, and improved survival rates. As such, authors
as well as some multicentre clinical trials''”"'® recommend
the adoption of VMAT for treatment of prostate and gynaeco-
logical carcinomas as well as thoracic neoplasms—specifically
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NSCLC—and head and neck applications (SRS, HA-WBRT,
nasopharyngeal, oropharyngeal, oesophageal and gastroesoph-
ageal carcinomas). Long survival sites such as breast have not
ruled out 3DCRT through field-in-field techniques and advocate
for selection of radiation technique based on patient anatomy
and laterality of the breast cancer and size of the treated field.
The concern of the low-dose baths seen in VMAT on healthy
tissue and secondary cancer induction is especially important
for breast radiotherapy and when addressed may steer the shift
to VMAT from the mainstay of 3DCRT.

Although authors have and continue to report many improve-
ments with VMAT, most study designs are retrospective in
nature and assess small patient cohorts. Additionally, toxicity
and survival has not fallen as theoretically expected in some cases
namely thoracic neoplasms and nasopharyngeal carcinomas,
therefore requiring focus into standardising treatment plan-
ning and further assessment of fractionation schemes. There is a
need for more prospective, multicentre, long-term, randomised

clinical trials with large patient cohorts to accurately answer our
research question.

Prospective randomised clinical trials are expensive, lengthy and
may have small study groups, however, the use of pooled real-
world data in a prospective nature can be an alternative solution
to comprehensively assess the efficacy of modern radiotherapy
techniques.”’ Collaborations between the European Organi-
sation of Research and Treatment of Cancer and the European
Society for Radiotherapy and Oncology) has produced the -
E*>-RADIatE (EORTC 1811 study) platform designed to collect
real-world data through prospective data registries in radiother-
apy."**This and other initiatives like this may be the direction for
definitive evaluation of techniques efficacy and their impact on
toxicity and survival.
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