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Patients with unresectable stage III NSCLC, Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0 to 2,

and unsuitable for concurrent CRTwere recruited. A minimum of 2 cycles of platinum-based chemotherapy was compulsory

before starting radiation therapy (RT). Radiation dose was increased until a maximum dose of 79.2 Gy was reached or 1 or

more of the organs at risk met predefined constraints. RT was delivered in 1.8-Gy fractions twice daily, and an RT quality

assurance program was implemented. The primary objective was the delivery of isotoxic IMRT to a dose >60 Gy equivalent

dose in 2-Gy fractions (EQD2 assuming an a/b ratio of 10 Gy for acute reacting tissues).

Results: Thirty-seven patients were recruited from 7 UK centers. Median age was 69.9 years (range, 46-86 years). The male-

to-female ratio was 17:18. ECOG PS was 0 to 5 in 14.2% of patients; PS was 1 to 27 in 77.1% of patients; PS was 2 to 3 in

8.6% of patients. Stage IIIA:IIIB ratio was 22:13 (62.9%:37.1%). Of 37 patients, 2 (5.4%) failed to achieve EQD2 > 60 Gy.

Median prescribed tumor dose was 77.4 Gy (range, 61.2-79.2 Gy). A maximum dose of 79.2Gy was achieved in 14 patients

(37.8%). Grade 3 esophagitis was reported in 2 patients, and no patients developed grade 3 to 4 pneumonitis. There were 3

grade 5 events: acute radiation pneumonitis, bronchopulmonary hemorrhage, and acute lung infection. Median follow-up at

time of analysis was 25.4 months (range, 8.0-44.2) months for 11 of 35 survivors. The median survival was 18.1 months (95%

confidence interval [CI], 13.9-30.6), 2-year overall survival was 33.6% (95% CI, 17.9-50.1), and progression-free survival

was 23.9% (95% CI, 11.3-39.1).

Conclusions: Isotoxic IMRT is a well-tolerated and feasible approach to treatment intensification. � 2020 The Authors. Pub-

lished by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

The current 5-year survival of stage III non-small cell lung

cancer (NSCLC) with standard treatment is approximately

20% to 30% at best,1-3 highlighting the urgency to improve

outcomes. Concurrent chemoradiotherapy (cCRT),

chemotherapy, and radiation therapy (RT) given at the same

time is the standard of care in stage III NSCLC followed by

durvalumab in patients who are fit and have responded to

treatment.4 However, for most patients, this treatment is

unsuitable because of comorbidities and poor performance

status (PS).5 A national audit of the management and out-

comes of stage III NSCLC conducted in England in 2016

showed that only 17% of stage III patients were treated

with curative-intent RT. For patients receiving chemo-

therapy and curative-intent RT, only 34% received cCRT.

Sequential CRT was delivered almost twice as often as

concurrent.6 Sequential CRT has inferior local control and

survival rates.1 Local control with standard 3-dimensional

conformal RT (3D-CRT) alone remains poor, with

reported 2-year locoregional control rates of 20% to

44%.1,7,8 However, meta-analysis data has shown that

improved local control in lung cancer can lead to

improvement in survival.1

Personalized medicine is an increasing facet of modern

cancer treatment, but its implementation has been less

evident in radiation oncology. To date, patients still receive

fixed doses of radiation that do not account for the volume

or stage of disease (IIIA or IIIB), patient physiology, or

location of tumor.9 There is heterogeneity in stage III

NSCLC and therefore a need to move away from a broad-

brush treatment approach. To improve local control, one

strategy is to escalate the dose of radiation delivered to the

tumor. A clear dose-response relationship in NSCLC was

established by Martel et al,10 with 84 Gy needed to achieve

50% probability of tumor control at 3 years.

However, in the RTOG 0617 phase III study in which

patients were randomized between 60 Gy in 30 daily

fractions and 74 Gy in 37 daily fractions, the high-dose arm

failed to demonstrate a survival advantage, indicating that

dose escalation using conventionally fractionated RT is not

going to deliver improved patient outcomes. This failure

was most likely multifactorial and might have been due to

prolonged treatment time combined with poorer treatment

delivery (with fewer patients receiving cCRT), reduced

compliance to RT, issues with quality assurance, and un-

reported toxicity, including cardiac toxicity.11 Following

the publication of RTOG 0617, 60 Gy delivered in 2 Gy per

fraction is now considered standard treatment in patients

with stage III NSCLC.12 Accelerated hyperfractionation

has been studied in an attempt to reduce the overall treat-

ment time and to counteract repopulation in lung cancer.

Modified fractionation (hyperfractionation, acceleration, or

both) has been shown to improve overall survival in

NSCLC compared with conventional schedules, resulting in

an absolute benefit of 2.5% at 5 years.13

The Maastro group developed the concept of “isotoxic

RT” using individualized tailored dose escalation.14 They

showed that with hyperfractionated, accelerated 3D-CRT,

increasing radiation dose to prespecified normal tissue

dose constraints can lead to increased tumor control

probability with the same normal tissue complication

probability.14,15 In the sequential CRT setting, a mean

dose of 61.2 Gy could be delivered to patients with stage

III disease; however, <10% of patients received the

maximum dose of 79.2 Gy in 44 fractions twice daily.14

Importantly, intensity modulated radiation therapy

(IMRT), which enables a reduction in dose to organs at

risk (OAR), and potential dose escalation were not used in

the Maastro trial.16

Given the need to intensify treatment in the sequential

CRT setting, a UK study was established to investigate the
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feasibility of delivering image-guided isotoxic IMRT using

a hyperfractionated accelerated schedule in patients with

stage III NSCLC.

Methods and Materials

Study design and participants

The isotoxic IMRT study was a prospective, multicenter,

nonrandomized feasibility study with early stopping rules;

details of the trial design have been published.17 Patients

were treated with individualized doses of radiation based

on prespecified normal tissue doses (eg, heart, brachial

plexus, lung tissue, spinal cord, great vessels/proximal

bronchial tree; see Table 1) up to a maximum of dose 79.2

Gy in 44 fractions.

Patients were enrolled from 7 UK centers: Adden-

brookes Hospital (Cambridge), Beatson Cancer Centre

(Glasgow), The Christie NHS Foundation Trust (Man-

chester), Northern Ireland Cancer Centre (Belfast), The

Royal Marsden (London), St James’s Hospital (Leeds) and

Weston Park Hospital (Sheffield). Eligible patients were

age 18 years or older and had inoperable stage III NSCLC

(T3 N1-3, any T4, or any N2-3 according to TNM version

7) that was confirmed with histologic or cytologic analysis

and on PET scanning, with or without mediastinoscopy or

thoracoscopy. Patients with Eastern Cooperative Oncology

Group PS of 0 to 2 (PS 2 allowed if due to disease-related

symptoms not comorbidities) and who were unsuitable for

cCRT were included. Prior treatment with a minimum of 2

cycles of platinum- based induction chemotherapy (per the

local standard of care) and the ability to commence RT

within 5 weeks of the last cycle of chemotherapy was

compulsory.

Before trial registration, mandatory investigations

included a contrast-enhanced computed tomographic (CT)

scan of the thorax and upper abdomen (within 4 weeks

before registration), contrast-enhanced CT (or magnetic

resonance imaging) brain scan (within 4 weeks before

registration), fluorodeoxyglucose (FDG)-positron emission

tomography (PET) CT within 4 weeks before registration

and lung function tests. Participants gave written informed

consent and the study was conducted according to Good

Clinical Practice Guidelines and the Declaration of Hel-

sinki. The trial was reviewed in the United Kingdom by the

National Research Ethics Service Committee, which gran-

ted ethics approval for the study on 8th August 2013. The

protocol was also approved by the institutional review

board at each study center.

An RT planning scan using free-breathing 4-dimensional

(4D) CT with intravenous contrast injection was mandatory

to account for tumor motion (patients with a medical

contraindication to contrast were excluded from the study).

Patients were planned and treated in the supine position,

immobilized using either a chest board and fixed arm po-

sition above the head or a 5-point fixation shell.

The gross tumor volume (GTV) was contoured

depending on local practice to include (1) the combined

GTV exhale (defined on the maximum exhale 4D-CT data

set) and GTV inhale (defined on the maximum inhale

4D-CT data set), (2) combined GTV from all phases of the

4D-CT data set, or (3) GTV as defined on the maximum

intensity projection data set. The GTV is defined as iden-

tifiable tumor and involved lymph nodes from cross-

sectional imaging, using CT to define nodal involvement

if nodes �1cm in short axis or PET positive lymph nodes

(SUV > 3 if information on uptake of blood pool is not

available). As induction chemotherapy was mandated, the

GTV included the post-chemotherapy tumor volume and

the prechemotherapy lymph node volume.18

The clinical target volume (CTV) comprised the GTV

with a 5 mm margin of radiologically normal tissue in all

directions. In case of a complete remission of a lymph

node, the whole anatomic area as defined by Chapet et al19

was included. Manual editing of the CTV was permitted to

reduce the dose to organs at risk (eg, when disease is

adjacent to a structure, such as a vertebra, but is not thought

to invade the structure). Elective nodal irradiation was not

permitted. The planning target volume (PTV) comprised

the CTV with a 0.9-cm margin superiorly and inferiorly and

a 0.7-cm margin laterally. Editing of the PTV was not

permitted. The RT planning guidelines and quality assur-

ance document were provided as a reference to contour

OAR. Treatment planning and optimization of inverse

planned IMRT was undertaken by an experienced dosi-

metrist and physicist in lung planning. The use of volu-

metric modulated arc therapyerapid

arcetomotherapyefixed-beam IMRT was allowed in this

study. The OAR tolerance doses were specified to a volume

of 1 mL, with the exception of a mean heart dose and mean

lung dose (MLD; see Table 1). At least 95% of the PTV

should have received 90% (ideally 95%) of the prescribed

dose, and the mean dose to the CTV should have been

100%. Hotspots did not exceed 107% of the prescribed

dose within a 1-mL volume. The dose of radiation was

increased until one or more of the OAR tolerances or the

Table 1 Prespecified normal tissue doses

Organ at risk

Prespecified normal tissue

doses

Brachial plexus Max dose Z EQD2 � 66 Gy

Heart Max dose Z EQD2 � 76 Gy

Mean dose � 46Gy

Lung Mean lung dose (lung-GTV)

� 20 Gy

Mediastinal envelope* Max dose Z EQD2 � 76 Gy

Spinal canal PRV Max dose Z EQD2 � 50 Gy

Abbreviations: GTVZ gross tumor volume; PRVZ planning organ

at risk volume; EQD2 Z Equivalent dose in 2 Gy fractions.

* Comprising the heart, proximal bronchial tree, trachea, and

esophagus and edited manually to include the blood vessels in the

upper mediastinum.
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maximum dose of 79.2 Gy was reached. A case example

with dose distribution is shown in Figure 1. Using image

guidance with cone beam CT (CBCT), RT was delivered

twice-daily (a minimum 6-hour interval between fractions)

on consecutive weekdays in 1.8 Gy per fraction over a

maximum of 44 fractions.

The trial was subject to an RT quality assurance (QA)

program tailored to the technical requirements of lung

IMRT. The QA program for the study was coordinated by

the National Cancer Research Institute Radiotherapy Trials

Quality Assurance (RTTQA) Group.20 Before recruitment

each center delineated a benchmark case. The first patients’

RT plan from each center was reviewed prospectively

before a second patient was recruited. All RT plans were

reviewed retrospectively by the RTTQA group to ensure

adherence to the trial protocol.

Data regarding any serious adverse events (SAEs; as

defined by GCP) was collected at each follow-up visit. All

SAEs causally related to the RT treatment were reported to

the Manchester Academic Health Science Centre Trials

Coordination Unit and followed until they resolved or sta-

bilized. Acute and late radiation toxicities continue to be

recorded at each follow-up visit (according to the Common

Terminology Criteria for Adverse Events V.4.0 grading

system).

Patients were followed-up for 5 years after treatment

(every 4 months in years 1 and 2, and semiannually during

years 2-5). At each visit, a late toxicity assessment was

performed. CT scans were performed every 4 months for

the first 2 years.

Outcomes and statistics

The primary objective was the delivery of isotoxic IMRT to

a dose >60 Gy equivalent dose in 2-Gy fractions (EQD2).

The secondary objectives included the suitability of the

study population for isotoxic IMRT, acceptability of iso-

toxic IMRT among patients, estimation of recruitment rates,

estimation of patients with acute grade 3 or more non-

hematological toxicity, estimation of local control, esti-

mation of overall survival, and the development of a robust

QA process for lung IMRT.

This feasibility study was 2-stage (with early stopping

rules) using the design of Bryant and Day with 85%

power and 15% type-1 error for both completion (an

acceptable rate of 90% and unacceptable rate of 70% of

patients receiving >60 Gy EQD2) and acute radiation

pneumonitis rates (an acceptable rate of grade 3 or more

acute radiation pneumonitis of 8.5% and unacceptable

rate of 22.5%).21

After the first 11 of 35 patients were enrolled (stage 1 of

the study) if fewer than 8 of 11 patients were planned to a

dose >60 Gy EQD2 or more than 2 of 11 patients had

experienced grade 3 or more acute radiation pneumonitis

the trial would be stopped. Further investigation of the

intervention would be recommended if more than 27 of 35

patients were planned to a dose >60 Gy EQD2 and less

than 6 of 35 patients experienced grade 3 or more acute

radiation pneumonitis.

Results

Between June 2014 and March 2016, 37 patients were

enrolled from 7 UK centers; the baseline characteristics are

shown in Table 2. Initial recruitment target was 35 patients.

Of 37 patients, 2 (5.4%) failed to achieve a planned dose

of EQD2 > 60 Gy because of large tumor size and inability

to meet OAR constraints. Both patients who failed to

achieve a dose of >60 Gy EQD2 also received 55 Gy in 20
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Fig. 1. Case example of a 65-year-old man with T2 N3 M0 adenocarcinoma of the left lung stage IIIB, radiation therapy

dose of 70.2 Gy in 39 fractions delivered. Motion-adapted gross tumor volume is outlined in green, clinical target volume is

outlined in purple, planning target volume is outlined in light blue, mediastinal envelope is outlined in red, and brachial

plexus is outlined in brown. (A color version of this figure is available at https://doi.org/10.1016/j.ijrobp.2020.11.040.)
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fractions once daily over 4 weeks. As a result, 35 of 37

patients achieved an EQD2 > 60 Gy and received treatment

per the trial protocol (Table 2). The median prescribed

tumor dose for the 35 patients treated with dose >60 Gy

EQD2 was 77.4 Gy (range, 61.2-79.2 Gy) with the

maximum dose of 79.2 Gy delivered to 14 (37.8%) patients.

In addition to the prescribed tumor dose, the doses deliv-

ered to the normal tissues are summarized in Table 3. All

patients completed RT as scheduled, except 1 patient for

whom treatment was stopped because of disease progres-

sion after 8 fractions (4 days). One patient underwent

replanning because of tumor growth on CBCT.

Toxicity

Thirteen grade 3 to 4 acute events and 3 grade 5 events

occurred in 8 individuals. The most common grade 3 acute

adverse events included dypsnoea (n Z 2; 5.7%), lung

infection (nZ 2; 5.7%), and radiation esophagitis (nZ 2;

5.7%; Table E1). None of the patients with grade 3 radia-

tion esophagitis required feeding tubes. No patient devel-

oped grade �3 anemia or neutropenia.

Three grade 5 events resulted from acute radiation

pneumonitis, a bronchopulmonary hemorrhage, and acute

lung infection. The first 2 grade 5 events were deemed as

probable treatment-related deaths, and causality was not

determined for the third patient. The 3 patients all received

the maximum dose of 79.2 Gy in 44 fractions and had

similar volumes of disease (PTV 311, 344, and 281.6 cm3,

respectively). The first patient died from acute radiation

pneumonitis 4 months after completion of RT. Lung V20

was 23.5%, and MLD was 19.5 Gy. The second patient died

of a bronchopulmonary hemorrhage 18 months after

completion of RT. Their RT plan demonstrated a V20 of

27.1% and an MLD of 15 Gy. The 1-mL max dose to the

proximal tree was 78.25 Gy. The third patient died 16 days

after completion of RT; lung V20 was 29.7%, and MLD

was 16.7 Gy. Grade 3 late toxicities included fatigue (n Z

1; 2.9%) and dyspnoea (nZ 3; 8.6%), and 1 (2.9%) case of

late grade 4 lung infection (Table E1).

Table 2 Patient characteristics

Patient

characteristics

On trial

(n Z 35)

Off trial (n Z 2)

(unable to dose

escalate)

Patient 1 Patient 2

Sex

Female 18 (51%) 1 d

Male 17 (49%) d 1

Age, years 52 48

Median 69.9

Range 46-86

ECOG PS

0 5 (14.2%) 1 1

1 27 (77.1%)

2 3 (8.6%)

Stage

IIIa 22 (62.9%) IIIa IIIb

IIIb 13 (37.1%)

Histology

Squamous 16 (45.7%)

Adenocarcinoma 14 (40%) 1 1

Other 5 (14.3)

Median lung

function

(range)

FEV1 (L) 1.8 (0.7-3.4) 2.7 3.3

DLCO (%

predicted)

66.8 (26.2-102) 83 88

Gross tumor

volume, cm3

Median 57.1 Not specified 97.4

Range 8.2-260.7

Planning target

volume, cm3

Median 330 Not specified 753.4

Range 146-807

Abbreviations: DLCO Z diffusing capacity for carbon monoxide;

ECOG Z Eastern Cooperative Oncology Group; FEV Z forced

expiratory volume; PS Z performance status.

Table 3 Prescribed tumor doses and normal tissue dosimetry

in 35 patients treated per protocol, with doses > 60 Gy EQD2

Radiotherapy planning parameters Median (range)

PTV

Prescribed dose (Gy) 77.4 Gy (61.2-79.2)

Lung

V5 (Lung-PTV) 63.2% (29.2-91.5)

V20 (Lung-PTV) 26.6% (14-41.4)

MLD (Lung-GTV) 18.5 Gy (6.8-20.0)

Esophagus

V35 28.6% (0-69)

V50 21.7% (0-62.5)

V60 17.4% (0-53.5)

Mean 21.5 Gy (8.0-44.4)

Max 1 cm3 74.1 Gy (21.2-78.6)

Heart*

V5 47.6% (8.2-100)

V30 23.6% (0.1-93.1)

V40 18.2% (3.4-63.3)

V50 11.2% (0.9-34.7)

Mean 17.0 Gy (1.4-45.7)

Max 1 cm3 77.6 Gy (21.8-79.1)

Other OARs

Max 1 cm3 brachial plexus 4.51 Gy (0.6-72.4)

Max 1 cm3 mediastinal envelope 78.2 Gy (39.2-79.2)

Max 1 cm3 proximal tree 77.2 Gy (20.1-79.0)

Max 1 cm3 trachea 65.6 Gy (1.12-79.2)

Max 1 cm3 spinal canal 43.7 Gy (14.3-57.7)

Max 1 cm3 spinal canal þ 0.5 cm 49.4 Gy (14.9-59.1)

Abbreviations: GTV Z gross tumor volume; Gy Z Gray; MLD Z

mean lung dose; OAR Z organs at risk; PTV Z planning target

volume.

* V5, V20, V35, V50, and V60 denote the volume receiving more

than 5, 20, 35, 50, and 60 Gy, respectively.
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Survival and local control

At the time of analysis, the median follow-up was 25.4

months (range, 8.0-44.2 months) for 11 of 35 survivors.

The 2-year overall survival (Fig. 2a) was 33.6% (95%

confidence interval [CI], 17.9-50.1), and progression-free

survival was 23.9% (95% CI, 11.3-39.1; Fig. 2b). The

median survival was 18.1 months (95% CI, 13.9-30.6).

Radiation therapy quality assurance

Treatment plans for each study patient were assessed within

1 week of the start of treatment. For the treatment planning

benchmark case, 2 of the 7 centers (28.6%) were able to

achieve the maximum dose per number of fractions (79.2

Gy/44). Dose escalation was limited in all cases by the dose

to 1 mL of the mediastinal envelope. Thirty-four on-trial

treatment plans were reviewed, and QA reports were sent to

each center. For all 34 plans, the OAR dose constraints

were met. Of the 34 treatment plans, 2 failed to meet one of

the PTV criteria (the PTV D [Total Volume e1 mL] �
85%), but were within 2% of the acceptable limit. There

were minor deviations from the protocol for OAR outlining,

which was highlighted to the appropriate center.

Discussion

Despite technological advances, a conventional RT frac-

tionation of 60 Gy in 30 fractions and chemotherapy

devised more than 30 years ago remain the international

standard of care in stage III inoperable NSCLC.9,11,12,22

This study combines a number of strategies to intensify

RT: personalized dose escalation, acceleration, and hyper-

fractionation, facilitated by the use of image guided IMRT.

The primary endpoint was met, as it was feasible to

intensify treatment using isotoxic IMRT, with 35 of 37

patients (95%) receiving dose-escalated RT. The overall

survival of 76% at 1 year and 34% at 2 years and PFS of

54% at 1 year and 24% at 2 years compare favorably to

historical survival reported in sequential CRT trials.1

However, because of small numbers, it is not appropriate

to compare the results of isotoxic IMRT to large contem-

porary data sets of patients treated with concurrent CRT,

such as RTOG0617 and PACIFIC.4,12

It is important that the potential survival benefit of dose

intensification is balanced with the risk of treatment-related

toxicity. RTOG 0617, which compared 60 Gy in 30 daily

fractions to 74 Gy in 37 daily fractions concurrently with

chemotherapy, showed a detrimental effect on survival in

the high-dose arm. As an alternative to using conventional

RT fractionation in NSCLC, isotoxic IMRT along with

other trials, including IDEAL (isotoxic dose-escalated

concurrent chemoradiotherapy), CHART-ED (continuous

hyperfractionated accelerated radiation therapy without

chemotherapy), and PLANET (dose escalation to 84 Gy

with concurrent chemotherapy) have investigated dose

escalation schedules.23-25

Despite the intensified regime used in our study, the rate

of grade 3 to 5 pneumonitis (3%) was comparable to the

standard arm of RTOG 0617 and other intensified schedules

(Table E2). The incidence of grade �3 esophagitis (6%)

was the same as in the IDEAL study,23 and less than re-

ported in the high dose arm of RTOG 0617,12 CHART-

ED,24 and PLANET25 (Table E2). This observation can be

explained in part by the fact that the chemotherapy was

delivered sequentially in the isotoxic IMRT study, as

opposed to concurrently. It should be noted that all 3 pa-

tients with grade 5 events in our study had an MLD � 15

Gy and a V20 > 23%. However, the maximum threshold of

20 Gy for MLD was not exceeded in any of these patients

as per protocol. Furthermore V20 was <30% in all 3 cases.

Results thus far suggested that dose escalation in

thoracic RT might be limited by pneumonitis and esopha-

gitis,25 but other toxicities such as bronchopulmonary

hemorrhage and the development of fistulas may be rarer,

but related to severe morbidity and mortality.22,26 A phase 1

trial delivering hypofractionated RT using IMRT up to

doses of 85.5 Gy in 25 fractions reported no cases of grade

3 radiation pneumonitis or esophagitis, but it was prema-

turely terminated after 5 treatment-related deaths that

included 3 from fatal hemotypsis.26 It is well documented

that centrally located tumors are associated with a high risk

of grade 5 hemoptysis.22,26-28 This phase 1 trial protocol
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did not include any OAR constraints for the proximal

bronchial tree, but it demonstrated a dose-response rela-

tionship, with higher doses to the proximal bronchial tree

resulting in severe late toxicity.

In our study, the maximum dose permitted to the

mediastinal envelope (which includes mediastinal blood

vessels, heart, trachea, esophagus, and proximal bronchial

tree) was EQD2 � 76 Gy. The mediastinal envelope was

the structure limiting dose escalation. For future studies,

including the dose limits for individual OAR rather than to

the mediastinal envelope might facilitate dose escalation.

We have reported on 2 deaths that were probably related

to treatment: one from acute pneumonitis and the other

from a late bronchopulmonary hemorrhage. One patient

had a nonfatal grade 3 tracheoesophageal fistula. A

treatment-related death rate of 5.7% is comparable to other

dose-escalation studies (4.8% IDEAL)23 and less than the

74-Gy high-dose arm of RTOG 0617 (7.5%).12 In the PET-

Boost trial (dose escalation to the entire primary tumor or

redistributed to regions of high pretreatment FDG-uptake in

patients with inoperable stage II-III NSCLC), fatal pul-

monary hemorrhages and esophageal fistulae were

observed in 9 of 107 patients (8.5%). Patients were treated

with an isotoxic integrated boost of �72 Gy in 24 fractions,

with or without chemotherapy and strict dose constraints

for organs at risk. Acute and late �G3 was reported in 41%

and 25% of patients, respectively.

A key strength of our study is the mandatory use of

IMRT to allow dose escalation. Although IMRT is now

routinely used for radical lung cancer, IMRT was not a

standard of care in the United Kingdom when the trial was

conducted. The higher median prescribed tumor dose of

77.4 Gy (range, 61.2-79.2 Gy) in isotoxic IMRT study

compared with the median dose within the Maastro study

(also including patients treated with sequential CRT) of 65

Gy (range, 51-69 Gy) can be explained by the mandatory

use of IMRT. In a subsequent study from the Maastro

group, isotoxic accelerated RT given concurrently with

chemotherapy was delivered using IMRT.29 The mean

tumor dose was 66.0 � 12.8 Gy (range, 36-73 Gy) deliv-

ered in a mean of 39.7 fractions. The marginal increase in

dose delivered in this study compared with the previous one

could be explained by patient selection (median tumor

volume of 50.3 mL in the Maastro sequential isotoxic

cohort compared with 72.6 mL in the Maastro concurrent

isotoxic cohort).

The most robust data supporting the use of IMRT in the

treatment of lung cancer come from a secondary analysis of

RTOG 0617. It demonstrated that despite the IMRT cohort

having larger planning treatment volumes and more stage

IIIB disease, survival outcomes were the same as those

treated in the 3D-CRT cohort.30 Furthermore, quality of life

was better in the IMRT group, despite some unfavorable

prognostic factors.31 The incidence of grade 3 radiation-

related toxicities of pneumonitis, cardiovascular, and

esophagitis were lower in the IMRT group (3.5%, 4.8%,

13.2%) compared with 3DCRT (7.9%, 8.3%, and 15.4%).

The lung V20 did not differ between the 2 groups, but the

lung V5 was higher in the IMRT group, and heart doses

were significantly less in those receiving IMRT compared

with 3DCRT.

As reported in the secondary analysis of RTOG 0617, an

advantage of IMRTover 3DCRT is that the dose to the heart

can be reduced. Over the years, dose constraints to the heart

have been poorly defined and RT-related cardiac toxicity is

often underreported. In RTOG 0617, the heart dose was

higher in the high-dose arm; in addition, on multivariate

analysis of the survival data, the higher heart V5Gy and

V30Gy was associated with poorer survival.30 Recently,

further evidence has shown that heart dose is significantly

and independently associated with overall survival12,32-34

and cardiac events.35

In addition to mandating IMRT, strengths of this study

include the multicenter setting and the delivery of state-of-

the-art image-guided RT overseen with a robust QA pro-

gram. Furthermore, the study protocol mandated the use of

bidaily CBCT. Recent data have shown the benefit of strict

image guidance protocols, with residual setup errors toward

the heart being linked with poorer survival in patients with

lung cancer.36

Conversely, the authors are mindful of the limitations of

this single-arm study incorporating a heterogeneous group

of patients with stage III cancer. The proximity of tumor

bulk to OAR in addition to histologic subtype and genomic

variations can affect outcomes greatly.15 It is this hetero-

geneity of stage III disease that warrants investigating a

move away from a one-size-fits-all approach to improve

patient outcomes. Clinical trials incorporating heterogene-

ity in their design to individualize treatment include

boosting subvolumes of the tumor based on FDG-PET, as

used in Artforce/PET (ClinicalTrials.gov: NCT01024829)

and RTOG 1106/ACRIN 667 (ClinicalTrials.gov:

NCT01507428). Other strategies include combining radical

RT with targeted drugs, the addition of immunotherapy in

the sequential CTRT setting, using hypofractionated ste-

reotactic body RT to the primary site and conventionally

fractionated RT to central mediastinal lymph nodes (Clin-

icalTrials.gov: NCT01933568), adaptive techniques, and

targeting hypoxia. Future studies should involve the use of

genomic signatures to predict radioresistant tumors and

tumors that have a higher risk of relapse who might benefit

from dose escalation. Currently, there are limited treatment

strategies in the routine setting for stage III NSCLC that

take into account molecular or genomic tumor character-

istics and circulating tumor cells and DNA to personalize

treatment.

Conclusion

There is an unmet need to intensify treatment in patients

with stage III NSCLC who are unsuitable for concurrent

CRT, as outcomes are poor. We have demonstrated that

isotoxic IMRT is a well-tolerated treatment intensification
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strategy with promising outcomes. This regimen is

currently being tested in a UK phase 2 randomized

controlled trial (ADSCAN- ISRCTN47674500)37 alongside

3 other dose-escalated and accelerated sequential CRT

schedules.
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