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Abstract

Background—Radiotherapy (RT) intensification, including both dose escalation and/or the use 

of altered fractionation, has been studied as a strategy to improve disease control for a number of 

malignancies. Here we systematically review the outcomes of randomized trials testing RT 

intensification.

Methods—We performed a literature search to identify randomized trials testing RT 

intensification for cancers of the central nervous system (CNS), head and neck, breast, lung, 

esophagus, rectum, and prostate. Findings were described qualitatively. Where adequate data were 

available, pooled estimates for the effect of RT intensification on local control (LC) or overall 

survival (OS) were obtained using the inverse variance method.

Results—In primary CNS tumors, esophageal cancer, and rectal cancer, randomized trials have 

not demonstrated that RT intensification improves clinical outcomes. In breast cancer and prostate 

cancer, dose escalation has been shown to improve LC or biochemical disease control but not OS. 

RT intensification may improve LC and OS in head and neck and lung cancers, but these benefits 

have generally been limited to studies that did not incorporate concurrent chemotherapy.

Conclusions—In randomized trials, the benefits of RT intensification have largely been 

restricted to trials in which concurrent chemotherapy was not utilized. Novel strategies to optimize 

the incorporation of RT in the multimodality treatment of solid tumors should be explored.
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INTRODUCTION

Over the past few decades, advances in treatment planning and delivery have allowed 

radiation oncologists to explore the benefits of radiotherapy (RT) intensification for a 

variety of solid tumors. By “intensification” we are referring to dose escalation and/or 

altered fractionation, both of which can enhance tumor cell kill in preclinical models1 and 

might be expected to increase patient cure rates. This concept has now been tested for a wide 

variety of solid tumors in hundreds of clinical trials, many of which were randomized 

studies.

In this review, we examine the results of randomized trials testing RT intensification across 

a number of disease sites. We explore if the outcomes of these studies appear to be 

modulated by the manner in which RT intensification is achieved or by the utilization of 

concurrent chemoradiotherapy (CRT). Where appropriate, we reference published meta-

analyses or perform new meta-analyses to clarify these associations.

METHODS

Selection of studies

Based on initial literature reviews, we identified the following relevant disease sites for this 

analysis: primary central nervous system (CNS) tumors, head and neck cancer, breast 

cancer, lung cancer, esophageal cancer, rectal cancer, and prostate cancer. Sites treated with 

palliative RT, such as brain or bone metastases, were not included. Pediatric tumors were 

also excluded from this review.

For each disease site, we performed a Pubmed search for the terms “radiotherapy” and 

“randomized” as well as the disease site of interest. We applied filters to limit hits to studies 

published in 1993 or later and categorized as clinical trials. We reviewed each abstract and 

identified randomized controlled trials aiming to demonstrate a benefit for RT intensification 

through dose escalation (including use of a boost), altered fractionation, and/or RT 

acceleration. Noninferiority studies, such as those testing hypofractionated RT for breast 

cancer, were excluded. When more than one publication was identified from the same 

clinical trial, the most recent data were used in the final analysis. We also reviewed relevant 

review articles and meta-analyses.

Statistical analyses

Data extraction was conducted independently by two investigators (XX, XX) according to 

the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 

statement2. For each study included in this analysis, we recorded the first author’s last name, 

trial name and year of publication, number of patients, radiation treatment modality, 

radiation dose and schedule, overall treatment time, and use of chemotherapy. For trials with 
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more than one experimental arm, the comparison of each experimental arm to the control 

arm was treated as a separate study. Hazard ratios (HRs) describing the impact of RT dose 

intensification on overall survival (OS) and local control (LC) were extracted directly from 

the original studies or were estimated indirectly by reading off survival curves as described 

by Parmar et al3. For prostate cancer, we analyzed biochemical control in lieu of LC.

For disease sites where suitable data were available, we performed meta-analyses to 

synthesize the trials’ data. Meta-analyses were performed using study-level data with the 

inverse variance method4. For each meta-analysis, we calculated Cochran’s Q, which is a 

classical measure of heterogeneity of effect sizes across trials4. The assumption of 

homogeneity was considered invalid for p-values less than 0.10 (a conservative cutoff). This 

prompted the use of a random effects model instead of a fixed effects model to derive 

summary statistics4. A two-tailed p-value of less than 0.05 was considered statistically 

significant. Publication bias was evaluated visually with funnel plots and statistically using 

the Egger test5. All calculations were performed using customized scripts in Matlab (The 

Mathworks, Natick, MA).

FINDINGS

Primary CNS Cancers

Two large randomized trials have tested RT dose escalation following biopsy or resection 

for low grade glioma (LGG)6,7. Both utilized conventional fractionation and tested increases 

of 14.4 Gy in 8 fractions, and neither incorporated chemotherapy. Neither study 

demonstrated a benefit with dose escalation with respect to OS or progression-free survival 

(PFS). Fixed effect meta-analyses of these two studies yield HRs of 1.03 (95% CI: 0.92 to 

1.16, p=0.600) for OS and 1.07 (95% CI: 0.77 to 1.47, p=0.688) for PFS, numerically 

favoring standard dose RT and indicating that it is very unlikely that dose escalation 

provides meaningful benefits in this setting. Modern trials for LGG generally utilize an 

intermediate RT dose of 54.0 Gy.

For high-grade gliomas, historical studies established a dose of approximately 60 Gy 

delivered with conventional fractionation as the standard RT regimen8,9. Subsequent studies 

testing RT intensification have yielded negative results. Radiation Therapy Oncology Group 

(RTOG) 93-05 randomized 203 GBM patients to standard RT with or without a subsequent 

radiosurgical boost10. A single-institution randomized study compared 59.4 Gy in 33 

fractions to 70.4 Gy in 44 fractions delivered twice daily11. RTOG 90-06 compared 60 Gy 

in 30 daily fractions against 72 Gy in 60 fractions administered twice daily. Both arms 

received BCNU chemotherapy as well. Data from 453 evaluable patients, though not 

published in manuscript form, demonstrated no benefit to altered fractionation.

Despite the negative results cited above, numerous groups continue to explore dose 

escalation for GBM. In the CLEOPATRA trial, patients receive temozolomide and photon 

RT to a dose of approximately 50 Gy and then receive a boost using proton or carbon ion 

RT. In NRG-BN001, patients are randomized to standard photon RT versus a 

hypofractionated dose-escalated schedule of 75 Gy in 30 fractions, which may be delivered 

using protons.
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Head and Neck Cancer

A large number of randomized studies have tested RT intensification in the treatment of 

head and neck cancers. Unlike in other disease sites, these trials have utilized altered 

fractionation and/or RT acceleration rather straightforward dose escalation as a means to 

intensify RT. The vast majority of these studies have included subjects with locally 

advanced squamous cell carcinoma receiving definitive RT. The results of many such 

studies have been incorporated in individual patient data meta-analyses, demonstrating 

significant improvements in both LC (HR=0.82, 95% CI 0.77 to 0.88, p<0.001) and OS 

(HR=0.92, 95% CI 0.86 to 0.97, p=0.003) with the use of altered fractionation12.

Of note, the meta-analysis cited above and updated versions13 did not include any studies 

that incorporated concurrent chemotherapy. Two relatively recent trials have explored the 

benefits of altered fractionation in patients who are receiving concurrent 

chemoradiotherapy14,15. Two arms of GORTEC 99-02 compared accelerated RT (70 Gy in 

6 weeks) against standard RT (70 Gy in 7 weeks), both with concurrent carboplatin-

fluorouracil chemotherapy14. RTOG 0129 compared accelerated RT with a concomitant 

boost to standard RT in patients receiving cisplatin15. Neither trial demonstrated a clinical 

benefit with altered fractionation. Fixed effects meta-analysis of these two results, which 

included data from approximately 1400 patients, yields a HR of 1.02 for LC (95% CI 0.86 to 

1.22, p=0.795) and 1.01 for OS (95% CI 0.88 to 1.15, p=0.905). These results are strikingly 

different from those observed in trials without chemotherapy. Interestingly, cooperative 

group studies are now testing de-escalation of RT dosing for patients with HPV-positive 

oropharyngeal cancer, for whom excellent cure rates are observed with standard therapy16.

Several randomized studies have evaluated altered fractionation via gentle 

hypofractionation17,18 or hyperfractionation19 as a means to improve local tumor control in 

early-stage laryngeal cancer. All three studies demonstrated at least a trend favoring altered 

fractionation. Fixed effects meta-analysis of these three trials yields a HR for LC of 0.59 

(95% CI 0.43 to 0.81, p=0.001), strongly supporting the use of altered fractionation in this 

setting (Figure 1).

We identified four randomized studies testing altered fractionation RT in the postoperative 

setting. Two trials incorporated concomitant boosts20,21, one utilized strict acceleration 

(treating seven days each week)22, and one utilized accelerated hyperfractionation (treating 

three times each day)23. Each of them demonstrated at least a trend favoring altered 

fractionation as a means to improve LC. Fixed effects meta-analysis of these results yields a 

HR for LC of 0.72 (95% CI 0.54 to 0.97, p=0.030), favoring altered fractionation (Figure 2). 

None of these studies incorporated concurrent chemotherapy, which is now standard for 

patients with high-risk pathologic features such as positive surgical margins or extracapsular 

nodal extension.

Overall, it seems that randomized trial data support the use of some form of altered RT 

fractionation for most head and neck cancer patients who are being treated without 

concurrent chemotherapy, perhaps even in the postoperative setting. For patients who are 

receiving chemotherapy, on the other hand, conventional fractionation remains standard of 

care.
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Breast Cancer

The treatment of early stage breast cancer with breast conservation therapy consisting of 

surgery followed by breast irradiation has emerged as an equivalent treatment modality to 

mastectomy24. Three randomized trials have since tested RT dose escalation in the form of a 

tumor bed boost25–27. All have shown at least a trend indicating that tumor bed boost 

improves local control, and fixed effects meta-analysis yields a HR of 0.60 (95% CI 0.49 to 

0.74, p<0.001). The absolute gains in local disease control in these studies were between 1 

and 9% at 5–10 years. No survival benefits have been seen. Of note, one of these studies 

utilized a whole breast RT fraction size of 2.5 Gy27, suggesting that the benefits of a boost 

are maintained following hypofractionated breast RT.

Lung Cancer

The vast majority of randomized trials addressing RT intensification for lung cancer have 

focused on patients receiving definitive RT for locally advanced non-small cell lung cancer 

(NSCLC). A 2012 individual patient data meta-analysis of ten such studies, including 2,000 

patients, demonstrated that intensified RT was associated with a modest improvement in OS, 

with a HR of 0.88 (95% CI 0.80 to 0.97) and an absolute benefit of 2.5% at 5 years28. The 

effects of RT intensification did not seem to vary with the type of RT schedule employed. 

Only two studies included in that meta-analysis incorporated concurrent chemotherapy. 

Reanalysis of this RCT data, after including two relatively recent publications29,30 and 

grouping by chemotherapy use, yields interesting findings. In seven trials where concurrent 

chemotherapy was not used, intensified RT is associated with improved OS, with a HR of 

0.86 (95% CI 0.79 to 0.95, p=0.003, Figure 3). In four studies where concurrent 

chemotherapy was employed, RT intensification is associated with inferior OS (HR=1.15, 

95% CI 1.02 to 1.31, p=0.028, Figure 4). Although the latter finding is largely driven by the 

results of RTOG 0617, the incorporation of chemotherapy clearly seems to negate the 

benefits of RT intensification for locally advanced NSCLC.

Esophageal Cancer

Potentially curative treatment strategies for locally advanced esophageal cancer include 

definitive CRT and surgical resection, which is often preceded by neoadjuvant CRT. An 

intergroup study compared RT doses of 50.4 and 64.8, given with concurrent chemotherapy, 

as definitive treatment31. Dose escalation did not improve LC or OS31 and was associated 

with inferior quality of life32. We did not identify any randomized trials testing RT 

intensification in the preoperative or postoperative setting. Interestingly, the most favorable 

results supporting the use of neoadjuvant CRT compared to surgery alone were obtained in 

the CROSS trial, which utilized a relatively low RT dose of 41.4 Gy33.

Rectal Cancer

The Lyon R 96-02 study demonstrated that the addition of an endocavitary RT boost to 

pelvic external beam RT improved clinical response rates but did not impact LC or OS. 

Since that study was designed, preoperative CRT with an RT dose of approximately 50 Gy 

using conventional fractionation has been established as the standard of care for locally 

advanced rectal cancer34. Treatment intensification with the use of hyperfractionated CRT 
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did not improve the rate of pathologic complete response or any clinical outcome in RTOG 

00-1235. A French study tested the intensification of preoperative CRT with both RT dose 

escalation and the addition of oxaliplatin to 5-FU but also failed to demonstrate improved 

outcomes with intensified therapy36. Randomized trial data therefore do not support the use 

of intensified CRT for rectal adenocarcinoma patients who will go on to have surgical 

resection. In contrast, the ongoing PROSPECT study is testing if RT can be eliminated 

entirely for selected rectal cancer patients who demonstrate a good response to multiagent 

neoadjuvant chemotherapy.

Prostate Cancer

Several prospective randomized trials have tested dose escalation using conventional 

fractionation with either 3D-conformal radiotherapy or intensity modulated radiation therapy 

(IMRT) for the treatment of prostate cancer. Viani and colleagues reported a meta-analysis 

in 2009 that demonstrated that dose escalated RT was associated with higher rates of 

freedom from biochemical failure than conventional-dose RT, at the expense of higher rates 

of grade 2 and higher late gastrointestinal toxicity37. In addition, on meta-regression analysis 

they found an association between higher total RT dose and decreased incidence of 

biochemical failure. The same group published an updated meta-analysis in 2012 suggesting 

that dose-escalated RT also reduces prostate cancer specific survival38, but that report was 

subsequently retracted due to concerns regarding statistical methodology that limit the 

integrity of the conclusions39.

The addition of brachytherapy to external beam RT is another strategy for significant dose 

intensification. Sathya and colleagues reported the results of a 104-patient randomized 

controlled trial of external beam RT with or without a brachytherapy boost40. They observed 

reduced rates of biochemical failure and positive 2-year post-treatment biopsies in the 

patients who received brachytherapy. Data from the Androgen Suppression Combined with 

Elective Nodal and Dose Escalated Radiation Therapy (ASCENDE-RT) trial, which 

randomized 396 patients with intermediate- and high-risk prostate cancer to androgen 

deprivation therapy and external beam RT +/− brachytherapy, are currently maturing and 

will provide additional insights regarding RT dose intensification using brachytherapy. Early 

results, presented in abstract form, demonstrated that radiotherapy intensification via 

brachytherapy boost improves biochemical control rates at the cost of increased toxicity and 

without an improvement in overall survival41.

The effects of RT intensification in localized prostate cancer do not seem to be affected by 

the use of androgen deprivation therapy (ADT). Updated data from the MRC RT-01 trial, 

which was the largest study in included in the Viani meta-analysis and in which all patients 

received ADT, demonstrated that dose escalation improved biochemical progression free 

survival and freedom from the use of salvage ADT42. In the ASCENDE-RT trial, all patients 

received 12 months of ADT41 Whether ADT is necessary in the context of dose-escalated 

RT is less clear. RTOG 0815 is investigating whether the addition of short term ADT to 

dose-escalated RT improves overall survival for patients with intermediate-risk disease.

Evidence to support RT dose intensification through hypofractionation, which may be 

preferable to conventional fractionation due to the relative sensitivity of prostate cancer cells 
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to large fraction sizes43, is still evolving. Biochemical control data from three randomized 

studies testing fraction sizes from 2.6 Gy to 3.1 Gy are available44–46. Of note, the EQD2 

increase between the control and experimental arms of these studies was only 1 to 6 Gy 

(using an α/β value of 1.5 Gy). Surprisingly, the trial in which EQD2 was increased by 6 Gy 

was the only study in which hypofractionation was not associated with improved 

biochemical control45. Ongoing randomized trials are testing slightly larger EQD2 increases 

of 8 to 10 Gy47,48, and newer trials are testing more dramatic hypofractionation with SBRT.

In summary, RT dose intensification with conventionally-fractionated dose schedules has 

been shown to improve freedom from biochemical failure, with some potential added risk of 

late toxicity. Future data from clinical trials will help clarify the effectiveness of dose 

intensification through brachytherapy or hypofractionation.

DISCUSSION

We have reviewed published RCT data to evaluate the clinical impact of RT intensification 

for a variety of solid tumors. In some settings, RT intensification has been found to improve 

LC and/or OS. In other situations, RT intensification seems to offer no clinical benefit and 

may increase toxicity risks. While patient management decisions should clearly be based on 

data from specific disease sites, there are several meaningful conclusions that might be 

drawn after considering the data from a broader view.

In both locally advanced NSCLC and HNC studies, we found that RT intensification seems 

to improve outcomes when RT is used as a single modality but not when concurrent 

chemotherapy is administered. Widening the scope to all of the studies included in this 

review, only one trial supports RT intensification in the context of concurrent 

chemotherapy49. Of note, patients on the control arm of that study were treated with a 

relatively low RT dose of 45 Gy for small cell lung cancer. The inference that RT 

intensification is not beneficial when concurrent chemotherapy is utilized could be related to 

several biologic principles. Both RT intensification and radiosensitizing chemotherapy are 

intended to increase tumor cell kill, and combining these strategies may be yield diminishing 

returns. Altered RT fractionation, which was employed in the majority of concurrent CRT 

trials included in this review, is meant to mitigate tumor repopulation50,51. However, 

accelerated repopulation may not be a significant issue in patients who are receiving 

concurrent cytotoxic systemic therapy. Additionally, the combination of intensified RT with 

concurrent chemotherapy may cause overt or unrecognized toxicities that detract from long-

term outcomes. This may have contributed to the survival detriment seen with dose 

escalation in RTOG 061752.

A somewhat opposing hypothesis may be that RT intensification failed to improve outcomes 

in many trials because the treatment regimens in the experimental arms were not aggressive 

enough to achieve tumor control. Modern treatment techniques with intensity-modulated 

photon RT or particle therapy may allow safe intensification of RT to levels that were not 

tested in the studies included in this review. One example of this is the ongoing GBM trial 

NRG-BN001, in which the EQD2 increase tested in the experimental arm is more than twice 

as large as the EQD2 increase delivered in RTOG 90-06.
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In this analysis, we examined both LC and OS outcomes where sufficient data were 

available. The relationship between these two outcomes clearly differs across disease sites 

and may be related to the rates and relative likelihoods of local and distant disease 

progression, the efficacy of salvage local and systemic treatments, the extent to which local 

disease recurrence may contribute to mortality, and the accuracy with which local recurrence 

is detected. Disease may be grouped into three categories based on RT intensification trial 

results: sites where neither LC nor OS has been improved (CNS, esophagus, rectum), sites 

were LC or biochemical control has been improved without improvements in OS (breast, 

prostate), and sites where both LC and OS improvements have been observed (locally 

advanced HNC, lung cancer). Novel strategies to improve LC may hold the most promise in 

the last category as well as in primary CNS tumors, where local disease progression is the 

predominant cause of disease morbidity and mortality. OS should remain the preferred 

endpoint for most phase III trials, as novel treatment strategies may raise new questions 

regarding the diagnosis of disease progression53–55 (pseudoprog, IRRC, provenge,) or 

modulate how disease progression relates to OS56,57.

The preponderance of negative CRT studies that we encountered in this review indicates, in 

our opinion, that CRT intensification for any disease site should not be tested in a large 

Phase III trial without convincing preliminary data. Comparisons of results from small 

single-arm studies against historical controls are often misleading58 and should be avoided. 

Whenever possible, randomized phase II studies should be performed to guide the 

development of sound phase III trials.

Our review has some important limitations that should be considered. First, we were not 

able to evaluate or adjust for the quality of RT delivery in the studies we cited. RT 

deviations have been shown to be common in historical trials and are strongly associated 

with clinical outcomes59. Second, the current review does not include studies of stereotactic 

body radiation therapy (SBRT), as we did not identify any published randomized controlled 

trials that compared SBRT to conventional RT. Favorable results from nonrandomized 

studies have already established SBRT as a standard treatment for localized lung and liver 

tumors60,61. Third, our review did not address the observed rates of toxicities observed with 

RT dose intensification. This is an essential consideration when evaluating the clinical 

application of RT dose intensification, since improving clinical outcomes involves a balance 

between achieving local control and avoiding treatment-related toxicities.

Conclusion

The summarized results of randomized trials across a variety of disease sites demonstrate 

that the benefits of RT intensification have largely been restricted to trials in which 

concurrent chemotherapy was not utilized. Large Phase III studies testing RT intensification 

with concurrent chemotherapy must be based on convincing preliminary data. Novel 

strategies to optimize the incorporation of RT in the multimodality treatment of solid tumors 

should be explored.
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Figure 1. 
Forest plot of hazard ratios (HRs) describing the association between radiotherapy 

intensification and local control in randomized trials for early-stage laryngeal cancer. 

Hazard ratios for each trial are represented by the squares, the size of the square represents 

the weight of the trial in the meta-analysis, and the horizontal line crossing the square 

represents the 95% confidence interval. The diamond represents the estimated overall effect 

based on the meta-analysis of all trials.
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Figure 2. 
Forest plot of hazard ratios (HRs) describing the association between postoperative 

radiotherapy intensification and local control in randomized trials for head and neck cancer.
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Figure 3. 
Forest plot of hazard ratios (HRs) describing the association between radiotherapy 

intensification and overall survival in studies for NSCLC that did not incorporate concurrent 

chemoradiotherapy.
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Figure 4. 
Forest plot of hazard ratios (HRs) describing the association between radiotherapy 

intensification and overall survival in studies for NSCLC that incorporated concurrent 

chemoradiotherapy.
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