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Introduction

Malignant pleural mesothelioma (MPM) can present with a 
variety of symptoms, including dyspnea due to an effusion 
and/or mass effect from pleural tumor, pain and anorexia. 
The care of MPM patients is by necessity multidisciplinary 
in nature because no single therapy is sufficient to manage 
most patients throughout the course of their disease. 
Although there is significant variation with important 
prognostic variables such as age, stage at presentation and 
histologic subtype, median survivals for patients with MPM 
generally range from 6–14 months. 

External beam radiation therapy (RT) is frequently 
used with palliative intent to relieve symptoms arising 
from compression or invasion of normal structures/organs. 
Other palliative therapies include physiologically-directed 
therapies such as drainage of pleural effusions, medically-
directed therapies such as chemotherapy, and symptom-

directed therapies such as narcotic analgesics. Anatomically, 
the pleura and primary MPM tumor bulk are distributed 
over a large surface area that surrounds the relatively 
radiosensitive lung parenchyma and borders the heart, 
great vessels, esophagus, proximal bronchial tree, and spinal 
cord. While the local response rates for RT meet or far 
exceed those of chemotherapy, the intrinsic radiosensitivity 
of these normal organs limits the area that can be safely 
treated with RT in the palliative setting. Nevertheless, 
technological advances in RT delivery have extended its use 
in symptom management for patients with MPM. Definitive 
management of multidisciplinary MPM typically involves 
surgical cytoreduction and can be used to increase local 
control and allow lung-sparing procedures to be performed. 

Fundamentals of RT

The therapeutic index of RT represents a composite of both 
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spatial/anatomical dose distribution and the radiobiological 
properties of the affected cells/tissues. Spatial selectivity for 
cancer tissues over normal tissues is achieved by using an 
appropriate form of RT (electrons, photons, protons) and 
modulating the fluence/energy profile of ionizing radiation 
delivered to create dose distributions in which the tumor 
tissues receive more dose than the surrounding normal 
tissues. Cancer selectivity on a cellular level is achieved by 
fractionating the radiation dose over days to weeks, typically 
delivering one radiation dose per weekday, and increasing 
the number of fractions to mitigate the risk of radiation-
induced normal tissue toxicity for increasing volumes 
of irradiated normal tissues and/or highly radiosensitive 
adjacent normal tissues. For the largest tumor volume in 
which the entire external ipsilateral pleura is treated, an 
increasingly commonly used RT regimen is 28 fractions to 
deliver a 50.4-Gy dose to a large proportion of the pleura. 
This has a 15–20% risk of grade 1–3 complications (1).  
For highly conformal treatment of relatively small areas, 
stereotactic body radiotherapy (SBRT) techniques can be 
used to deliver to a total dose of 50–60 Gy with photons 
in 3–5 fractions with a low (5–10%) risk of grade 1–3 
complications and a very low (~1%) risk of grade 4–5 
complications (2). 

In terms of technique, more basic forms of photon RT 
are delivered using either 2D or 3D conformal treatment 
planning that consist of geometric field shapes (portals) 
defined by multileaf collimator (MLC) blocks delivered 
from 1–4 beam angles. More complex photon dose 
distributions are achieved by modulating the fluence across 
each portal using multiple different MLC configurations 
per portal (intensity-modulated radiation therapy, IMRT) 
to create highly conformal dose distributions with convex 
or concave geometry, and additional conformality can be 
achieved by moving the gantry in a rotational arc whereas 
the MLC can be adjusted continuously while the beam is 
delivered in a technique called volumetric modulated arc 
RT (VMAT). In both cases, the increased conformality 
of these dose gradients is achieved at the cost of increased 
volume of normal tissues receiving a lower RT dose. 
Other mechanical solutions for modulating photon RT 
doses include CyberKnife and TomoTherapy, but these 
also suffer from the fundamental problem of increased 
low dose to normal tissues derived from the physical 
characteristics of photons. The major spatial issue for 
patients with MPM is that the relative radiosensitivity of 
the normal thoracic organs does not permit the delivery of 
an effectively tumoricidal RT dose to all pleural surfaces 

using conventional RT (photons and electrons) while 
preserving normal/sufficient cardiopulmonary function. 
Because protons have different physical characteristics in 
tissues (i.e., the potential for no exit dose), proton RT has 
the potential to provide a greater degree of spatial control 
over photon dose distribution and permits the delivery of 
increasing doses of ionizing radiation to malignant tumors 
while sparing dose to critical normal tissues for thoracic 
tumors (Figure 1). Early reports of proton RT as a part of 
a multimodality management schema (including sequential 
chemotherapy) demonstrates the potential to achieve 
dramatic and long lasting clinical benefits for patients with 
MPM (3,4). Attempting to treat the entirety of the pleura, 
including the major/minor fissures, typically results in 
very little dose sparing for the ipsilateral lung. Thus, in 
clinical trials of pleural RT with intact lung, RT has been 
typically limited to treatment of the peripheral pleural in 
the definitive or adjuvant settings or to treating specific, 
symptomatic regions in the palliative setting.

RT and surgical cytoreduction

To address both the widespread local disease and the 
substantial risk of systemic disease, multiple standard 
treatment modalities are typically combined in definitive 
approaches to managing patients with MPM. Nevertheless, 
the ability to combine highly aggressive local and systemic 
treatment strategies can be limited by the relative 
potential morbidities of these strategies. In patients with 
good performance status and few comorbidities, RT 
with definitive intention (and higher RT doses) can lead 
to significantly higher median survivals than have been 
reported with palliative therapies. Because no single 
modality by itself is wholly effective in the definitive 
management of MPM, the strategy in any surgery-based 
multimodal treatment plan is to use surgery to achieve a 
macroscopic complete resection and to then employ other 
modalities such as intraoperative adjuvants in an attempt 
to control the inevitably present residual microscopic 
disease. In the absence of surgical resection, RT has been 
used definitively in selected patients to treat bulky areas 
of disease or even all glycolytically active (FDG-avid) 
disease (5). However, even with protons, it is often difficult 
to deliver high dose RT to all pleural surfaces without 
unacceptable toxicities to the intact lung underneath. Thus, 
definitive RT can instead be performed in an adjuvant 
fashion after surgical cytoreduction performed with the 
goal of achieving a macroscopically complete resection 
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(MCR) that reduces the total dose required to achieve 
durable local control. One strategy for MCR involves an 
extrapleural pneumonectomy (EPP), in which the parietal 
pleura, diaphragm, pericardium and lung are resected  
en bloc. The other commonly used strategy is the lung-
sparing pleurectomy/decortication (P/D), which when 
performed with the intent of achieving an MCR is 
often referred to as an extended P/D (eP/D) or radical 
pleurectomy. There is currently no procedure acknowledged 
as the “standard of care” cytoreductive operation for 
patients with pleural malignancies, and both EPP and eP/D 
are performed at high volume MPM surgical centers (6,7). 
Following surgical cytoreduction by either EPP or eP/D, 
hemithoracic RT has been used in an attempt to diminish 

the risk of local recurrences. 

Adjuvant hemithoracic RT following EPP

A number of techniques for adjuvant irradiation of the 
ipsilateral chest wall following EPP have been described. 
The entire hemithorax can be treated to a total dose of 
30–40 Gy using 3D conformal photon RT techniques with 
a photon boost used to treat high-risk regions to total doses 
of 50–60 Gy. Data on 3D techniques demonstrate significant 
acute, subacute and chronic toxicities, including radiation 
pneumonitis, pulmonary fibrosis, pulmonary vascular 
damage, esophagitis, pericarditis, and pneumothorax despite 
generally sub-therapeutic doses to much of the treatment 

Figure 1 Dose distributions produced by different RT techniques. (A,B) Dose color wash images for a irradiation to the external ipsilateral 
pleura for patient with MPM treated to 50.4 Gy in 28 fractions planned using intensity-modulated photon RT (IMRT, A) vs. single field 
optimized pencil beam scanned protons (IMPT, B). (C,D) Dose volume histograms demonstrating the increasing conformality and sparing 
of normal organs to tumor provided by IMPT. RT, radiotherapy; MPM, malignant pleural mesothelioma.
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volume. More modern techniques include mixed photon-
electron (8) and hemithoracic IMRT techniques (9). As is 
typically the case with conventional RT treatments, increased 
conformality comes at the cost of increased exposure 
of normal tissues to a low dose of RT (“low dose wash” 
effect). With the mixed photon-electron technique, there 
is a decrease in the volume of contralateral lung exposed 
to lower RT doses (10), while the use of IMRT or VMAT 
approaches have increased conformality and consistency 
in delivery but increased dose to the contralateral lung and 
heart. Despite the potential for simplicity and reproducibility 
with the inverse treatment planning process, there remains a 
significant learning curve for treatment planning using these 
techniques, with experienced centers demonstrating clearly 
superior plans in terms of dose to target vs. normal tissues (11). 

Studies of definitive RT to the involved hemithorax 
following EPP overall demonstrate improved local control 
when compared to studies of surgery alone, with serious but 
potentially tolerable toxicities. The typical protocol consists 
of neoadjuvant chemotherapy, EPP and post-operative 
hemithoracic RT, and results have been replicated across 
a number of centers in Europe, Asia and North America  
(12-19) (Table 1). In these studies, about 2/3 of the patients 
were earlier stage (AJCC 7th edition stage I/II) MPM 
patients generally treated with total doses of 50–60 Gy in 
1.8–2 Gy fractions. When analyzed by an intent to treat that 
includes all patients who started neoadjuvant chemotherapy 
in the survival analysis, this approach yields a median overall 
survival ranging from 14–20 months. When analyzed by 
methods that exclude patients who did not complete the full 

course of trimodality treatment, median overall survivals are 
significantly improved to 15–40 months. However, 20–25% 
of patients did not undergo surgery primarily due to disease 
progression on chemotherapy (EPP column in Table 1), 
and only 40–60% of patients completed the full trimodality 
course (RT column in Table 1). Note that in one trial, 46% 
of patients developed radiation pneumonitis, and analysis of 
these data suggests that low-dose spread to the contralateral 
lung can result in potentially fatal pulmonary toxicity (20). 
This clearly demonstrates the relatively steep learning curve 
required to produce RT plans that minimize the dose to 
normal tissues, but even patients treated at experienced 
centers have significant risks of radiation pneumonitis that 
is fatal in 3–10% of cases. 

As noted above, these data have been compared in a 
non-randomized, retrospective fashion to institutional 
and published data to suggest that patients who complete 
RT have superior progression free and overall survival 
when compared to patients who only complete EPP. 
Since patients who undergo EPP without RT are often 
too moribund to receive RT or have rapidly progressive 
disease, there is an intrinsic potential for bias in these 
comparisons. To quantify the potential magnitude of 
benefit of post-EPP RT, the Swiss Group for Clinical 
Cancer Research (SAKK) conducted a randomized clinical 
trial of preoperative chemotherapy followed by EPP with 
or without RT at 14 centers in Switzerland, Belgium and 
Germany (21). In this trial, 151 patients with stage I–III 
MPM received preoperative chemotherapy consisting of 
cisplatin/pemetrexed every 21 days for 3 cycles, with 113 

Table 1 Selected large studies of EPP followed by hemithoracic RT

Citation
Total No. of patients (%)

Stage I/II vs. III/IV RT dose (Gy)
Overall survival (months)

Initial EPP RT ITT RT

Weder (17) 61 [100] 45 [74] 36 [59] 64% vs. 26% 50–60 19.8 NR

Krug (12) 77 [100] 57 [74] 40 [52] 52% vs. 48% 54 16.8 29.1

de Perrot (13) 60 [100] 45 [75] 30 [50] 58% vs. 42% 50–60 14 59 (N0), 14 (N+)

Van Schil (18) 58 [100] 42 [72] 37 [64] 88% vs. 12% 54 18.4 32.9

Gomez (15) NR 136 [100] 86 [64] 50% N0; 50% N+ 45–60 NR 14.7

Federico (16) 54 [100] 45 [83] 25 [46] 60% vs. 40% 50.4–54 15.5 NR

Thieke (19) NR NR 62 NR 50–54 NR 20.4

Hasegawa (14) 42 [100] 30 [71] 17 [40] 64% vs. 36% 54 19.9 39

EPP, extrapleural pneumonectomy; RT, radiotherapy; ITT, intention to treat.
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patients (75%) continuing to EPP. Of the patients who 
underwent EPP, an 85% MCR rate (96/113) was achieved 
that represented 64% of the original 151 patients who 
started chemotherapy. Fifty-four of these 96 patients (56%) 
underwent randomization to observation vs. postoperative 
IMRT (27 in each group or 18% of the original patients). 
Final analysis of these data failed to demonstrate a 
statistically significant improvement in overall survival. 
Critiques of this study noted that the RT cohort consisted 
of only 27 patients out of the original 151 who were treated 
at 14 centers with 3 different dose/fractionation schemes 
without central RT quality assurance and also noted the 
aforementioned impact of center RT experience on quality 
of plans (22). Moreover, the OS for all 151 patients was 
on the lower end of the intention to treat overall survivals 
noted in Table 1 at 15 months. Nevertheless, these findings, 
along with the generally superior results of protocols using 
lung-sparing surgery, raise a cautionary note for the future 
of EPP/RT in the management of patients with MPM.

Adjuvant hemithoracic RT following eP/D

With these results and the trend in surgical management 
toward lung sparing surgical cytoreduction, there is an 
increasingly urgent need to develop additional adjuvant 
technologies to reduce the rate of local recurrence. PDT, 
hyperthermic chemotherapy, and hyperthermic povidone 
iodine can be used intraoperatively (23-25). As noted 
above, postoperative RT cannot easily be delivered to 
all pleural surfaces, including the major/minor fissures, 
even with the most advanced RT techniques/technology. 
However, investigators at Memorial Sloan Kettering 
Cancer Center have pioneered a technique using IMRT to 
treat the peripheral pleural space that carries the highest 
risk of local recurrence detailed in the recently published 
IMPRINT study. In this study, 45 patients with MPM were 
treated with neoadjuvant chemotherapy with 21 patients 
(47%) proceeding to lung-sparing surgery and 16 (36%) 
proceeding to post-operative RT (1). An additional 11 
patients (24%) went on to RT without surgical resection for 
a total of 27 patients (60%) who received RT to the external 
pleural surfaces as depicted in Figure 1A. Of the patients 
who received RT, the median dose was 46.8 Gy and the 
median overall survival was 23.7 months. Comparable 
results have been reported by other groups, with 20 patients 
experiencing a 33-month median overall survival in one trial 
and 20 patients experiencing a median overall survival of 
28.4 months in another (26,27). Moreover, the toxicity rates 

for IMRT to the external pleura are generally lower than 
what has been reported previously with older RT delivery 
techniques. Taken together with the median survivals 
that are comparable or perhaps superior to those achieved 
with EPP and RT, these results suggest that RT to the 
external pleura has potential clinical application both in the 
operative/adjuvant and non-operative settings. 

Neoadjuvant hemithoracic RT followed by EPP

Preoperative RT is standardly performed with significant 
success in multiple thoracic and extra-thoracic primary 
tumors, including colorectal, esophageal and lung cancers. 
Due to concerns over cardiopulmonary toxicity and 
increased operative mortality, this approach had not been 
applied to patients with MPM. Using a trial design that is 
similar to previous trials of hypofractionated, preoperative 
RT for patients with rectal cancer, de Perrot and colleagues 
initiated a trial in which patients received 25 Gy in 5 daily 
fractions to the entire hemithorax with a simultaneous 
infield boost of 5 Gy to areas of high risk disease (28) to 
test the feasibility and outcomes of this approach in patients 
with clinically node negative MPM. Due to concerns 
over cardiopulmonary toxicity, RT was followed almost 
immediately (6 days) later by EPP. In the intention to treat 
analysis for all subjects (epithelial and non-epithelial MPM), 
the median overall survival was 36 months. In patients with 
epithelial MPM, the median overall survival was 51 months. 
Although this number should be interpreted with some 
caution since the majority of patients are censored prior to 
3 years, these results suggest that the fully mature data will 
continue to demonstrate the potential clinical promise of 
this approach for clinically node negative patients.

Adjuvant prophylactic RT to interventional sites

Clinically, MPM has a propensity to recur in the chest wall 
and subcutaneous tissues after interventional procedures 
such as biopsy, thoracoscopy or thoracotomy. Superficial 
(orthovoltage X-rays or electrons) RT is often employed in 
prophylactic irradiation of interventional tracts (PIT) in an 
attempt to reduce this risk. In the absence of RT, the reported 
rates of intervention site metastases demonstrate significant 
variability, with the control (no prophylactic radiation) arm of 
the three published, randomized clinical trials of PIT showing 
10–40% of patients developing intervention site metastases 
(29-31) (Table 2). However, the ability of PIT to reduce the 
rate of intervention site recurrence remains an open question, 
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Table 2 Randomized trials of prophylactic irradiation of surgical tracts (PIT) in patients with MPM

Citation No. patients RT details
Tract relapse rate

P
No PIT PIT

Boutin (29) 20 21 Gy/3 Fx <15 days post procedure 40% 0% <0.001

Bydder (30) 43 10 Gy/1 Fx <15 days post procedure 10% 7% n.s.

O’Rourke (31) 61 21 Gy/3 Fx <21 days post procedure 13% 10% n.s.

Bayman (32) 374 21 Gy/3 Fx Pending study completion

Fx, fractions; n.s., not statistically significant. RT, radiotherapy; PIT, prophylactic irradiation of interventional tracts.

with these randomized trial data demonstrating conflicting 
results. While many radiation oncologists continue to 
recommend PIT, more study is needed to identify which 
patients might benefit most from this therapy. A multicenter 
randomized phase 3 trial of PIT vs. observation was initiated, 
and when reported (32), given its size, this trial should 
significantly improve our understanding of the potential 
benefits of PIT in patients with MPM. 

Symptom management and palliative RT in 
patients with MPM

Patients with MPM can experience severe pain, the etiology 
of which is likely to be multifactorial. After a careful review 
of the patient’s pain symptoms and the available cross-
sectional imaging, areas of invasion into structures such 
as the chest wall, spinal nerve roots/intercostal nerves 
or diaphragm by tumor can be identified as anatomic 
correlates of regional/localized pain. Pain can also arise 
from malignant pleural effusion, diffuse pleural involvement 
by MPM or contracture of the pleural tumor rind leading 
to impingement related pain as the ipsilateral ribs are drawn 
closer together. Patients also frequently experience dyspnea 
that is similarly multifactorial, arising from factors such as 
compressive atelectasis of the lung by a tumor mass and/or 
pleural effusion, decreased lung compliance/ventilation with 
a restrictive pattern due to circumferential involvement 
of lung by tumor, and alteration in ventilation perfusion 
matching. In general, palliative RT aims to identify and 
alleviate the most proximal or significant cause of distress 
and can be highly successful, especially for symptoms with 
good anatomic correlates on cross sectional imaging caused 
by a limited extent of the total tumor burden. 

Even though RT is a standard of care for palliation of 
symptoms in patients with MPM, there are few robust 
studies in the literature that describe response rates or 

define the optimal RT dose/fractionation. Indeed, despite 
the known sensitivity of MPM cells to RT, the response 
rate has rarely been formally reported. One retrospective 
study of RT in 54 patients with advanced MPM reported 
an in-field radiologic response rate of 43% at 2 months, 
which compares favorably with objective response rates for 
multi-agent chemotherapy (33). Since MPM tumors can 
take several months to reach minimal size following RT, 
this 2-month time point may actually underestimate the 
true objective response rate for RT. It is also important 
to note that a decrease in painful symptoms is frequently 
reported by patients prior to, or in the absence of, objective 
tumor shrinkage. This can be seen in the comparison of the 
43% 2-month response rate noted above with a systematic 
review of the largely retrospective or descriptive studies 
present in the literature in which the reported RT response 
rates for pain range from 50–69% (34). To better measure 
response rates and help define a more standard approach 
to palliative RT in patients with MPM, Macleod and 
colleagues undertook a phase II trial (SYSTEMS) of RT 
for pain palliation. In this study, 40 patients were recruited 
from three oncology centers in the UK and 35 of these 
patients (88%) went on to receive palliative RT (35). Five 
weeks after receiving 20 Gy in 5 daily fractions, 47% of 
the 30 assessable patients experienced an improvement 
in pain scores and 14/19 patients achieved either a partial 
response or stable disease by modified RECIST 1.1 criteria 
for an overall response rate of 74% at 12 weeks. These 
encouraging results have led the investigators to initiate 
the SYSTEMS-2 trial, a randomized trial of 20 Gy in 5 
fractions vs. 36 Gy in 6 fractions to determine whether dose 
escalation might further improve pain palliation.

Future RT horizons for patients with MPM

Further improvements in the technological sophistication 
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of the apparatus, planning systems and techniques for RT 
delivery along with clinical innovation will continue to 
afford new uses of RT in the management of patients with 
MPM. In addition, advances in surgical techniques along 
with new systemic/immunologic therapies will continue 
to extend survival, increasing the potential for RT-assisted 
durable local control to contribute to the management of 
these patients. The ability to place high doses of RT with 
precision using technologies such as SBRT allows treatment 
to sites of oligometastases and oligoprogression of MPM 
in an attempt to provide local control at multiple disease 
sites, although the impact this therapy on the natural 
history of patients with MPM still must be determined. 
Technologies such as image guided, stereotactic proton 
RT will only increase the ability to create such “oases” of 
local control with minimal/acceptable normal tissue damage 
to surrounding structures (36). In this respect, the major 
challenge is to better identify patients or circumstances 
in which this potential for improved local control might 
translate into changing the natural history of the disease 
and to conclusively demonstrate an improvement in patient 
survival. Finally, the ability of localized RT to activate/
improve systemic host: anti-tumor immunity in conjunction 
with immunologic therapies such as checkpoint inhibitors is 
only beginning to be explored for patients with MPM (37).  
Thus, continued technologic, biologic and clinical 
innovation in RT has a tremendous potential to improve 
both morbidity and mortality of patients with MPM and 
further clinical trials are needed to determine the optimal 
strategies for combining advanced RT delivery techniques 
in the multidisciplinary care of these patients. 
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