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Introduction

Small cell lung cancer (SCLC) comprises a minority of lung 
cancer diagnoses but displays considerably more aggressive 
behavior than non-SCLC (NSCLC). Roughly two-thirds 
of SCLC cases are extensive stage (ES-SCLC), and the 
remainder have thorax-confined, non-metastatic disease, 
termed limited-stage SCLC (LS-SCLC). Chemotherapy 
is a cornerstone of therapy for both LS-SCLC and ES-
SCLC, while surgery (1) and stereotactic body radiation 
therapy (2-4) play a role in only the minority of LS-SCLC 
cases. Although the role of thoracic radiation therapy (RT) 
continues to evolve for ES-SCLC (5), it is considered 
crucial to provide satisfactory outcomes in LS-SCLC (6,7). 

Prognosis for LS-SCLC has historically been poor, with 

the median overall survival (OS) previously estimated to be 
around 1 year (6). Since then, however, OS has substantially 
increased owing to advancements in imaging-based  
staging (8), treatment paradigms, and salvage therapies. 
A pivotal trial that accrued from 1989–1992 observed 
a median OS of 19 months in the once-daily RT group 
and 23 months in the twice-daily cohort (7). Survival 
continues to numerically increase in the most contemporary 
trials, such as the finding of median OS of 25 and  
30 months in the once- and twice-daily arms in the 
CONVERT trial, respectively, which accrued patients 
from 2008–2013 (9).  Data from CONVERT show 
the numerically highest OS to date, which are roughly 
comparable to, or higher than, those in modern trials for 
locally-advanced NSCLC (10,11).
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The succes ses  o f  modern  combined-moda l i ty 
management have come not only in the form of outcome 
improvements, but also in toxicity reductions. The latter is 
critically important, because concurrent high-dose RT and 
chemotherapy can incur substantial toxicities given patients 
are often of advanced age with preexisting comorbidities 
and being treated to large-volume and centrally located 
malignancies that abut or invade several organs-at-risks 
(OARs), such as the esophagus, normal lung tissues, 
and heart. When comparing modern data with three-
dimensional treatment planning (9) to older trials evaluating 
similar treatment paradigms but with two-dimensional 
planning (7), the former has resulted in lower rates of high-
grade adverse events. 

As radiotherapeutic technology has continued to 
advance, there have been ongoing attempts to improve the 
therapeutic ratio of cancer therapy. The rapid adoption 
and utilization of inverse-planned intensity-modulated 
RT (IMRT) represents a major achievement in this realm. 
IMRT results in highly conformal dose distributions that 
better spare OARs as compared with three-dimensional 
conformal RT (3DCRT). Although the value of IMRT 
is just beginning to be proven in the prospective setting 
for NSCLC (12), its utility for LS-SCLC is even less 
understood, as exemplified by just 16–17% of patients 
receiving IMRT in the modern CONVERT trial (9). 
Accordingly, there are only a few published reports of 
concurrent IMRT and chemotherapy for LS-SCLC, 
and while these show promising outcomes and toxicity 
profiles, they are as of yet uncorroborated by high-volume 
prospective data (13-16).

Proton beam therapy (PBT) represents the most 
advanced RT modality for oncologic management. The 
proton particle is associated with a selective energy 
deposition known as the Bragg peak, beyond which there is 
no deposited dose (17). As a result, an advantage of proton 
therapy over photon-based techniques such as IMRT lies 
in that the former can generally be accomplished with 
fewer RT beams, notably reducing the areas receiving low 
RT doses and decreasing the integral dose of irradiation 
received by normal tissues. Based on available clinical data, 
PBT displays promising outcomes and toxicity profiles 
for several neoplasms (18-23), including intrathoracic 
malignancies (24-32). 

Rationale for PBT in LS-SCLC

The life expectancy for LS-SCLC continues to rise, 

which parallels that of locally advanced NSCLC in many 
respects. With regard to the latter, a major lesson learned 
from the Radiation Therapy Oncology Group (RTOG) 
0617 trial was the association between cardiac irradiation 
doses and survival. Historically, cardiotoxicity (which had 
been generally categorized as a late event) was not a major 
consideration for treatment planning in LA-NSCLC (33). 
However, the substantially improved prognosis of these 
patients, together with the recognition that cardiotoxicity 
may have a more acute/subacute natural history than 
initially hypothesized, necessitates a revision of established 
dogma (34-36). 

Cardiac-sparing conformal RT is beginning to be 
performed in locally advanced NSCLC but has not yet 
commenced in LS-SCLC. Hence, it may be logically 
postulated that, with the numerically similar survival 
observed in contemporary trials of each of these types of 
lung cancer (9,11), cardiac doses are of prime importance 
in both neoplasms. As studies examining dose-volume 
relationships of the heart and cardiac events in patients 
with LS-SCLC have heretofore not been performed, this 
remains a prime area for future investigation. To this extent, 
highly conformal RT such as PBT offers great potential to 
spare the heart (37) and thus potentially reduce morbidities 
and even mortality, if the results of RTOG 0617 may be 
extrapolated to LS-SCLC. 

Additionally, many patients with LS-SCLC have significant 
smoking histories and other comorbidities, making the 
challenging regimen of full-dose RT concurrently with 
chemotherapy even more difficult to tolerate without 
treatment breaks or dose reductions. Thus, strategies to reduce 
acute adverse events are critical and may result in enhanced 
tolerability of curative-intent concurrent chemoradiotherapy. 
Doing so may maximize outcomes, as suboptimal 
chemotherapy receipt and RT treatment breaks correlate with 
poorer prognoses in lung cancer (38,39). Furthermore, because 
patients with LS-SCLC can develop locoregional recurrence 
following chemoradiotherapy, PBT may also allow for safer re-
irradiation if clinically warranted (40).

Lastly, PBT for locally advanced NSCLC is buoyed by 
analyses demonstrating it to be a relatively cost-effective 
measure that produces favorable quality of life over 
photon-based techniques (41-43). If these notions may 
also be extrapolated to LS-SCLC, which often presents 
with bulkier disease closer to dose-limiting mediastinal 
structures, it is also possible that PBT for LS-SCLC may 
display similarly encouraging economic and quality of life 
profiles. 
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Clinical evidence

To date, there are two known clinical publications of PBT 
for LS-SCLC (Table 1). ES-SCLC will not be discussed 
further in this review, as the poor prognosis, together with 
lower thoracic irradiation doses typically employed, mute 
some of the potential advantages of PBT in this population. 

Colaco and colleagues at the University of Florida 
published a 6-patient series of PBT and cisplatin/ 
etoposide (44). All but one patient received concurrent 
therapy, and all but one patient also received daily RT  
[60–66 Gy (relative biological effectiveness (RBE)]. 
Dosimetric analysis of lung and esophageal doses of PBT 
as compared with backup IMRT plans showed numerical 
superiority for the former (no statistics were performed), 
most apparent with low-dose parameters. At a median 
follow-up of 1 year, the progression-free survival and OS 
were 66% and 83%, respectively. No patient experienced 
grade ≥3 acute or late events.

The largest report of 30 patients was recently published 
as part of a prospective observational study at the University 
of Pennsylvania (45). All patients received a platinum 
agent and etoposide concurrently with PBT. Twelve 
patients received twice-daily PBT [45 Gy (RBE)], and the 
remainder underwent daily treatment [59.4–66.6 Gy (RBE)]. 
Dosimetric analyses revealed multiple statistically lower 
heart dose parameters along with reductions in lung V5 
and mean lung doses (but not V20) with proton therapy. 
Grade 3 toxicities were limited to one case of anorexia (daily 
treatment) and one case each of pneumonitis and pericardial 
effusion (twice daily treatment). One grade 4 case of 
esophagitis occurred in a patient receiving twice daily PBT. 
At median follow-up of 14 months, the 1 and 2-year local 
control, recurrence-free survival, and OS were 85% and 
69%, 63% and 42%, and 72% and 58%, respectively. Five 
patients recurred in-field, two of which were isolated in-
field failures. 

Taken together, both studies show encouraging safety 
and efficacy profiles, numerically comparable or favorable 
as compared to Intergroup 0096 and CONVERT  
data (45). Although the study from University of Florida 
investigators did not assess heart dose, the prospective 
study from University of Pennsylvania investigators 
demonstrated dosimetric improvements in cardiac V30, 
V45, and mean doses with protons. It also exemplified the 
aforementioned notion of combined modality treatment 
tolerance, as no patient required a RT break and 93% 
of patients completed all four cycles of chemotherapy. T
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It should also be emphasized that PBT displayed these 
outcomes in light of potential biases in patient selection (for 
inclusion into prospective studies, or retrospective studies), 
namely, that patients with large-volume disease and/or 
disease more intimately involving OARs are often deemed 
potentially unsafe for photon therapy and may have been 
more likely treated with PBT (or enrolled onto prospective 
PBT trials). This is especially important considering that 
IMRT is inverse-planned, whereas the vast majority of 
patients in both series received forward-planned, passively 
scattered PBT. Also, patients with insurance plans more 
likely to cover PBT (e.g., Medicare) could comprise large 
proportions of these studies, but the Medicare population 
also tends to be older with a potentially higher risk of 
therapy-induced toxicities (46). 

Technical aspects

As a relatively new technology, PBT for LS-SCLC is 
technically challenging to treat for several reasons. First, 
as mentioned above, the use of forward-planned PBT 
alone does not guarantee higher conformality over inverse-
planned IMRT, especially for bulky mediastinal disease in 
close proximity to multiple OARs (30). This could have 
caused the lack of significant differences in esophageal 
dosimetry as observed by Rwigema et al. (45). Moreover, 
accounting for range uncertainties in treatment planning 
often necessitates the use of an additional margin, which 
is not analogously performed in photon-based treatment 
planning. Additionally, because the majority of PBT 
machines worldwide are not equipped with kilovoltage 
cone-beam computed tomography (47), the resulting use of 
relatively generous margins may also lead to treatment of 
larger volumes than otherwise necessary.

The aforementioned clinical findings (44,45) must 
also be contextualized by the small minority of patients 
who received scanning proton beams in these studies. All 
patients in the Florida series received passively scattered 
PBT, along with 26 of 30 patients in the prospective study. 
Inverse-planned PBT, also known as intensity-modulated 
proton therapy (IMPT), is a highly conformal technique 
(more so than forward-planned PBT) that can better spare 
normal tissues at risk and is more appropriately compared 
to inverse-planned IMRT (48). Although just a few centers 
across the world have implemented IMPT to treat thoracic 
malignancies, the number is expected to rise sharply in 
the future. As such, results of IMPT as part of combined-
modality therapy for LS-SCLC must be reported and 

roughly compared to existing data to evaluate differential 
clinical toxicity reductions with IMPT over forward-
planned PBT.

SCLC is a neoplasm that is well known to demonstrate 
an excellent response to chemotherapy and/or RT, 
often leading to major tumor regression as early as  
1–2 weeks into therapy commencement. This poses a major 
challenge for PBT, because replacement of neoplastic 
(higher density) tissue with lung tissue (lower density) 
can cause misdistributions in proton dose, resulting in 
unwanted irradiation delivered to areas such as normal 
(or contralateral) lung or overshooting of dose into the 
mediastinum and heart (37). As a result, adaptive therapy 
(re-simulation and re-planning based on tumor response 
or other anatomical changes during treatment) may be 
necessary when delivering PBT. With regard to LS-
SCLC, just three patients (10%) in the University of 
Pennsylvania investigation required adaptive re-planning. 
These notions are similar to principles of why photon-
based RT is most often given after completion of the first 
cycle of chemotherapy (i.e., to avoid treating large lung 
volumes), along with necessitating re-planning for higher 
conformality techniques that are better suited to spare more 
normal tissue.

Future directions

Although PBT utilization for LS-SCLC is still in its infancy, 
it remains an attractive technique for several reasons, in 
particular possible reductions in radiation-induced cardiac 
damage in patients who are now experiencing numerically 
prolonged survival and increasing chance of cure. Further 
evidence to justify this modality for LS-SCLC is critical, 
including economic and quality of life analyses.

Despite the growing use of PBT worldwide, the few 
data in LS-SCLC may in part be attributed to the lack of 
consensus definitively establishing IMRT as the technique 
of choice for these patients. Clearly, however, with 
newer high-quality data supporting the role of IMRT for  
NSCLC (12), attention to advanced RT modalities 
should shift to LS-SCLC as well. Thus, demonstrating 
encouraging outcomes and toxicities for IMRT in LS-
SCLC may serve as a “bridge” to further investigation of 
PBT in this population. 

Moving forward, studies should look to carefully 
define cardiac events with long-term follow-up, especially 
in patients with pre-existing comorbidities versus lack 
thereof. With precise categorization of these toxicities, 
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reliable dose-volume parameters (with regard to various 
substructures of the heart) can eventually be generated. 
This is especially important for LS-SCLC patients in light 
of the CONVERT trial; despite showing no differences in 
outcomes, cardiotoxicities could be less in patients treated 
twice daily, which delivers 25–35% less overall dose to the 
heart than daily, higher dose treatment.

Finally, the rise of immunotherapy for oncologic 
management is also being investigated for LS-SCLC; a 
search of ongoing clinical trials involving immunotherapy 
for SCLC is shown in Table 2. In addition, although the 
immunogenicity of SCLC remains under investigation, 
combining RT with immunotherapy may serve to better 
optimize the immunogenicity of lung cancer (49,50). 
Furthermore, there are data suggesting that proton or heavy 
ions may stimulate the immune system to a greater degree 
than photons (51,52), potentially further maximizing any 
synergistic effects of RT and immunotherapy for SCLC. 
Unfortunately, safety data for concurrent immunotherapy 
and RT is largely lacking at present. Given this lack of 
clinical evidence, continued reporting of institutional series 
is necessary to make more firm conclusions than those that 
exist currently, and prospective trials are encouraged.
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