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ARTICLE INFO ABSTRACT

Keywords: Thymic epithelial tumors (TETs) are rare thoracic tumors, often requiring multimodal approaches. Surgery
Thymf’ma ) represents the first step of the treatment, possibly followed by adjuvant radiotherapy (RT) and, less frequently,
Thymic carcinoma chemotherapy. For unresectable tumors, a combination of chemotherapy and RT is often used. Currently, the
TETs . . . S . . ca s

; optimal dose for patients undergoing radiation is not clearly defined. Current guidelines on RT are based on
Radiotherapy

studies with a low level of evidence, where 2D RT was widely used. We aim to shed light on the optimal radiation
dose for patients with TETs undergoing RT through a systematic review of the recent literature, including reports
using modern RT techniques such as 3D-CRT, IMRT/VMAT, or proton-therapy. A comprehensive literature
search of four databases was conducted following the PRISMA guidelines. Two investigators independently
screened and reviewed the retrieved references. Reports with < 20 patients, 2D-RT use only, median follow-up
time < 5 years, and reviews were excluded. Two studies fulfilled all the criteria and therefore were included.
Loosening the follow-up time criteria to > 3 years, three additional studies could be evaluated. A total of 193
patients were analyzed, stratified for prognostic factors (histology, stage, and completeness of resection), and
synthesized according to the synthesis without meta-analysis (SWIM) method. The paucity and heterogeneity of
eligible studies led to controversial results. The optimal RT dose neither for postoperative, nor primary RT in the
era of modern RT univocally emerged. Conversely, this overview can spark new evidence to define the optimal
RT dose for each TETs category.

Radiation dose

Introduction

Thymoma and thymic carcinoma are rare epithelial tumors with a
worldwide incidence of 1.3-3.4 million cases per year representing the
most frequent neoplasms in the anterosuperior mediastinum in the adult
[1,2]. Thymic epithelial tumors (TETs) are classified according to the
World Health Organization (WHO) histopathological classification,
which distinguishes thymomas from the more aggressive thymic carci-
nomas. Thymoma is further divided into subtypes A, AB, B1, B2, and B3,
based upon the morphology of epithelial tumor cells, the relative pro-
portion of the non-tumoral lymphocytic component, and resemblance to
normal thymic architecture [3,4]. The prognosis of patients with TETs is

* Corresponding authors.

mostly favorable with 10-years overall survival (OS) rates of 84% in
stage I-1I patients, dropping to 70% in stage Il and to 42-53% in stage IV
patients [5]. The cornerstone of treatment of TET in patients with good
performance status is complete surgical resection for resectable tumors,
although recurrences occur in approximately 30% of patients undergo-
ing surgical resection [6 7 8 9 10 11]. Indication for adjuvant radio-
therapy (RT) or chemotherapy depends on the WHO-histopathological
classification, local extent of disease (expressed as Masaoka-Koga stages
I-IV), and completeness of resection as well as the overall clinical con-
dition of the patient [5]. Radiation reduces the local recurrence rate
when incomplete surgery is performed or in locally advanced diseases
[12 13 14]. However, RT does not influence distant nor pleural out-of-
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field recurrences, which account for about 2/3 of all recurrences [15].
The role of RT in the post-operative setting after complete resection of
TETs has been widely debated, especially in Masaoke-Koga II stage.
Recent analyses of pooled large observational studies showed benefit in
survival rates of postoperative RT over surgery alone for Masaoka-Koga
stages II to IV thymoma [16 17 18 19]. For unresectable tumors and
more advanced stages, platinum-based chemotherapy and/or definitive
RT is used.

The radiation dose delivered to patients with TETs may differ be-
tween medical centers, and guidelines only developed on expert opin-
ions/retrospective cohort studies where 2D RT was largely used (Level
of evidence low, grade of recommendation IV-V) [5]. The current ESMO
guidelines propose a total radiation dose of 45-50 Gy after complete
resection, 50-54 Gy after R1 resection, with a boost to areas of likely
residual disease, in daily doses of 1.8-2 Gy. For unresectable tumors, a
total radiation dose of 60-66 Gy in 2 Gy fractions is advised. However,
given the low level of evidence for the recommendations stipulated in
the current guidelines, the optimal dose/fractionation is yet to be
defined. These recommendations are based on old and retrospective
studies. [20 13 21 13 6 22]. Considering the rarity of such cases, the
periods of inclusion of patients are usually very long. As a result, a
significant number of patients in the series used for the current guide-
lines received 2D RT with larger fields, less reliable dose calculations
and treatment delivery assurance, compared to newer techniques.
Therefore, we aimed to review for TETs literature using modern external
beam RT techniques (3D-CRT, IMRT, VMAT, SBRT, proton therapy) to
find studies that support these recommendations on the RT dose for
TETs [23]. Currently, a wide range of doses is used (40-70 Gy). It is
advisable to carefully distinguish each category of patients with TETs as
well as their RT delivery setting, whether it is neoadjuvant, adjuvant
after complete resection (RO), or after incomplete resection (R1, R2), or
as a definitive treatment of RT alone with or without chemotherapy. To
the best of our knowledge, a systematic review to respond such a
question has never been performed before.

Methods and materials

The systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-analyses
guideline [24]. The primary outcomes were OS rates in relation to the
radiation dose, accounting for the WHO classification and Masaoka-
Koga stage of TET reported in the included studies. The review proto-
col has been drawn up after the scientific question was clearly defined
following the PICO tool. Subsequently, we submitted and registered to
the international prospective register of systematic reviews (PROSPERO
ID: CRD42021241826) before the search started. A comprehensive
search of PUBMED (NLM), EMBASE(Ovid), ClinicalTrials.gov, and
Cochrane library of Clinical Trials databases was conducted by two re-
searchers (A.A., S.P.) after consulting a specialized librarian. The liter-
ature search included retrospective and prospective studies on humans
affected by TETs undergoing external beam radiation. Reports published
in languages other than English were excluded. The search was
restricted to the timeframe from 01-Jan-1990 to the search date (23-Apr-
2021), to include studies with modern RT techniques. Reviews, dupli-
cates, studies with <20 patients recruited, and reports without a clear
RT dose-response evaluation or with the use of 2D RT only were
excluded. The detailed search strategy and the resume from all the
database searches are available in the supplementary materials.

Before screening all the citations found through the search, an
interrater reliability test (Cohen’s Kappa) has been carried out [25]. An
online random number generator was used to create a random sample of
citations (each number corresponded to a title and abstract of a specific
reference in the sample). Two authors (A.A., S.P.) independently
screened the same sample blinded to authors and journal titles [26].
After the level of agreement was tested, A.A. and S.P. independently
screened all titles and abstracts, still blinded to authors and journal
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titles, using an Excel workbook specifically designed for literature
screening [27]. Data were compiled into a single Excel workbook [27].
Disagreements were discussed by the two screeners; if consensus could
not be reached, a third person (D.R.) familiar with the project provided
final arbitration.

Articles considered for inclusion were independently reviewed by A.
A. and S.P. and the consensus was reached by discussion together with a
third person (D.R.) on any disagreement. A list of excluded citations
from each step may be requested from the first author.

Risk of bias assessment was done for the selected studies using the
New Castle-Ottawa scale [28]. A score of 7 or higher indicated studies
with a low risk of bias. Since we did not include any randomized clinical
trial, the Revised Cochrane risk-of-bias tool for randomized trials was
not used.

A.A. extracted the data from eligible full texts in regard to: first
author and publication year, study design, sample size, tumor histology
and stage, surgery performed, surgical margin status, RT timing, RT
technique; RT dose delivered, median follow-up time, main endpoint(s)
of the study, OS rates according to the radiation dose, progression-free
survival (PFS), treatment toxicity (acute, late). The results were inde-
pendently checked by S.P. and synthesis without meta-analysis of the
collected data was performed according to the “SWiM” (Synthesis
without meta-analysis) method [29]. Survival probability at 5 and 10
years was used to analyze results from each group of studies, although a
standardized metric was not used. A narrative resume and a critical
appraisal of the relevant data collected were carried out.

Results

A total number of 966 citations were identified after the online
database search. Interrater reliability test based on 66 random titles and
abstracts among the retrieved ones, showed a very high agreement be-
tween the investigators (Cohen’s K = 0,91, CI 0,8-1; the excel file spe-
cifically designed for Cohen’s K calculation including the citations used
to test the level of agreement can be requested to the corresponding
authors). Four duplicates were removed, and 179 citations were selected
for a full-text review. Only two studies, involving 154 patients (113 were
treated with RT, of which 69 with modern RT techniques) with thy-
moma, thymic carcinoma or unspecified TETs, fulfilled the inclusion
criteria and were eligible for the first analysis. (Fig. 1; Table 1) The -
studies were grouped according to the tumor histology and stage of
disease, because these two variables, together with the completeness of
surgery, have previously been described as independently correlating
with the survival rates [30,31,32,33]. With less strict inclusion criteria
regarding median follow-up time, allowing a minimum of 3 years
instead of 5 years, we were able to analyze data from three more papers
(Table 2) including 203 patients (191 were treated with RT, of which
124 with modern RT techniques). In total, radiotherapy data regarding
294 patients, of which 2/3 received modern RT technique treatment,
were finally analyzed. The heterogeneous stage, histology, and treat-
ment of the patients (e.g., the differences in the sample and intervention)
among the studies in our review were considered, and data were
accordingly synthesized. All the main outcomes of the eligible studies,
and of the three studies separately evaluated with a slightly shorter
median follow up time, are visually compared and summarized in
Table 3. In our comparison, a synthesis method was considered (vote
counting) but we did not find applicable the use of a standardized metric
(e.g., the direction of effect), thus we limited the synthesis of the findings
to the narration. The studies were analyzed after we grouped them ac-
cording to the above-mentioned prognostic factors. The directness or
relevance of the evidence addressing the review question was used to
prioritize the analysis of the studies when two or more studies were
grouped together (“Stage III - TETs”, “TETs — all stages™). We performed
an exploration of heterogeneity among studies using tables, by
comparing the effect sizes of studies grouped according to tumor his-
tology and Masaoka-Koga stage. These included: surgery and
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966 records identified from all sources
(Database searches, no manual
search)

4 duplicates removed

962 titles & abstracts to screen

783 Titles & abstracts excluded:
347 Not related to the main topic
36 Insufficient info on RT

309 Case report or <20 patients
3 Short/no Follow-up
2 2D RTonly
86 Other
179 full text records available to
review
177  Full text articles excluded:

70 Insufficient info on RT
7 Case report or <20 patients

12 Short/No Follow Up

29 2D-RTonly

21 Other

24 RT and Dose cannot be related
9 Review or Editorial
5 Sample non homogenous

2 publications included
Reporting on 2 studies

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart. Note: Two studies were included according to all the pre-specified
inclusion and exclusion criteria.Three additional studies were separately analyzed after the first synthesis of data; however, they did not satisfy the median
follow-up time criteria, thus they are not shown between the included ones.

Table 1
Main features of the studies eligible for inclusion with median follow-up time > 5 years.

Author, Sample size Tumor Stage Marginstatus  RTintent  RT technique = Median RT Dose in Gy (range) = Median Follow-
Year Histology (n) (n) up
(Recruitment (M—K) months (range)
period) (WHO type)
RECURRENCES of TETs
Yang 2019 47 TETs Recurr. n/a dRT 3D-CRT (29) 52 Gy 83
[39] (2007-2015) (A-B3 +0O) 47) IMRT (18) (30-70) (8-299)
THYMOMA (M—K II)
Chen 2010 107* Thymoma I RO PORT 2D-RT (44) 60 Gy 63
[36] (1964-2006) (A-B3) 3D-CRT (22) (22-60) (2-303)
(66)

Abbreviations: TETs = thymic epithelial tumors; WHO = World health organization; M—K = Masaoka-Koga surgical tumor stage classification; n/a = not applicable;
PORT = Post operative RT; dRT = Radiotherapy alone with definitive or curative intent; 3D-CRT = 3D conformal radiotherapy; IMRT: Intensity modulated radio-
therapy; RO = complete resection; Recurr. = recurrence; n = number of patients.

*The original study sample differs from the patients undergoing RT with modern techniques (e.g. the final sample size used for the synthesis).
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Table 2
Main features of the studies eligible for inclusion with median follow-up time >3 years.
Author, Sample size Tumor Stage Margin status RT intent RT technique Median RT Median
year Histology (n) (n) Dose Follow-up
(Recruitment (WHO (M—K) (Months,
period) type) (range) range)
TETs (M—K II to 1IV)
Fan X., 56 TETs Limited advanced III- n/a C-CRT (56) IMRT (56) 60 Gy 46
2020 [35] (2011-2018) (A-B3 + Q) IVb (32-64) (7-101)
(No surgery)
THYMOMA (M—K III)
Fan C., 65* Thymoma 111 RO PORT (53) 2D-RT (25) 56 Gy 50
2013 [37] (1982-2010) (A-B3) 3D-CRT/IMRT (28-60) (5-360)
(Complete (28)
surgery)
Fan C., 82%* Thymoma il R2 dRT (54) 2D-RT (42) 60 Gy 41
2020 [38] (2000-2017) (A-B3) Unresectable non-dRT 3D-CRT/IMRTY} (10-70) (5-166)
(DS or Biopsy) (28) (40)

Abbreviations: TETs = thymic epithelial tumors; WHO = World health organization; M—K = Masaoka-Koga surgical tumor stage classification; n/a = not applicable;
PORT = Post operative radiotherapy; DS: Debulking surgery; dRT = Definitive Radiotherapy alone with curative intent. 3D-CRT = 3D conformal radiotherapy; IMRT
= Intensity modulated radiotherapy; C-CRT = concurrent chemo-radiation; n = number of patients.

*The original study sample differs from the patients undergoing RT with modern techniques (e.g. the final sample size used for the synthesis).

tExact doses delivered for the modern RT subgroup are unclear.

completeness of resection, type of intervention used (RT technique, total
doses delivered, and fractionations). We explicitly evaluated the cer-
tainty of the findings for each outcome using the GRADE approach [34];
given that all the outcomes did not come from randomized clinical trials,
the starting rating of evidence was “low quality”. We downgraded the
certainty by one level for concerns and two levels for serious concerns
regarding the risk of bias, and the directness of the evidence according to
the review question. A table showing the risk of bias for all the studies is
available as supplementary material.

Of the identified studies, only one was a prospective phase II trial
study on 56 patients with thymoma and thymic carcinoma [35]
(Table 2). The other studies were of retrospective nature with a sample
size ranging from 47 to 107 patients (Table 1, Table 2) and included
thymoma stages II [36] or III [37,38], or recurrent TETs [39]. In-
dications for RT were postoperative for RO [36,37], R1 or R2-resection
[38], or as a definitive treatment [35,39]sometimes in combination
with chemotherapy. Only two of the five included studies used modern
RT techniques for all patients, such as 3D-CRT or intensity-modulated
RT (IMRT) but we allowed studies where a proportion of patients had
2D treatments as well [37,38]. The median RT doses in these 5 studies
ranged from 52 to 60 Gy, with minimum delivered dose 15 Gy and a
maximum of 70 Gy. (Table 1, Table 2) The single-arm phase II trial from
Fan X. et al. included a small, but a rather homogeneous group of 56
patients with limited advanced disease treated with definitive chemo-
radiation, using IMRT [35]. Limited advanced disease was defined as
Masaoka-Koga stages III-IVB which could be encompassed within a
single field of radiation treatment. Many patients (75%) had stage IVB
disease. Chemotherapy was 4 cycles of a platinum-based regimen; RT
prescription dose was 60 Gy in 2-Gy daily fractions, 5 fractions per week,
but the total dose could be adjusted according to the normal tissue dose
constraints. The delivered median RT dose ranged between 32 Gy and
64 Gy. Five patients who underwent unplanned surgery were excluded
from the analysis of RT dose. The overall objective response rate was
86% (no complete response, only partial responses), with 82% for thy-
moma and 88% for thymic carcinoma, but this difference was not sig-
nificant. For the whole group, the 5y-OS and 5y-PFS were 56.2% and
29.5%, respectively. OS at 3 years was 74%, 63% and 39% for the high
(>60 Gy), medium (54-59 Gy) and low (<54 Gy) dose group, respec-
tively (log-rank p = 0.05). PFS at 2 years was 54%, 50% and 10% in
these three dose groups (log-rank p = 0.008). In the multivariate anal-
ysis (adjusted for gender, age, stage, and TET type), a dose—effect was
seen with a higher RT dose (>54 Gy vs. < 54 Gy) resulting in a better PFS
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(p = 0.002) and OS (p = 0.06). Toxicities observed were grade 3-4
leucopenia in 42% of patients, grade 3 acute esophagitis, as well as
pulmonary fibrosis in 3 patients accounting for 5.4% of treated patients;
no grade > 3 radiation pneumonitis nor other radiation induced side
effect was seen, suggesting that toxic events were most likely attribut-
able to chemotherapy.

One study included in this review focused specifically on post-
operative RT (PORT) for stage II thymoma with a clear dose/response
analysis [36] (Table 3). It primarily tested the hypothetical benefit of
PORT for patients with stage II thymoma who underwent complete
tumor resection and concluded that the addition of adjuvant RT did not
significantly alter survival, and recurrence rates compared to surgery
alone. Further subgroup analyses performed in the same study on the 66
patients treated with adjuvant RT provided information regarding the
risks of a dose escalation in this setting. The group treated with a total
dose of 50 Gy or less, in daily fractions of 1.8-2 Gy, performed better in
terms of disease-free survival, disease specific survival, and toxicity than
the group receiving 51 to 60 Gy, with the same dose per fraction. Similar
results were shown for patients undergoing 3D-RT when compared with
2D-RT, and for the use of limited fields versus extended fields of treat-
ment, with a lower rate of toxicities (e.g., in this study only 1 radiation
pneumonitis was reported in the group of 22 patients treated with 3D-
CRT), although none of these results were significant.

In the highly heterogeneous group of TETs stage III, where the po-
tential benefits of PORT in the completely resected stage III thymoma
seemed to be clearer than in stage Il thymoma, the role of PORT has been
widely investigated. Results coming from a retrospective cohort study of
patients undergoing PORT after complete surgical resection [37]
showed that higher doses (>50 Gy) did not achieve better survival rates.
Furthermore, 3D-RT was superior to 2D-RT showing a safer profile in
terms of toxicities with a lower probability of recurrences. When surgery
was not a viable option to treat stage III TETs, other authors suggested as
definitive radiation dose (dRT) of 54 Gy or higher [38]. The differences
they observed between the dRT (54 Gy or higher) group and the patients
receiving<54 Gy (e.g., non-dRT group), with unresectable disease in
both cases, were significantly in favor of the dRT. In the subgroup
analysis with patients with > 54 Gy, no significant difference was found
between the various total doses administered 54-59 Gy, 60 Gy, or > 60
Gy.

Finally, regarding the role of salvage RT and a focus on the relative
doses when recurrences of TETs occur, the inclusion of a retrospective
study from Yang et al.[39] added some useful information. In this study,
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Table 3
Insight of data extracted for the dose-response analysis, from the studies’ results pooled in the narrative synthesis.
Authors, Study Study intervention Results Comments
Year design
Definitive RT
Fan X., Phase I IMRT plus etoposide/cisplatin for < 54Gy 54-59 60-64 MVA significant for PFS: stage (p=0.04) and dose (>54 Gy vs <54 Gy) (p=0.002).
2020 Trial unresectable TETs Gy Gy MVA trend for OS: dose (>54 Gy vs <54 Gy) (p=0.06)
[35] 2y-PFSt 10% 50% 54% 1 p<0.01
3y-0Stt 39% 63% 74% 1t p=0.05
Fan C., Retro- Definitive RT after R1/R2 surgery <54 Gy 54-70 No significant differences in dRT dose sub-group analysis:
2020 spective in unresectable stage III M-K Gy 54-60 Gy vs 60 Gy vs >60 (p=0.5)
[38] Thymoma 5y-0S 27% 66%
10y-0S 13% 56% p<0.01
Yang, Retro- Salvage RT for recurrent TETs <52Gy 52-70 MVA significant for PFS: histology and dose; MVA significant for OS: dose
2019 [39] spective Gy
5y-0S 59% 80% p=0.04
5y-PFS 14% 30% p=0.02
Postoperative RT
Chen, Retro- Stage II Thymoma after RO <50 Gy 51-60 No significant difference in PFS between PORT doses (p=0.6).
2010 spective resection vs S alone Gy MVA: dose not included as a variable.
[36] 5y-DFS 93% 92% p=0.6
10-DFS 93% 74%
Fan C., Retro- Stage III thymoma after RO < 50 Gy >50-60 No significant difference in OS between PORT doses (p=0.7); 5y-OS and DFS values using 3D-CRT/
2013 spective resection vs S alone Gy IMRT are 100% and 73% respectively.
[37] 5y-0S 95% 89% p=0.7
10y-0S 65% 58%

Notes: In Bold “First Author,year” of the studies with a lower Risk of Bias.

*studies with a median follow-up time <60 months.
Abbreviations: TETs = thymic epithelial tumors; M—K = Masaoka-Koga surgical tumor stage classification; RT = radiotherapy; Gy = Gray; IMRT = Intensity modulated radiotherapy; S = Surgery; PORT = Post operative
radiotherapy; dRT = Definitive radiotherapy with curative intent; OS = Overall survival, PFS = progression free survival; DFS = disease free survival; MVA = Multivariate analysis.
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the radiation dose was independently associated with OS and PFS at
univariate and multivariate analysis. The dose cut-off identified was 52
Gy. Thus, the same authors considered the high-dose RT group (52 Gy or
higher) as the curative group, concluding that the lower doses (<52 Gy)
could only be used with a palliative intent.

Discussion

The current guidelines on radiation dose for TETs are mainly based
on old and poor data using 2D-RT and large field RT. The aim of this
systematic review was to search for data using modern RT techniques,
and to determine whether the current guidelines on RT dose should be
revised. Because only two studies fulfilled the prespecified criteria, we
enlarged the analysis with three more studies, where the median follow-
up time was slightly shorter than the prespecified 5 years [15]. Despite a
time-span of 30 years, only five small studies with dose-response data
could be identified: three on definitive RT for unresectable TETs
[36,39,40], and two on postoperative RT [37,38]. All studies on defin-
itive RT showed a significantly better outcome with doses > 52-54 Gy
compared to lower doses, whereas in the postoperative group no dos-
e-response could be identified (Table 3). A potential benefit of even
higher radiation doses has also been suggested by an interesting pro-
spective study evaluating 32 TET patients with stage II to IVb treated
with stereotactic body radiation therapy with curative intent [40]. The
doses delivered ranged from 49 to 70 Gy in 10 fractions — corresponding
to equivalent doses in 2 Gy fractions of > 84 Gy — showing a very high
objective response rate of 97% (34% complete response, 63% partial
response), median PFS of 21 months, and a safe toxicity profile. Het-
erogeneity of intervention and unclear data on dose-response, did not
let us include the study in our analysis.

The benefit of postoperative RT in TETs is a matter of debate, espe-
cially in Masaoka-Koga stages II, where results are conflicting when
comparing postoperative RT and no postoperative RT [12,41]. It is
therefore not surprising that the two studies on postoperative RT
included in our systematic review did not detect a potential dos-
e-response with the small dose differences between subgroups.

Low quality recommendations on the dose to deliver in completely
resected stage III TETs could also be drawn from a study where 50 to 56
Gy were delivered with 95% 5-y OS rate and 85% 5-y DFS rate [42]. A
clear dose-response outcome was not reported, and a heavy selection
bias may have affected these results, although the large series of 105
patients remains noteworthy as well as the comparison with a small
group of patients suitable for surgery who underwent definitive RT
instead of surgery and PORT [42]. However, the study included in the
current synthesis indicated as optimal dose 46 to 50 Gy for PORT
achieving similar results[37].

Whenever surgery is not feasible or clearly unsuccessful for stage III
TETs, the general prognosis is impaired, and the definitive RT (dRT) is
meant to be > 56 Gy [38]; whether a dose escalation should be per-
formed there’s no consensus. In the study abovementioned, not eligible
according to the review criteria, a small proportion of stage III TETs
patients underwent dRT to 66 Gy, seemingly showing acceptable, but
markedly inferior, outcomes compared to the PORT group [42].

Important concern when irradiating TET patients is the dose to the
heart because of its proximity to the RT target volume. Especially with
older RT techniques, larger doses to the heart may have resulted in more
cardiac toxicity, abolishing the potential benefit of RT ([43-45]), and
again stressing the need for data with modern RT techniques. The ma-
jority of patients (2/3) included in this review were treated with modern
RT (3D-CRT or IMRT), except for a subset of patients in three studies,
mostly due to the long inclusion period for this rare disease recruitment.
[37,38].

Proton therapy has the potential to even better spare normal tissues
such as the heart. A few studies, encountered during our search reported
the use of proton therapy with promising results. [23,46-53].

Unfortunately, the small sample size, the absence of a dose-response
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analysis, or a very short follow-up time, did not let us include them in the
review.

We wondered about the impact of the new IASLC/ITMIG stage
classification system, adopted by some centers but not consistently used
in the past to replace M—K classification, to stratify patients’ disease and
redefine their treatment accordingly. Some authors already considered
of correlating M—K stage and the TNM class [54]. Such a correlation was
impractical in our analysis; therefore we kept the reported staging sys-
tem in the original studies.

Another important issue in modern RT is the delineation of the
target, which was not well defined in most of the included papers.
Furthermore, it has been shown that large variability can be seen when
delineating the target in the postoperative setting [55], which may
potentially impact on toxicity and outcome.

The optimal timing of RT (time-to-RT) after surgery might be an
important factor affecting patient outcomes as well, and it was only
reported in a few studies retrieved in our search, yet not suitable for
analysis[56,57]. PORT performed within a month from surgery seemed
to be related to better survival rates, although selection bias could not be
neglected [57].

A narrative synthesis was carried out because the data collected did
not allow us to perform a proper meta-analysis, despite a very meticu-
lous protocol for search and review. The identified studies were small,
retrospective (except one), with heterogenous patient populations, and
with long inclusion periods. Furthermore, different definitions of PFS
and OS were used, some studies included a small subset of patients
treated with 2D, and the dose-response analysis was not the primary
outcome in any of the studies of this systematic review. Therefore, there
is a need for studies of higher quality with homogeneous patient groups,
preferably coming from specialized centers with a relatively high vol-
ume of TET patients per year. Planning a randomized controlled study
(RCT) or a retrospective study with a very low risk of bias is challenging;
thus, larger studies with a homogeneous sample, likely coming from
specialized centers with a high volume of patients with TETs per year,
would be auspicious to extract robust data (e.g. adopting propensity
score methods [58,59]). However, population-based comparative effi-
cacy research explored possible drawbacks and pitfalls when comparing
results from observational studies and RCTs to infer treatment effects in
oncology [60]. Nonetheless, biased data on RT could be extracted from
RCTs accounting for differences in technology, user skills, operation
procedures, length of recruitment and learning curve between the cen-
ters involved in the same trial.

Unfortunately, even the biggest registers of patients used in similar
analyses such as the Surveillance, Epidemiology and End Results data-
base (SEER) or the Chinese Alliance of Research for Thymoma (ChART),
are not useful for evaluating the radiation dose to deliver because in-
formation on RT technique, dose fractionation and outcomes are missing
[45,61-64]. We believe our protocol of search and review might be of
help when future studies will be available on this topic.

We expect in the upcoming years the results from the promising and
multicenter “Francophone” trial will help in defining the radiation doses
appropriate to treating TETs (NCT02724696) [65]. Additional findings
on the possible abscopal effect while delivering SBRT together with
recombined human granulocyte-macrophage colony stimulating factor
(rhGM-CSF) and Peginterferon alfa-2b in the metastatic setting of TETs
(NCT04517539) could be diriment [66].

Conclusions

With this systematic review, we could not identify the optimal RT
dose for postoperative, nor primary RT in the era of modern RT because
only a few small studies with heterogeneity regarding WHO subtype,
stage, treatment strategy and RT-technique could be identified. There-
fore, to date, current clinical practice guidelines remain comprehensive
and valid. This work provides a unique look into modern RT for TETs. It
might serve as an eye-opener, to spur and promote homogeneous
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research in this field, looking for clear findings on the radiation dose and
dose-response analyses in different treatment settings of patients with
TETs.
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