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Simple Summary: The lung is the most frequent site of metastasis in Ewing sarcoma, the second
most common bone cancer affecting children, adolescents and young adults. The five-year overall
survival of patients with isolated lung metastasis is approximately 50% after multimodal treatments
including chemotherapy, surgery and radiotherapy. This retrospective study aimed to investigate the
feasibility and the predictors of survival in 68 Ewing sarcoma patients with lung metastases who
received high-dose chemotherapy with busulfan and melphalan, followed by reduced dose whole-
lung irradiation, as part of two prospective and consecutive treatment protocols. This combined
treatment strategy is feasible and might contribute to the disease control in lung metastatic Ewing
sarcoma with responsive disease. Furthermore, the results of this study provide support to explore

Cancers 2021, 13, 2789. https://doi.org/10.3390/cancers13112789 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0003-1521-2930
https://orcid.org/0000-0001-6708-3777
https://orcid.org/0000-0003-3406-6705
https://orcid.org/0000-0002-2828-0257
https://orcid.org/0000-0002-3890-1686
https://orcid.org/0000-0001-5515-569X
https://orcid.org/0000-0002-0250-6043
https://orcid.org/0000-0002-9257-900X
https://orcid.org/0000-0002-8519-4101
https://orcid.org/0000-0002-4534-6000
https://doi.org/10.3390/cancers13112789
https://doi.org/10.3390/cancers13112789
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13112789
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers13112789?type=check_update&version=3


Cancers 2021, 13, 2789 2 of 12

the treatment stratification for lung metastatic Ewing sarcoma based on the histological response of
the primary tumor.

Abstract: Purpose: To analyze toxicity and outcome predictors in Ewing sarcoma patients with lung
metastases treated with busulfan and melphalan (BU-MEL) followed by whole-lung irradiation
(WLI). Methods: This retrospective study included 68 lung metastatic Ewing Sarcoma patients who
underwent WLI after BU-MEL with autologous stem cell transplantation, as part of two prospective
and consecutive treatment protocols. WLI 12 Gy for <14 years old and 15 Gy for ≥14 years old patients
were applied at least eight weeks after BU-MEL. Toxicity, overall survival (OS), event-free survival
(EFS) and pulmonary relapse-free survival (PRFS) were estimated and analyzed. Results: After
WLI, grade 1–2 and grade 3 clinical toxicity was reported in 16.2% and 5.9% patients, respectively.
The five-year OS, EFS and PRFS with 95% confidence interval (CI) were 69.8% (57.1–79.3), 61.2%
(48.4–71.7) and 70.5% (56.3–80.8), respectively. Patients with good histological necrosis of the primary
tumor after neoadjuvant chemotherapy showed a significant decreased risk of pulmonary relapse
or death compared to patients with poor histological necrosis. Conclusions: WLI at recommended
doses and time interval after BU-MEL is feasible and might contribute to the disease control in Ewing
sarcoma with lung metastases and responsive disease. Further studies are needed to explore the
treatment stratification based on the histological response of the primary tumor.

Keywords: Ewing sarcoma; pulmonary metastasis; busulfan; melphalan; lung irradiation; oncology

1. Introduction

Ewing sarcoma (ES) is the second most common bone tumor affecting children, ado-
lescents and young adults [1]. Approximately 25% of patients with ES have metastatic
disease at diagnosis and the lung is the most frequent site of metastasis [2,3]. In the last
30 years only slight improvements in overall survival (OS) and event-free survival (EFS)
were achieved even with multimodal approaches [4–9]. Although the current five-year OS
for patients with localized disease is 65% to 75% [7–10], patients with metastases have a
long-term survival less than 35% [3,11], except for those with isolated lung metastasis in
whom the five-year OS is approximately 50% [12–14]. The relapsed disease still represents
a challenge due to a dismal prognosis [15–17].

Previous multicentric trials showed a therapeutic benefit for WLI in ES patients with
lung metastases [3,18,19]. In international guidelines WLI is strongly recommended for
metastatic disease to the lungs at doses of 15 or 18 Gray (Gy), according to the age of
the patient [20]. Other studies suggested that the impact on the outcome of the different
treatment modalities, including WLI, needs to be better defined [21–23].

In the most recent European trials [7,10,12–14], BU-MEL has been used to consolidate
treatment in high-risk ES. In the EuroEwing 99 and Ewing 2008 trials, the superiority of
high-dose chemotherapy (HDCT) with BU-MEL, over standard chemotherapy, resulted
statistically significant in high-risk localized disease [10].

With the intent to intensify the multimodal treatment in lung metastatic ES patients,
HDCT combined with WLI was performed in different clinical trials [3,13,18,19,24]. How-
ever, the treatment heterogeneity and the different patient cohorts shown across the studies
make the role of HDCT and WLI still debated. Moreover, the observation of fatal pulmonary
toxicity has limited the use of BU-MEL combined with WLI [12,19,25,26].

The Italian Sarcoma Group (ISG) and Scandinavian Sarcoma Group (SSG) designed
treatment protocols to evaluate the impact of HDCT with BU-MEL in localized (ISG/SSGIII)
and metastatic (ISG/SSG IV) ES patients [7,13]. For lung metastatic ES, the study showed
that an intensive approach using HDCT and WLI at doses of 12 Gy for <14 years old and
15 Gy for >14 years old is feasible, and resulted in five-year OS probability 52% [13]. The
subsequent protocol ISG/AIEOP EW2 (www.clinicaltrials.gov identifier: NCT02727387
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accessed on 2 June 2019) was designed to evaluate the addition of six months maintenance
treatment after the same combination BU-MEL and WLI [27].

The aim of this study was to assess toxicity and predictors of outcome in ES patients
with pulmonary and/or pleural metastases (PPM) treated in Italian centers with BU-MEL
and WLI as part of two prospective and consecutive treatment protocols.

2. Materials and Methods
2.1. Setting and Staging

This multicentric study collected data from ES patients with PPM at time of diagnosis
treated with WLI after BU-MEL in eleven Italian oncology centers. Patient recruitment into
trials was carried out from 1 November 1999 to 31 May 2017. The follow-up data are for
30 June 2019.

All patients were treated according to ISG/SSG-IV and AEIOP/ISG EW-2 protocol
studies designed by ISG and AIEOP [13,27]. Study protocols were approved by an inde-
pendent ethics committee and the institutional review boards. Written informed consent
was obtained from all patients and/or their parents/guardians before enrollment.

All patients had biopsy-proven diagnosis of ES. Histological confirmation was ob-
tained by a panel of expert pathologists and the diagnosis was molecularly assessed in
64 cases, while in 4 cases diagnosis of ES was confirmed by immunohistochemistry if CD99
marker staining resulted strong, diffuse and membranous and additional immunohisto-
chemical testing excluded the diagnosis of lymphoblastic leukemias/lymphomas or other
round and spindle cell sarcomas.

Patients were considered metastatic at lung if they had at least one pulmonary/pleural
nodule >0.5 cm at chest CT scan.

2.2. Consolidation Treatment

In ISG/SSG-IV and AIEOP/ISG EW-2 protocols, consolidation treatment was per-
formed with HDCT and WLI. HDCT combined BU-MEL followed by autologous hematopoi-
etic stem cell transplantation (ASCT) of at least 2.5 × 106 CD34+ cells/Kg of body weight.
Oral busulfan at a dose of 1 mg/Kg or intravenous busulfan at a dose of 0.8 mg/Kg were
administered every 6 h over 4 days, for a total of 16 doses. For pediatric patients with a
weight <34 Kg intravenous busulfan doses changed according to drug data sheet. Melpha-
lan was administered at a unique dose of 140 mg/m2 at least 24 h after the last dose of
busulfan. In overweight patients, the method for determining the weight for chemotherapy
calculation was adjusted ideal body weight [28].

WLI was delivered with a minimum interval of 8 weeks from ASCT. Total dose
was 15 Gy in patients aged ≥14 years and 12 Gy in patients aged <14 years. Treatment
was delivered in 10 fractions using three dimensional conformal technique (3D-CRT) or
intensity modulated radiation therapy (IMRT) or volumetric modulated ARC therapy
(VMAT). Bilateral whole lungs from the diaphragm to the apices represented the clinical
target volume (CTV). The planning target volume (PTV) was defined as the CTV with
an expansion of 0.5–1 cm in all directions. The dose distribution was prescribed at the
isocenter based on ICRU reports. Patients were immobilized using a thermoplastic mask
or individualized immobilization system.

Patients whose metastases did not respond to induction chemotherapy underwent
metastasectomy whenever feasible before or after receiving WLI.

2.3. Toxicity Evaluation

To evaluate the impact of the different treatment modalities on the respiratory and
cardiovascular function, each protocol design provided spirometry, echocardiogram and
chest CT scan to be assessed during and after treatments. Spirometry and echocardiogram
were evaluated before BU-MEL, before and after WLI and once a year during follow-up,
unless otherwise indicated. Chest CT was repeated every 3 months in the first year, every
4 months during the second and third year, every 6 months during the fourth and fifth year
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then every year during follow-up. Endocrine disorders were performed once a year during
follow-up, unless otherwise indicated. Toxicity was evaluated using CTCAE v. 4.03 [29].

Analysis of risk factors for the WLI-related toxicity included defined clinical features
as gender, age (14 years or more versus <14 years), Body Mass Index (BMI), busulfan
administration (intravenous or oral) and WLI technique applied. BMI was calculated
according to standard formula [30]. Pediatric patients were classified as normal weight
if the BMI was between 5◦ and 95◦ percentile, overweight if BMI was >95◦ percentile
and underweight if the BMI was <5◦ percentile [31]. In order to assess the role of the
overweight condition as a risk factor for any WLI-related complications, normal weight and
underweight patients were considered together when compared to overweight patients.

2.4. Response and Outcome Evaluation

Response to induction chemotherapy of the primitive tumor site was evaluated by
MRI. Histological tumor necrosis after neoadjuvant chemotherapy was evaluated accord-
ing to the Bologna System [32] as following: Presence of macroscopic foci of viable tumor
cells was graded I and the pathologic response was classified as poor; presence of isolated
microscopic nodules of viable tumor cells (graded II) or absence of viable tumor (grade III)
were both classified as pathologic good response. The pulmonary metastases response
after induction chemotherapy was evaluated with chest CT according to RECIST crite-
ria [33]. Pulmonary relapse was defined as recurrence in the lung, the pleural space or both.
Timing and pattern of any site of relapse or progression from date of completion of WLI
was analyzed.

The outcome analysis was per protocol, thus including only those patients enrolled
in their respective protocols and who completed the scheduled treatment. Outcomes
were overall survival (OS), event-free survival (EFS) and pulmonary relapse-free survival
(PRFS). PRFS was chosen as an endpoint to analyze risk factors for pulmonary recurrence
in those patients with only lung metastases who reached complete remission of lung
lesions after induction chemotherapy. PRFS was defined as the time from the start of
chemotherapy to pulmonary relapse or the last follow-up. Clinical variables analyzed
as potential prognostic factor were: age <14 versus ≥14 years old, primary pelvic versus
other tumor site, only lung metastases versus pulmonary and extra pulmonary metastases,
complete (CR) versus partial response (PR) or stable disease (SD) of the soft tissue tumor
component, surgery versus surgery plus radiotherapy versus definitive radiotherapy, good
versus poor histological necrosis for patients who underwent surgery, number of lung
metastases (≥10 vs <10), bilateral versus monolateral lung metastases, CR versus PR or
SD of the lung metastases evaluated by CT, intravenous versus oral busulfan route of
administration and time interval ≥90 days vs <90 days from ASCT to WLI start.

2.5. Data Collection and Statistical Analysis

Collected data were included in a new database, analyzed and evaluated by a statisti-
cian and two independent researchers, a pediatric oncologist and a radiation oncologist.

Demographic and clinical characteristics were summarized with descriptive statistics.
Toxicity incidence with 95% confidence interval (CI) was calculated. Chi square test or
Fisher exact test was used to evaluate the impact of risk factors for the WLI-related toxicity.

Outcomes were estimated by Kaplan–Meier methods and differences between groups
were evaluated by log-rank test. A Cox proportional-hazards regression model was used
to estimate adjusted hazard ratios (HRs) and 95% CIs. All variables statistically significant
in univariate analysis were included in the regression model using the stepwise selection
method. Statistical significance was set at p < 0.05. All statistical analyses were performed
using SAS version 9.4.
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3. Results

Data from sixty-eight lung metastatic ES patients treated with BU-MEL followed
by WLI were collected. All patients resulted evaluable for the analysis. The clinical
characteristics of the study population are listed in Table 1.

Table 1. Patients characteristics.

Characteristics N %

Median age (range) 14 years (8 months–35 years)

Gender
Male 39 57.3

Female 29 42.7

Trial
ISG/AIEOP EW2 36 52.9

ISG/SSG IV 32 47.1

Primary tumor site

Extremities 33 48.5
Pelvis 21 30.9

Vertebrae 4 5.9
Ribs 5 7.3

Other 5 7.3

Metastases

Only lung 56 82.3
Lung + extra pulmonary 12 17.7

Lung bilateral 52 76.5
Lung monolateral 16 23.2

Local treatment
Surgery 1 33 48.5

Surgery + radiotherapy 2 16 23.5
Radiotherapy 19 27.9

Metastasectomy Lung 4 5.9
Bone 1 1.5

Busulfan
administration

IV 42 61.8
Oral 26 38.1

Radiotherapy
technique

3D 50 73.5
IMRT/VMAT 18 26.5

1 One patient had surgery after busulfan/melphalan (BU-MEL); 2 four patients had surgery after radiotherapy
and BU-MEL.

WLI started with a median time of 77 days from ASCT (range 56–178 days). Some pa-
tients did not undergo spirometry at the scheduled timing for reasons not reported. Patho-
logic spirometries were mainly restrictive and only grade 1 or 2. An increased incidence of
pathologic spirometry was observed either after BU-MEL or after WLI (Table 2). The ma-
jority of patients were asymptomatic at last follow-up even with a pathologic spirometry.

Table 2. Pathologic spirometry–incidence and grade.

Spirometry Pre-BuMel Pre-WLI Post-WLI Last Follow-Up

No. of patients 61 38 55 44
Restrictive 4 9 17 15

Grade 1 3 7 13 10
Grade 2 1 2 4 5
Grade 3 - - - -

Obstructive 1 0 3 1
Grade 1 1 - 3 -
Grade 2 - - - 1
Grade 3 - - - -

No. (%) pathologic 5 (8.2%) 9 (23.7%) 20 (36.4%) 16 (36.4%)
95% CI 3.4–18.2% 12.8–39.6% 24.8–49.7% 23.6–51.4%

Radiological toxicity was evaluated as pulmonary fibrosis, alveolitis or combination
of both (Table 3). With a median time of 57 days after WLI, 26.5% of patients presented
signs of radiological toxicity mainly grade 1 or grade 2. Pulmonary involvement showed



Cancers 2021, 13, 2789 6 of 12

to improve and resolve over time and in none of the patients with radiological toxicity
symptoms were reported at the last follow-up.

Table 3. Radiological toxicity—incidence and grade in 68 patients.

Toxicity CTCAE Grade Pts % 95% C.I.

Pulmonary Fibrosis
Grade 1

2

7
3
4

10.3 5–20.1%

Alveolitis 4 5.9
2.2–14.6%Grade 1

2
3

2
1
1

Pulmonary Fibrosis + Alveolitis
Grade 1

2

7
5
2

10.3 5–20.1%
17.4–38.2%

TOTAL
Grade 1

2
3

18
10
7
1

26.5

Gender, age, administration route of busulfan and body mass index were analyzed as
risk factors and no statistical significance for pathologic spirometry or radiological toxicity
was found.

One or more clinical toxicities were reported in 15 (22.1%) patients. The most common
clinical toxicity was pneumonitis (Table 4). In 11 (16.2%) patients clinical toxicities were
grade 1 or grade 2. One or more grade 3 clinical toxicity were reported in 4 (5.9%) patients
and in all cases developed within two months from WLI. All grade 3 toxicities resolved
during the follow-up.

Table 4. Clinical toxicity—incidence and grade in 68 patients.

Toxicity CTCAE Grade Pts % 95% C.I.

Pneumonitis/Pneumonia
Grade 1

2

6
2
4

8.8 4–18%

Cough
Grade 1

2

5
1
4

7.4 3.1–16.3%

Esophagitis
Grade 1

2

4
1
3

5.9 2.2–14.6%

Anorexia
Grade 2

3
3 4.3 1.4–12.6%

Asthenia
Grade 2

3
3 4.3 1.4–12.6%

Nausea
Grade 2

3
3 4.3 1.4–12.6%

Odynophagia
Grade 2

3

3
2
1

4.3 1.4–12.6%

Dyspnea
Grade 1

1
1 1.5 0.2–9.6%

Hypothyroidism
Grade 2

1
1 1.5 0.2–9.6%

Some patients experienced more than one toxicity.

No cardiac dysfunction or significant change in echocardiographic parameters eval-
uated during treatment or follow-up was reported in these series. Finally, as regards
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late toxicities, hypothyroidism was reported in only one patient who needed thyroid
hormone replacement.

As of 30 June 2019, the median follow-up was 86 months (95%CI = 68–118). Twenty-six
events occurred with a median time to progression from WLI of 10 months (range = two
to 46 months). The three-year and five-year OS were 72.9% (95%CI = 60.4–82) and 69.8%
(95%CI = 57.1–79.3), respectively, while the three-year and five-year EFS were 63.1% (95%CI
= 50.4–73.3) and 61.2% (95%CI = 48.4–71.7), respectively. Univariate analysis for Event-Free
Survival showed statistical significance for primary site (p = 0.0040), type of local therapy
(p = 0.0005), histological necrosis of the primary tumor (p = 0.0003), chest CT chemotherapy
response (p = 0.0218) and site of metastases (p = 0.0178) (Table 5). Multivariate analysis
confirmed a decreased risk of disease relapse or progression for patients with good histo-
logical necrosis compared to patients with poor histological necrosis of the primary tumor
[HR = 0.06 (95%CI = 0.01–0.47), p = 0.0073] and for patient who had surgery or surgery
with radiotherapy as a local treatment compared to patients who had radiotherapy alone
[HR = 0.18 (95%CI = 0.04–0.79), p = 0.0235]. Moreover, patients with good histological
necrosis showed a significant decreased risk of death compared to patients with poor
histological necrosis of the primary tumor [HR = 0.08 (95%CI = 0.01–0.63), p = 0.0163]. The
results shown for EFS by primary tumor histological necrosis (Figure 1) were similar to
those observed for OS.
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Figure 1. Event-free survival by primary tumor chemotherapy-induced histological necrosis in lung
metastatic Ewing sarcoma patients. GR = histological good response, PR = histological poor response.

The three-year and five-year PRFS resulted 78.1% (95%CI = 61–88.4) and 70.5%
(CI = 56.3–80.8), respectively. Among these patients who had complete remission of lung
lesions, no event occurred in the subgroup with good histological response of the primary
tumor while those with poor histological response showed a higher risk of pulmonary
relapse (X2 = 10.85, p = 0.0010).



Cancers 2021, 13, 2789 8 of 12

Table 5. Univariate analysis for event-free survival.

Variable Pts Events
3y

%EFS 3y
(95%CI)

Events
5y

%EFS 5y
(95%CI) p Value

Age ≤14 y 31 12 61 (41.6–75.7) 12 61 (41.6–75.7)
0.9634

>14 y 37 13 64.9
(47.3–77.9) 14 61.6

(43.9–75.2)

Primary site Pelvic 21 12 42.9
(21.9–62.3) 13 38.1

(18.3–57.8)
0.0040

Other 47 13 72.1
(56.8–82.8) 13 72.1

(56.8–82.8)

Soft tissue response CR 18 5 71.1
(43.8–86.9) 5 71.1

(43.8–86.9)
0.2295

PR/SD 49 20 59.2
(44.2–71.4) 21 56.7

(41.6–69.3)

Local therapy Surgery 33 9 72.4
(53.6–84.6) 9 72.4

(53.6–84.6)

0.0005Surgery + RT 16 3 81.3
(52.5–93.5) 4 74.5

(45.4–89.6)

RT 19 13 31.6
(12.9–52.2) 13 31.6

(12.9–52.2)

Histological necrosis Good 22 1 95.5
(71.9–99.3) 1 95.5

(71.9–99.3)
0.0003

Poor 18 10 44.4
(21.6–65.1) 10 44.4

(21.6–65.1)

Metastatic site Only lung 56 17 69.5
(55.6–79.8) 18 67.2 (53–78)

0.0178
Lung + extra
pulmonary 12 8 33.3

(10.3–58.8) 8 33.3
(10.3–58.8)

Lung
metastases ≤10 46 14 69.5 (54–80.7) 15 66.6

(50.7–78.4) 0.2485
>10 22 11 50 (28.2–68.4) 11 50 (28.2–68.4)

Bilateral 52 21 59.3
(44.7–71.3) 21 59.3

(44.7–71.3)
0.5647

Monolateral 16 4 75 (46.3–71.3) 5 65.6
(34.9–84.5)

Chest CT response CR 42 11 73.8
(57.7–84.6) 12 70.7

(54.1–82.3)
0.0218

PR/SD 26 14 45.6
(25.9–63.3) 14 45.6

(25.9–63.3)

Busulfan IV 42 19 54.5
(38.3–68.1) 19 54.5

(38.3–68.1)
0.0824

OS 26 6 76.9
(55.7–88.9) 7 72.9

(51.4–86.1)

WLI start from ASCT >90 days 17 7 58.8
(32.5–77.8) 7 58.8

(32.5–77.8)
0.8484

≤90 days 51 18 64.5 (49.8–76) 19 61.8
(46.8–73.8)

CR = complete response, PR = partial response, SD = stable disease, RT = radiotherapy, IV = intravenous, OS = oral.
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4. Discussion

Few published data to evaluate the feasibility of WLI combined with high-dose
chemotherapy are available, due to the relatively limited number of cohorts and the lack of
treatment homogeneity across the studies [34]. This study is the largest report on toxicity
and outcome following BU-MEL and WLI in lung metastatic ES.

The peculiarity of this study lies in the use of lower doses (12 or 15 Gy) than the
standard doses recommended by the international guidelines [20]. The reason for the
choice of lower doses lies on the higher risk of severe pulmonary toxicities expected with
the combination of BU-MEL and standard dose WLI, as reported in other cooperative
studies [12,25,26].

After the combined treatment BU-MEL and WLI, almost a quarter of patients devel-
oped radiological or clinical toxicity, in the majority of cases CTCAE grade 1 or 2. Only
5.9% of patients developed one or more grade 3 clinical toxicity, all resolved during the
follow-up. Overall, toxicities observed were manageable and therefore we can consider the
association of BU-MEL and WLI at reduced doses as feasible. However, our study demon-
strated that a high level of monitoring patients is required both by radiological examination
and functional respiratory tests, particularly in the first months after treatment.

The minimum time interval of eight weeks between BU-MEL and WLI may have
contributed to limit the incidence and the grade of the observed toxicities. In a recent
review, a time interval of 30–60 days between HDCT and WLI showed a significant impact
on pulmonary function disorders [34].

Regarding late toxicities, we reported only one patient who developed grade 2 hy-
pothyroidism requiring thyroid hormone replacement. Screening for thyroid function
during follow-up, including thyroid ultrasound in selected cases, as well as a longer
follow-up are needed to determine the onset of thyroid disorders and secondary thyroid
malignancies in this cohort of patients.

The Euro-Ewing-Intergroup EE99 and Ewing 2008 trials, which randomized patients
with pulmonary metastatic disease alone to HDCT with BU-MEL or to standard consolida-
tion chemotherapy with WLI, reported no statistically significant difference between the
two arms in terms of survival [14]. Since in these trials WLI was combined only to standard
chemotherapy, the comparison of outcomes with our study considered the BU-MEL arm of
the as-treated population, which included 123 patients, and the group of 56 patients in our
series with only lung metastases. The three-year EFS of 57.7% (48.8–66.2) were poorer com-
pared with the three-year EFS of 69.5% (55.6–79.8) of our study. Due to the different nature
and treatment modality between the two studies, the benefit of adding WLI to HDCT with
BU-MEL can only be assumed and should be confirmed in a randomized study.

Previous studies found complete resolution of lung metastases after induction chemother-
apy to correlate with survival in ES [13,18,34]. Our data confirm this observation. However,
the strongest correlation was observed between chemotherapy-induced histological necro-
sis of the primary tumor and survival. In particular, by analyzing the three-year and
five-year PRFS, pulmonary relapses occurred only in patients with poor histological re-
sponse of the primary tumor. Since these are all patients with complete response of the lung
lesions after induction chemotherapy, it could be speculated that in some histologically
poor-responder patients the combined strategy BU-MEL with WLI was not able to eradicate
the microscopic malignant cells in the lung. These results raise the question of whether a
different treatment stratification based on the histological response of the primary tumor is
needed in lung metastatic ES.

As a future direction, less toxic RT or high-dose chemotherapy regimens should be
explored too. Modern RT techniques, including intensity-modulated radiotherapy (IMRT),
proton therapy, superior cardiac protection and 4D lung volumes dose coverage, might
reduce the risk of treatment-related adverse effects [23,35]. High-dose chemotherapy
regimens containing treosulfan, which is a hydrophilic analogue of busulfan, should be
more extensively evaluated in combination with WLI [24], since treosulfan is expected to
have a better toxicity profile than busulfan [36].
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5. Limitations

The main limitation of this study was its retrospective nature, although all patients
were enrolled into the two prospective and consecutive ISG/AIEOP treatment protocols for
metastatic ES. The long study period is also to be considered. However, the eighteen-years
study period was chosen because the consolidation phase of the two consecutive treatment
protocols remained substantially unchanged over time, allowing us to assess even very-late
toxicities. Some patients did not undergo spirometry at the scheduled timing and this may
have partially influenced the assessment of pulmonary toxicity after WLI. Furthermore, the
outcome analysis was per protocol, since the participating Centers were asked to send only
data of those patients who completed the scheduled treatment. This is the main reason of
better survival curves observed for this study compared to the intention to treat analysis
previously reported [13].

6. Conclusions

Our data suggest that WLI at recommended doses and time intervals after BU-MEL
is feasible and might contribute to reduce the pulmonary relapse and the risk of death in
lung metastatic ES with responsive disease. Differently, further studies are needed to better
define the treatment strategies in the group of patients with poor histological response
of the primary tumor. Finally, the results of this study provide support for considering
the treatment stratification based on the histological response of the primary tumor in ES
patients with lung metastases.

Looking forward to innovative therapies, a prospective randomized trial should be
undertaken to compare the different treatment strategies in terms of efficacy and toxicity.
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