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Simple Summary: Radiation-induced soft tissue sarcomas (RISs) are rare cancers with a dire progno-
sis caused by past radiation therapy. Due to their low recurrence, they are poorly understood. The
aim of this systematic review was to analyze how RIS is treated, and the outcomes that patients face.
After reviewing 21 studies with 1371 RIS patients, it was found that surgery was the most common
treatment, with chemotherapy and radiotherapy used less frequently. The most common histological
type was undifferentiated pleomorphic sarcoma (42.2%). Patients with RIS had a 5-year survival rate
of 45% and high rates of local recurrence (39%) and cancer spreading (27%). These findings shed light
on the challenges of managing RIS and may guide future research to improve treatment outcomes for
these patients.

Abstract: Introduction: Radiation-induced soft tissue sarcomas (RISs) are rare secondary malignancies
with a dire prognosis. The literature on the management of these tumors remains scarce due to their
low incidence. Our systematic review sought to assess the treatment alternatives and outcomes of
patients with RIS. Methods: A systematic review was conducted following the PRISMA guidelines.
Our study was registered in PROSPERO (ID: CRD42023438415). Quality assessment was performed
using the STROBE checklist. Weighted means for both continuous and categorical values were
calculated. Results: Twenty-one studies comprising 1371 patients with RIS were included. The mean
latency period from radiation to RIS diagnosis was 14 years, and the mean radiation dose delivered
to the primary malignancy was 29.2 Gy. The most common histological type was undifferentiated
pleomorphic sarcoma (42.2%), and 64% of all tumors were high-grade. The trunk was the most
common location (59%), followed by extremities (21%) and pelvis (11%). Surgery was performed in
68% of patients and, among those with an appendicular tumor, the majority (74%) underwent limb-
salvage surgery. Negative margins were attained in 58% of patients. Chemotherapy and radiotherapy
were administered in 29% and 15% of patients, respectively. The mean 5-year overall survival was
45%, and the local recurrence and metastasis rates were 39% and 27%, respectively. Conclusions:
In our study, the most common treatment was surgical resection, with RT and chemotherapy being
administered in less than one third of patients. Patients with RIS exhibited poor oncologic outcomes.
Future studies should compare RIS with de novo STS while controlling for confounders.
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1. Introduction

Radiation-induced soft tissue sarcomas (RISs) are a devastating late complication of
radiation therapy (RT). These neoplasms, which can originate in the bone or soft tissue,
were first defined by Cahan et al. in 1948 [1]. In their study, they established the following
diagnosis criteria: (1) history of radiation therapy; (2) occurrence of the sarcoma within a
previously irradiated field; (3) asymptomatic latency period of several years; and (4) histo-
logic confirmation of sarcomatous nature of the post-irradiation lesion [1]. With a 15-year
cumulative incidence of 3.2 per 1000 people that have received RT, RISs are a rare group
of neoplasms [2]. Nonetheless, incidence of RIS is increasing due to the longer survival of
oncologic patients and more extensive use of RT within this population [3].

RISs typically present as large, high-grade tumors, and exhibit poorer oncologic out-
comes compared to de novo soft tissue sarcomas (STSs) [4-8]. The management of RIS
is similar to that of de novo STS and consists of surgical resection, with or without neo-
adjuvant chemotherapy (QT). The role of RT in RIS, however, remains unclear due to
potential side effects of reirradiation [9]. Due to the condition’s low incidence, compre-
hensive studies on the optimal treatment of RIS are scarce. Notably, there have been no
large prospective studies or randomized controlled trials on the topic and the largest study
currently available includes only 510 patients with RIS [10]. Moreover, the majority of the
RIS literature primarily focuses on tumors arising in the chest wall after the irradiation of
breast carcinoma [2,5,7,11,12]. To our knowledge, there have been no systematic reviews
assessing the oncologic outcomes in this population.

In our systematic review, we sought to answer the following questions: (1) what are
the demographic and clinical characteristics of patients with RIS? (2) What are the most
common treatment strategies of patients with RIS? (3) What are the oncologic outcomes of
patients with RIS?

2. Materials and Methods
2.1. Search Strategy

A comprehensive search of the PubMed and Embase libraries was conducted on
10 September 2023. The following terms and Boolean operators were used: (“radiation-
induced” OR “radiation-associated” OR “post-irradiation” OR “postirradiation” OR “post-
radiation” OR “postradiation”) AND sarcoma AND (bone OR soft tissue). In addition,
we reviewed all included studies to identify references that may have been missed in our
initial search. Our systematic review was registered in PROSPERO (ID: CRD42023438415).

2.2. Eligibility Criteria

To be included in our study, articles had to (1) report oncologic outcomes of RIS located
in the extremities, trunk or pelvis, and (2) include at least ten patients diagnosed with
an RIS in the aforementioned locations. Non-peer-reviewed publications and studies not
written in English, Spanish, German, Italian or Portuguese were excluded.

2.3. Selection, Data Collection and Extraction

A separate search query for each of the two databases used (PubMed and Embase) was
performed. The results were then uploaded into Covidence™ (Veritas Health Information)
and duplicates were removed. Three reviewers (M.L.I.,, KK.L. and G.A.S.) independently
screened studies for eligibility. In case of disagreement, the senior author (J.P.M.) was
consulted, and the final decision was reached by consensus.

Data from the included manuscripts were extracted into a pre-assembled spreadsheet.
The following variables were retrieved: first author, year of publication, study design,
country and institution where the study was performed, age and sex of patients, latency
time and radiation dose (Gy), primary tumor radiated, follow-up, tumor location, tumor
grade and size, histology, treatment characteristics and oncologic outcomes. Treatment
variables retrieved included the percentage of patients receiving surgical management for
RIS and the negative margin rate. For RIS located in the extremities, the type of surgery was
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classified as a limb-salvage surgery or amputation. RT and QT treatment strategy variables
included both neoadjuvant and adjuvant therapies, given that most studies did not specify
the distinction.

For continuous variables like age and follow-up time, we collected mean or median
values based on the reported metric used by the author. We evaluated three oncologic
outcomes: five-year overall survival, local recurrence rate and metastasis rate. Five-year
overall survival was determined based on the Kaplan-Meier estimates reported by each
study. We defined local recurrence as the presence of tumoral tissue in the vicinity of
the former RIS tumor bed or at the end of the amputation stump. Local recurrence and
metastasis rates were calculated as the proportion of patients who experienced the event
of interest at their last follow-up. We chose these outcomes because they were the most
frequently reported in the included studies.

2.4. Study Selection and Characteristics

This systematic review followed the PRISMA guidelines. The search resulted in
1342 titles in PubMed and 525 titles in EMBASE, and the resulting datasets were exported
to Covidence™ (Veritas Health Information). After duplicate removal, three independent
reviewers (M.L.I.,, K.K.L. and G.A.S.) screened all titles and 1620 studies were excluded
(Figure 1). The full manuscripts of 153 studies were then reviewed and a total of 22 articles
met our inclusion criteria and progressed to quality assessment.

2.5. Quality Assessment

We evaluated study quality using the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) checklist. We employed 10 out of the 22 checklist items,
consistent with prior orthopedic literature [13-16]. Each item received a score from 0 to 2,
where well-described items earned 2 points, partly described items received 1 point and
poorly described items obtained 0 points. Studies with a cumulative score of >15 points
were considered for inclusion. We excluded 1 study due to a low score [17] and 21 studies
were finally included in our systematic review (Figure 1).

2.6. Caracteristics of Included Studies

A total of 1371 patients with radiation-induced sarcomas from 21 studies were included
in our systematic review [3-12,18-28]. The number of patients included ranged from 10 [18]
to 510 [10] (Table 1). The majority of studies were performed in the United States and
all articles were retrospective cohorts (Supplementary Table S1). Date of publication of
included studies ranged from 1986 [22] to 2023 [11].

Table 1. Demographic characteristics of included patients.

Author RIS Age Sex Latency Dose FU
(n) (Years) & (M:F) (Years) & (Gy) & (Months) %
Kao et al. [11] 57 60 * 0.57 * 13+ 283+
Spalek et al. [3] 49 57 * 2.87% 11 ¢+
Callesen et al. [20] 49 67+ 021* 11 ¢+ 204 ¢+
Italiano et al. [10] 510 66 024+ 62.9
Joo et al. [26] 19 56 0.58 * 19.5 434 ¢ 25 ¢
Dineen et al. [23] 55 59 ¢+ 0.67 * 9.33 ¢+ 50 ¢+
Kim et al. [27] 12 48 0.20 12.1 ¢+ 50.4 ¢+ 23.1 ¢+
Riad et al. [4] 44 56 ¢+ 0.69 45 ¢ 12.4 29 ¢
Gladdy et al. [5] 108 58.5 ¢+ 0.73 10+ 10+ 26.7 ¢
Neuhaus et al. [12] 54 58 ¢+ 11 ¢+ 50 ¢+ 53 ¢+
Holt et al. [24] 38 33 073+ 15.4 15.4 23
Thijssens et al. [7] 15 59 0.07 55.5 10.8 26.6
Cha et al. [21] 64 62+ 0.86 * 8.6 P+ 36 ¢+
Fang et al. [6] 14 58.4 0.08 12.6 12.6 24
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Table 1. Cont.
Author RIS Age . Sex Latency'; Dose‘x FU .
(n) (Years) (M:F) (Years) (Gy) (Months)
Lagrange et al. [9] 56 55.5 0.27 133 13.3 38.8
Inoue et al. [25] 11 28.7% 0.59 * 17+
Bloechle et al. [18] 10 51.1 0.11 15.8 39.9 56.4
Brady et al. [19] 113 41+ 0.90* 103+ 50 b+ 37+
Wiklund et al. [8] 20 63 0.10 135 444
Laskin et al. [28] 53 51 0.39 9.6 38.6 23.6
Davidson et al. [22] 20 35.5 16.8 ¢+ 37.3

FU: follow-up; RIS: radiation-induced soft tissue sarcoma. * values in this column refer to the mean. ¢ values
in these cells refer to the median. * calculated from entire study sample and not restricted to RIS located in the
appendicular skeleton, pelvis or trunk.

Studies from databases/registers (n = 2211)
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EMBASE (n = 874)
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y
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Studies excluded (n = 131)
Sample size < 10 (n = 23)
Wrong location (n = 8)
Wrong study design (n =29)
Wrong patient population (n=41)
Variables not of interest (n = 25)
Language (n =5)

Studies assessed for Methodological Quality by
Full-text (STROBE) (n = 22)

—

Studies excluded (n = 1)

Studies included in review (n = 21)

Figure 1. PRISMA flowchart for our literature search and selection of relevant articles.
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3. Data Analysis

Continuous variables were displayed as mean or median values, depending on the
metric used by the study. Categorical variables were reported as proportions, which
we calculated by dividing the total events of interest by the overall at-risk population.
Weighted means for both continuous and categorical values were calculated in order to
adjust for the sample size of each study. All analyses were performed using Microsoft
Excel version 16.73 (Microsoft Corp., Albuquerque, NM, USA) and StataSE 14 (StataCorp.,
College Station, TX, USA).

4. Results
4.1. What Are the Demographic and Clinical Characteristics of Patients with RIS?

A total of 1371 patients with RIS were included with a mean age of 58 at diagnosis,
ranging from 28.7 [25] to 67 [20], a male: female ratio of 0.57 and a follow-up ranging from
20.4 [20] to 62.9 months [10]. The mean latency between the primary tumor and the RIS
was 14.1 years and ranged from 8.6 [21] to 55.5 years [7]. The mean radiation dose received
for the primary malignancy was 29.2 Gy and ranged from 10 [5] to 50.4 Gy [27]. The most
common location was the trunk (59%), followed by extremities (21%) and pelvis (11%)
(Table 2). The mean tumor size was 6.13 cm and 64% of RISs were high-grade. Regarding
RIS histology, the most common histologic subtypes were undifferentiated pleomorphic
sarcoma (UPS) and angiosarcoma (AS), occurring in 42.2 and 25.6% of cases, respectively
(Figure 2).

Table 2. Clinical characteristics of included patients.

Location
Author Trunk Extremity Pelvis High Grade (%) Size (em) * Histology
(%) (%) (%)
Kao etal. [11] 82% 18% 0% 66% * 74 UPS (45%), AS (23%), MPNST (14%), LMS (12%), RS (4%)
Spalek et al. [3] 57% ** 14% ** 29% ** 95% UPS (30%), AS (14%), MFS (12%), MPNST (8%), other (24%)
Callesen et al. [20] 57% 13% 30% 73%* g b+ UPS (48%), AS (25%), Ewing sarcoma (11%), LMS (6%) *
Italiano et al. [10] 58% 16% 10% 43% 5.5 AS (38%), UPS (34%), other (28%)
Joo et al. [26] 21% 26% 26% 94% 5.7 FS (42%), AS (17%), UPS (17%), other (24%)
Dineen et al. [23] 76% 24% 0% 6¢ UPS (100%)
Kim et al. [27] 4.8 ¢+ UPS (33%), AS (6%), CS (3%), other (58%) *
Riad et al. [4] 20% 80% 0% 70% 71 UPS (36%), AS (18%), LS (9%), other (37%)
Gladdy et al. [5] 74% 26% 0% 83%* 5.7* UPS (34%), AS (21%), LMS (12%), FS (12%)
Neuhaus et al. [12] 74% 9% 17% 87%* 8* LMS (28%), UPS (16%), AS (13%) *
Holt et al. [24] UPS (36%), OS (28%), LMS (6.4%), RMS (4.3%)
Thijssens et al. [7] 80% 0% 20% 40% AS (40%), UPS (40%), FS (13%), pleomorphic LMS (7%)
<5 cm: 40%
Chaetal. [21] 60% 40% 0% 79%* >5-10 cm: 37% UPS (23%), FS (15%), AS (15%), LMS (12%) *
>10 cm: 23%
Fang et al. [6] 50% 14% 36% 100% 7.8 UPS (50%), EOS (43%), FS (7%)
Lagrange et al. [9] 46% 10% 16% 55% * UPS (43%) AS (12%) OS (9%), FS (11%) *
Inoue et al. [25] 0% 27% 73% 74% * 9+ FS (62%), UPS (25%), other (13%) *
Bloechle et al. [18] 50% 40% 10% 50% 6.2 UPS (60%), HS (20%)
Brady et al. [19] 87%* 6% OS (21%), UPS (16%), AS/LA (15%) *
Wiklund et al. [8] 50% 15% 35% 100% 8.8 UPS (30%), EOS (20%), S (ég;/;)' LMS (15%), MS (5%), AS
Laskin et al. [28] 69% 17% 14% UPS (77%), FS (9%), EOS (6%), MS (6%), Others (2%) *
Davidson et al. [22] UPS (40%), FS (20%), LA (10%), EOS (10%)

AS: angiosarcoma; CS: chondrosarcoma; EOS: extraskeletal osteosarcoma; FS: fibrosarcoma; HS: hemangiosarcoma;
LA: lymphangiosarcoma; LMS: leiomyosarcoma; LS: liposarcoma; MS: malignant schwannoma; MPNST: ma-
lignant peripheral nerve sheath tumor; OS: osteosarcoma; RMS: rhabdomyosarcoma; UPS: undifferentiated
pleomorphic sarcoma. * values in this column refer to the mean; ¢ values in these cells refer to the median.
* calculated from entire study sample and not restricted to RIS located in the appendicular skeleton, pelvis or
trunk; ** value inferred from proportions.
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Figure 2. Pie chart of the histology distribution of the included RISs. UPS: undifferentiated pleo-
morphic sarcoma; AS: angiosarcoma; LMS: leiomyosarcoma; FS: fibrosarcoma; OS: osteosarcoma;
EOS: extraskeletal osteosarcoma; others: malignant peripheral nerve sheath tumor, pleomorphic
leiomyosarcoma, myxofibrosarcoma, Ewing sarcoma, malignant schwannoma, rhabdomyosarcoma,
hemangiosarcoma, lymphangiosarcoma.

4.2. What Are the Most Common Treatment Strategies of Patients with RIS?

Surgical resection was conducted in 68% of patients, with values ranging from 45% [25]
to 100% [5] (Table 3). The majority of patients (74%) with appendicular RIS underwent limb-
salvage surgery and 26% of them had an amputation as the primary procedure. Negative
margins were reported in 58% of patients, with the rate ranging from 31% [3] to 90% [18].
QT, both neoadjuvant and adjuvant, was administered to 29% of patients, with values
ranging from 0% [18] to 88% [3]. RT for the management of RIS was only described in
10 studies and it was performed in 15% of patients, with values ranging from 0% [12,18] to
53% [11].
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Table 3. Treatment strategies of included patients.

Type of Surgery Negati (Neo)-Ad
- egative (Neo)-Adjuvant eo)-Adjuvant
Author Surgery Limb-Salvage Amputation Surgical Margins RT] QT
Surgery
Kao etal. [11] 66% * 43% * 53% * 47%*
Spalek et al. [3] 67% * 31%* 33% 88% *

Callesen et al. [20] 78% * 80% * 9% * 9% *

Italiano et al. [10] 53% 9% 31%
Joo et al. [26] 94% 95% 5% 74% * 52%

Dineen et al. [23]

Kim et al. [27] 100% 16% 25%
Riad et al. [4] 95% 86% 14% 83% 30% 18%
Gladdy et al. [5] 100% * 69% * 22% * 18%

Neuhaus et al. [12] 72% * 75% * 0% 9% *
Holt et al. [24]

Thijssens et al. [7] 67% 40% 60% 60% 7% 13%
Chaetal. [21] 90% * 47%* 20% *
Fang et al. [6] 93%

Lagrange et al. [9]

Inoue et al. [25] 45% * 20% 80%
Bloechle et al. [18] 100% 90% 10% 90% 0% 0%
Brady et al. [19] 42% *

Wiklund et al. [8]
Laskin et al. [28]
Davidson et al. [22]

QT: chemotherapy; RT: radiation therapy. * calculated from entire study sample and not restricted to RIS located
in the appendicular skeleton, pelvis or trunk.

4.3. What Are the Oncologic Outcomes of Patients with RIS?

The five-year overall survival was 45% among included studies, with values ranging
from 13% [7] to 68% [25] (Table 4). At the last follow-up, 39% of patients had local recurrence,
with values ranging from 20% [11] to 65% [12]. Metastasis occurred in 27% of patients with
RIS, with reported rates ranging from 5% [8] to 67% [7].

Table 4. Oncologic outcomes of included patients.

Local Recurrence Metastasis Rate
Author 5y 08 (% of Total) (% of Total)
Kao et al. [11] 42% * 20% 9%
Spalek et al. [3] 17% 31% * 28% *
Callesen et al. [20] 32% 22% *
Italiano et al. [10] 53%
Joo et al. [26] 50% 26%

Dineen et al. [23] 47% 58%

Kim et al. [27] 45% * 47% * 37%+
Riad et al. [4] 44% 26% 50%
Gladdy et al. [5]

Neuhaus et al. [12] 45% * 65% * 44% *
Holt et al. [24] 51%

Thijssens et al. [7] 13% 40% 67%
Chaetal. [21] 41%* 47% * 28% *
Fang et al. [6] 53% 30% 20%

Lagrange et al. [9] 35% 30% 52%

Inoue et al. [25] 68% *
Bloechle et al. [18] 40% 10%
Brady et al. [19] 41% 8% *
Wiklund et al. [8] 30% 5%
Laskin et al. [28] 37%
Davidson et al. [22] 14% 20%

* calculated from entire study sample and not restricted to RIS located in the appendicular skeleton, pelvis
or trunk.
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5. Discussion

RISs represent an important long-term complication of radiation therapy and patients
display worse outcomes than those with de novo STS when compared with historical
controls. In our study, we found that RIS occurred most commonly in the trunk usually
more than a decade after irradiation of the primary tumor. The most common histologic
subtype was UPS (42.2%). Mainstay treatment consisted of surgical resection, with less
than one third of patients receiving RT or QT. At five years, less than half of the patients
(45%) were alive and 39% and 27% developed local recurrence and metastasis, respectively.
To the best of our knowledge, this study represents the first systematic review performed
to assess the oncologic outcomes of RIS located in the extremities or trunk.

Our study has several limitations. First, due to the rarity of this entity, we included
studies with a small number of patients. Moreover, some of the included studies combined
data of radiation-induced STSs and bone sarcomas or included locations other than the
trunk and limbs in the analysis. Additional cases may have been missed in cohorts that
focused on soft tissue sarcomas but did not make the distinction between de novo STS
and RIS. Second, additional variables such as the type of primary tumor, chemotherapy
regimen, radiotherapy scheme, disease-specific survival, time to local recurrence and
time to metastasis were not available in the majority of included studies. Although this
limitation is inherent to most systematic reviews, it did limit the depth of our analysis.
Third, publication bias may have been present, with studies reporting poorer oncologic
outcomes being less likely to be published. Fourth, our analysis was restricted to RIS and
did not compare outcomes with a controlled cohort of patients with de novo STS due to the
nature of the published literature. This might limit the generalizability of our findings.

In our study, the mean patient age at the time of ST-RIS diagnosis was 58.4 years, and
54% of patients were women. A female predominance in RIS has been previously described
and is attributed to the higher incidence of breast cancer, usually treated with RT, in this
population [8,20]. The mean latency time that we found was 14.1 years. It is hypothesized
that latency period may be linked to both radiation dose and type of sarcoma [26]. Wiklund
et al. stated that there is an inverse relationship between radiation dose and latency time,
implying a threshold dose for developing RIS [8]. Conversely, other authors have suggested
that higher dosages of RT might result in longer latency period times. This is based on the
idea that the malignant transformation of cells is directly proportional to RT dosage up to
a certain point, after which RT reduces the number of at-risk cells. Thus, the risk of RIS
reaches a peak and then decreases as the dosage keeps increasing [22,29].

The most common histological type of RIS was UPS. This is important as the histologi-
cal STS subtype carries prognostic value in terms of overall and disease-specific survival [5].
Moreover, the link between histologic subtype and prognosis has also been demonstrated in
RIS. Studies have reported that UPS and malignant peripheral nerve sheath tumor (MPNST)
RIS have worse oncological outcomes compared to leiomyosarcoma, fibrosarcoma and
myxofibrosarcoma [5]. In addition, there may be a link between latency time and histologic
subtypes [5].

The optimal treatment strategy for RIS remains unknown, Due to its locations within
a previously irradiated field, the therapeutic alternatives for RIS are more limited in
comparison with de novo STS [4]. In our study, approximately two thirds (68%) of patients
with RIS underwent surgery and 58% of them attained negative margins. Although wide
resection is currently considered the cornerstone of RIS management, this procedure has
a lower likelihood of resecting the tumor with negative margins compared to de novo
STS [5,20]. A previous study by Callese et al. reported that RO margins after the resection
of an RIS ranged from 31 to 91% [20]. The ample variability in RO margin rates can be
explained by differences in patient selection for surgical management [20]. Moreover, soft
tissue fibrosis caused by prior RT may further complicate the surgical approach, making
tissue plane identification, the accurate determination of the tumor extent and surgical
field exposure difficult [4]. In addition, soft tissue fibrosis can decrease the effects of
chemotherapy [4]. In our study, only 29% of patients with RIS received chemotherapy,
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lower than the rates reported in the literature for de novo STS. This pattern was not,
however, seen in all studies included: Gladdy et al. reported that chemotherapy was used
at a similar rate in both de novo STS and RIS [5]. It is important to highlight both the
risks and benefits of chemotherapy, especially considering the large proportion of elderly
patients and the fact that, historically, it has been mainly used for palliative care [26]. Novel
discoveries and benefits in local control should incline physicians to use chemotherapy
beyond palliative care and as a potentially useful tool for RIS management.

In our study, only 15% of patients received RT to treat the RIS, highlighting the reluc-
tance of radiation oncologists to reirradiate these tumors. RT as a part of the management
of RIS has been traditionally rejected due to concerns about increased toxicity and compli-
cations from tissue reirradiation [4]. Likewise, reirradiation can interfere with adequate
margin resection, given that irradiated tissue has fibrotic changes that could be confused
with tumoral tissue and vice versa. Riad et al. suggested that patients with locally RIS could
benefit from reirradiation [4]. To consider reirradiation, adequate patient selection is critical
and should consider the surgical margins, previous radiation dosage (Gy), volume of nor-
mal tissue irradiated, estimated normal tissue recovery after RT and presence of adjacent
critical radiosensitive structures. Current RT technologies, such as image-guided radiother-
apy (IMRT), brachytherapy or proton therapy, offer the ability to safeguard normal tissue
while precisely targeting the affected area, providing greater flexibility in incorporating RT
as a fundamental component of the management of RIS [4,20].

Outcomes in patients with RIS have been reported to be worse in comparison with
sporadic STS [10,20,27]. In our study, the five-year overall survival was 45%, similar to
what was found by Gladdy et al. (41%) and Kim et al. (45%) [5,27]. In contrast, Italiano
et al. reported a higher five-year overall survival (51.9%). Their population, however,
only included patients who received surgical management and obtained R0/R1 margins.
Based on their results, they advocated for applying the same surgical curative treatment
intent in RIS as in de novo sarcomas [10]. Even though the latest article reported a better
outcome, still, when compared historically with de novo soft tissue sarcomas, the outcomes
are inferior. The persistent poor overall survival in RIS, despite a recent slight increase
reported by Italiano et al., can be attributed to the intrinsic histopathological characteristics
of RISs, their limited response to adjuvant treatment and the higher rates of local recurrence
and metastasis compared to de novo STS.

Our study found a metastasis rate of 28%, which is lower than the 50-70% rate for de
novo high-grade STS [30-32]. In contrast, Callesen et al. reported a higher metastasis rate
at the time of diagnosis in patients with RIS (22% compared to 10% for de novo STS) [20,32].
This difference can be attributed to the longer latency period and the more aggressive
nature of the RIS tumor [20,26]. We also observed a local recurrence rate of 38%, lower than
previously reported by other studies (ranging from 41 to 65%) [7,12,21], but higher than
the 26% rate reported by Riad et al. [4]. It is worth noting that both our findings and those
described in the literature of RIS are significantly higher than the local recurrence of 6.5
to 9% reported for de novo STS [4,33-35]. Notably, lower local recurrence rates have been
observed in patients with RIS who underwent reirradiation (7.7%), compared to patients
who only received surgical management (34.5%) [4].

6. Conclusions

Our study represents the first and largest systematic review performed to assess
outcomes of patients with RIS. The optimal treatment strategy for this rare entity remains
unknown, yet expanding treatment strategies beyond surgical resection is supported by
more recent studies. In our study, the most common treatment was surgical resection,
with RT and chemotherapy being administered in less than one third of patients. Patients
with RIS exhibited poor oncologic outcomes, with the five-year overall survival below
50% and metastasis rate at 27%. Local recurrence was reported in 39% of patients. Future
studies should evaluate the efficiency of combined treatment strategies on this very rare
and unique group of patients. Moreover, studies should compare RIS with de novo STS
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while controlling for confounders to have additional insight on the biologic behavior of
these tumors.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers15235584 /s1, Supplementary Table S1: Additional
information on included studies.

Author Contributions: Conceptualization, ].P.-M. and M.R.G.; methodology, M.L.I. and M.R.G.;
software, M.R.G.; validation, M.L.I. and M.R.G.; formal analysis, M.R.G. and M.L.I; investigation,
M.LI; data curation, M.L.I,, KK.-L., K.R.-A. and G.A.E.S,; writing—original draft preparation, M.L.I.,
KXK.-L. and K.R.-A.; writing—review and editing, M.R.G. and ].P.-M.; supervision, ]J.P.-M.; project
administration, M.L.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available in this article (and
Supplementary Materials).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cahan, W.G.; Woodard, H.Q.; Higinbotham, N.L.; Stewart, EW.; Coley, B.L. Sarcoma in irradiated bone. Report of eleven cases.
Cancer 1948, 1, 3-29. [CrossRef] [PubMed]

2. Yap,].; Chuba, PJ.; Thomas, R.; Aref, A.; Lucas, D.; Severson, R K.; Hamre, M. Sarcoma as a second malignancy after treatment
for breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52, 1231-1237. [CrossRef] [PubMed]

3. Spalek, M.].; Czarnecka, A.M.; Rutkowski, P. The management of radiation-induced sarcomas: A cohort analysis from a sarcoma
tertiary center. J. Clin. Med. 2021, 10, 694. [CrossRef] [PubMed]

4. Riad, S.; Biau, D.; Holt, G.E.; Werier, J.; Turcotte, R.E.; Ferguson, P.C.; Griffin, A.M.; Dickie, C.I.; Chung, PW.; Catton, C.N.; et al.
The clinical and functional outcome for patients with radiation-induced soft tissue sarcoma. Cancer 2012, 118, 2682-2692.
[CrossRef]

5. Gladdy, R.A.; Qin, L.X.; Moraco, N.; Edgar, M.A.; Antonescu, C.R.; Alektiar, K.M.; Brennan, M.E; Singer, S. Do radiation-associated
soft tissue sarcomas have the same prognosis as sporadic soft tissue sarcomas? J. Clin. Oncol. 2010, 28, 2064-2069. [CrossRef]
[PubMed]

6. Fang, Z.; Matsumoto, S.; Ae, K.; Kawaguchi, N.; Yoshikawa, H.; Ueda, T.; Ishii, T.; Araki, N.; Kito, M. Postradiation soft tissue
sarcoma: A multiinstitutional analysis of 14 cases in Japan. J. Orthop. Sci. 2004, 9, 242-246. [CrossRef] [PubMed]

7. Thijssens, KM.].; Van Ginkel, R.J.; Suurmeijer, A.].H.; Pras, E.; Van Der Graaf, W.T.A.; Hollander, M.; Hoekstra, H.]. Radiation-
induced sarcoma: A challenge for the surgeon. Ann. Surg. Oncol. 2005, 12, 237-245. [CrossRef]

8. Wiklund, T.A.; Blomqvist, C.P; Réty, ].; Elomaa, I; Rissanen, P.; Miettinen, M. Postirradiation sarcoma. Analysis of a nationwide
cancer registry material. Cancer 1991, 68, 524-531. [CrossRef]

9. Lagrange, ].L.; Ramaioli, A.; Chateau, M.C.; Marchal, C.; Resbeut, M.; Richaud, P.; Lagarde, P.; Rambert, P,; Tortechaux, J.; Seng,
S.H.; et al. Radiation Oncology Sarcoma after Radiation Therapy: Retrospective Multiinstitutional Study of 80 Histologically
Confirmed Cases 1. Radiat. Oncol. 2020, 216, 197-205.

10. Italiano, A.; Bringer, S.; Blay, J.Y.; Bonvalot, S.; Le Cesne, A.; Le Loarer, F.; Maingon, P. Patterns of Care and Outcome Radiation-
Induced Soft Tissue Sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2019, 103, 449-452. [CrossRef]

11. Kao, E.Y;; McEwen, A.E.; Aden, ].K.; Schaub, S.K.; Ricciotti, R.W.; Mantilla, J.G. Clinical and Pathologic Characterization of
94 Radiation-Associated Sarcomas: Our Institutional Experience. Int. J. Surg. Pathol. 2023, 31, 532-547. [CrossRef]

12.  Neuhaus, S.J.; Pinnock, N.; Giblin, V,; Fisher, C.; Thway, K.; Thomas, ].M.; Hayes, A. Treatment and outcome of radiation-induced
soft-tissue sarcomas at a specialist institution. Eur. J. Surg. Oncol. 2009, 35, 654—659. [CrossRef] [PubMed]

13.  Bryce-Alberti, M.; Gonzalez, M.R.; Quevedo-Ramirez, A.; Pretell-Mazzini, J. Squamous Cell Carcinoma Arising from Chronic
Osteomyelitis in the Extremities: Treatment Approach and Oncological Outcomes—A Systematic Review of the Literature. J. Skin
Cancer 2022, 2022, 2671420. [CrossRef]

14. Inchaustegui, M.L.; Ruiz, K.; Gonzalez, M.R.; Pretell-Mazzini, J. Surgical Management of Metastatic Pathologic Subtrochanteric
Fractures: Treatment Modalities and Associated Outcomes. JBJS Rev. |. Bone Joint Surg. 2023, 11. [CrossRef] [PubMed]

15. Gonzalez, M.R.; Bryce-Alberti, M.; Leon-Abarca, ].A.; Pretell-Mazzini, J. Brain Metastases in Patients with Soft-Tissue Sarcomas:
Management and Survival-A SEER Population-Based Cohort Study. J. Am. Acad. Orthop. Surg. Glob. Res. Rev. 2021, 5, €21.00219.
[CrossRef]

16. Fanfan, D.; Alvarez, ].C.; Gonzalez, M.R.; Larios, F.; Shae, J.; Pretell-Mazzini, J. Foot and Ankle Soft Tissue Sarcomas-Treatment
and Oncologic Outcomes: A Systematic Review of the Literature. Foot Ankle Int. 2023, 44, 10711007231198516. [CrossRef]

17.  Sheppard, D.G.; Libshitz, H.I. Post-radiation sarcomas: A review of the clinical and imaging features in 63 cases. Clin. Radiol.

2001, 56, 22-29. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers15235584/s1
https://doi.org/10.1002/1097-0142(194805)1:1%3C3::AID-CNCR2820010103%3E3.0.CO;2-7
https://www.ncbi.nlm.nih.gov/pubmed/18867438
https://doi.org/10.1016/S0360-3016(01)02799-7
https://www.ncbi.nlm.nih.gov/pubmed/11955733
https://doi.org/10.3390/jcm10040694
https://www.ncbi.nlm.nih.gov/pubmed/33578934
https://doi.org/10.1002/cncr.26543
https://doi.org/10.1200/JCO.2009.25.1728
https://www.ncbi.nlm.nih.gov/pubmed/20308666
https://doi.org/10.1007/s00776-004-0768-5
https://www.ncbi.nlm.nih.gov/pubmed/15168177
https://doi.org/10.1245/ASO.2005.03.041
https://doi.org/10.1002/1097-0142(19910801)68:3%3C524::AID-CNCR2820680313%3E3.0.CO;2-E
https://doi.org/10.1016/j.ijrobp.2018.09.028
https://doi.org/10.1177/10668969221105626
https://doi.org/10.1016/j.ejso.2008.11.008
https://www.ncbi.nlm.nih.gov/pubmed/19112005
https://doi.org/10.1155/2022/2671420
https://doi.org/10.2106/JBJS.RVW.22.00232
https://www.ncbi.nlm.nih.gov/pubmed/37141383
https://doi.org/10.5435/JAAOSGlobal-D-21-00219
https://doi.org/10.1177/10711007231198516
https://doi.org/10.1053/crad.2000.0599

Cancers 2023, 15, 5584 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bloechle, C.; Peiper, M.; Schwarz, R.; Schroeder, S.; Zornig, C. Post-irradiation Soft Tissue Sarcoma. Pergamon 1995, 31, 31-34.
[CrossRef]

Brady, M.S.; Gaynor, ].J.; Brennan, M.F. Radiation-Associated Sarcoma of Bone and Soft Tissue. Arch. Surg. 1992, 127, 1379-1385.
[CrossRef]

Callesen, L.B.; Safwat, A.; Rose, HK.; Serensen, E.B.; Baad-Hansen, T.; Aggerholm-Pedersen, N. Radiation-Induced Sarcoma: A
Retrospective Population-Based Study Over 34 Years in a Single Institution. Clin. Oncol. 2021, 33, e232-e238. [CrossRef]

Cha, C.; Antonescu, C.R.; Quan, M.L.; Maru, S.; Brennan, M.E,; Aust, ].B. Long-term results with resection of radiation-induced
soft tissue sarcomas. Ann. Surg. 2004, 239, 903-910. [CrossRef]

Davidson, T.; Westbury, G.; Harmer, C.L.; Davidson, M.T. Radiation-induced soft-tissue sarcoma. Br. J. Surg. 1986, 73, 308-309.
[CrossRef]

Dineen, S.P; Roland, C.L.; Feig, R.; May, C.; Zhou, S.; Demicco, E.; Al Sannaa, G.; Ingram, D.; Wang, W.-L.; Ravi, V,; et al.
Radiation-Associated Undifferentiated Pleomorphic Sarcoma is Associated with Worse Clinical Outcomes than Sporadic Lesions.
Ann. Surg. Oncol. 2015, 22, 3913-3920. [CrossRef] [PubMed]

Holt, G.E.; Thomson, A.B.; Griffin, A.M.; Bell, R.; Wunder, J.; Rougraff, B.; Schwartz, H.S. Multifocality and multifocal postradia-
tion sarcomas. Clin. Orthop. Relat. Res. 2006, 450, 67-75. [CrossRef]

Inoue, Y.Z,; Frassica, FJ.; Sim, EH.; Krishnan Unni, K.; Petersen, I.A.; Mcleod, R.A. Clinicopathologic Features and Treatment of
Postirradiation Sarcoma of Bone and Soft Tissue. J. Surg. Oncol. 2000, 75, 42-50. [CrossRef] [PubMed]

Joo, M\W,; Kang, Y.K,; Ogura, K.; Iwata, S.; Kim, ].H.; Jeong, W.J.; Niu, X.; Chinder, P.S.; Kim, H.S.; Seo, S.W.; et al. Post-radiation
sarcoma: A study by the Eastern Asian Musculoskeletal Oncology Group. PLoS ONE 2018, 13, e0204927. [CrossRef] [PubMed]
Kim, K.S.; Chang, J.H.; Choi, N.; Kim, H.S.; Han, I.; Moon, K.C.; Kim, LH.; Kim, H.J. Radiation-induced sarcoma: A 15-year
experience in a single large tertiary referral center. Cancer Res. Treat. 2016, 48, 650-657. [CrossRef]

Laskin Ledr, W.B,; Silverman, T.A.; Enzinger, EM. Postradiation Soft Tissue Sarcomas An Analysis of 53 Cases. Cancer 1988, 62,
2330-2340. [CrossRef]

Taghian, A.; De Vathaire, F,; Terrier, P; Le Monique Auquier, A.; Mouriesse, H.; Grimaud, E.; Sarrazin, D.; Tubiana, M. Long-term
risk of sarcoma following radiation treatment for breast cancer. Int. ]. Radiat. Oncol. Biol. Phys. 1991, 21, 36-367. [CrossRef]
Komdeur, R.; Hoekstra, H.].; van den Berg, E.; Molenaar, W.M,; Pras, E.; de Vries, E.G.E.; van der Graaf, W.T. Metastasis in soft
tissue sarcomas: Prognostic criteria and treatment perspectives. Cancer Metastasis Rev. 2002, 21, 167-183. [CrossRef]

Kawamoto, T.; Hara, H.; Morishita, M.; Fukase, N.; Kawakami, Y.; Takemori, T.; Fujiwara, S.; Kitayama, K.; Yahiro, S.; Miyamoto,
T.; et al. Prognostic influence of the treatment approach for pulmonary metastasis in patients with soft tissue sarcoma. Clin. Exp.
Metastasis 2020, 37, 509-517. [CrossRef] [PubMed]

Wiltink, L.M.; Haas, R.L.M.; Gelderblom, H.; van de Sande, M. A ]. Treatment Strategies for Metastatic Soft Tissue Sarcomas.
Cancers 2021, 13, 1722. [CrossRef] [PubMed]

Cheney, M.D.; Giraud, C.; Goldberg, S.I.; Rosenthal, D.I.; Hornicek, FJ.; Choy, E.; Mullen, J.T.; Chen, Y.-L.; DeLaney, T.E. MRI
surveillance following treatment of extremity soft tissue sarcoma. J. Surg. Oncol. 2014, 109, 593-596. [CrossRef] [PubMed]
Labarre, D.; Aziza, R.; Filleron, T.; Delannes, M.; Delaunay, F.; Marques, B.; Ferron, G.; Chevreau, C. Detection of local recurrences
of limb soft tissue sarcomas: Is magnetic resonance imaging (MRI) relevant? Eur. ]. Radiol. 2009, 72, 50-53. [CrossRef] [PubMed]
Ezuddin, N.S.; Pretell-Mazzini, J.; Yechieli, R.L.; Kerr, D.A.; Wilky, B.A.; Subhawong, T.K. Local recurrence of soft-tissue sarcoma:
Issues in imaging surveillance strategy. Skelet. Radiol. 2018, 47, 1595-1606. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/0959-8049(94)00378-I
https://doi.org/10.1001/archsurg.1992.01420120013002
https://doi.org/10.1016/j.clon.2020.12.009
https://doi.org/10.1097/01.sla.0000128686.51815.8b
https://doi.org/10.1002/bjs.1800730420
https://doi.org/10.1245/s10434-015-4453-z
https://www.ncbi.nlm.nih.gov/pubmed/25743327
https://doi.org/10.1097/01.blo.0000229301.75018.84
https://doi.org/10.1002/1096-9098(200009)75:1%3C42::AID-JSO8%3E3.0.CO;2-G
https://www.ncbi.nlm.nih.gov/pubmed/11025461
https://doi.org/10.1371/journal.pone.0204927
https://www.ncbi.nlm.nih.gov/pubmed/30332455
https://doi.org/10.4143/crt.2015.171
https://doi.org/10.1002/1097-0142(19881201)62:11%3C2330::AID-CNCR2820621113%3E3.0.CO;2-2
https://doi.org/10.1016/0360-3016(91)90783-Z
https://doi.org/10.1023/A:1020893200768
https://doi.org/10.1007/s10585-020-10038-y
https://www.ncbi.nlm.nih.gov/pubmed/32436018
https://doi.org/10.3390/cancers13071722
https://www.ncbi.nlm.nih.gov/pubmed/33917283
https://doi.org/10.1002/jso.23541
https://www.ncbi.nlm.nih.gov/pubmed/24374823
https://doi.org/10.1016/j.ejrad.2009.05.027
https://www.ncbi.nlm.nih.gov/pubmed/19744809
https://doi.org/10.1007/s00256-018-2965-x

	Introduction 
	Materials and Methods 
	Search Strategy 
	Eligibility Criteria 
	Selection, Data Collection and Extraction 
	Study Selection and Characteristics 
	Quality Assessment 
	Caracteristics of Included Studies 

	Data Analysis 
	Results 
	What Are the Demographic and Clinical Characteristics of Patients with RIS? 
	What Are the Most Common Treatment Strategies of Patients with RIS? 
	What Are the Oncologic Outcomes of Patients with RIS? 

	Discussion 
	Conclusions 
	References

