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1. Introduction

Due to the rarity and heterogeneity of soft tissue sarcoma (STS), investigating new
treatments for this condition has been challenging. Although intensive chemotherapy and
the establishment of surgical procedures have improved the outcome of patients with STS,
there are ongoing issues such as limited anticancer agents, a high incidence of postoperative
complications, and an unsatisfactory curative rate for recurrent/metastatic STS. To improve
the clinical outcomes of patients with STS, there is a need for further investigations into
molecular biology, the microenvironment, anticancer agents, and the management of STS.
Thus, this Special Issue collates various high-quality original/review articles on basic and
clinical research into STS.

2. An Overview of Published Articles

This Special Issue comprises both original and review articles focusing on systemic
treatment and complications in STS management. Grünwald et al. conducted a prospective
phase 4 study assessing the use of trabectedin in 128 patients with STS [contribution 1]. The
progression-free survival rates at 3 and 6 months were 61% and 45%, respectively. Of the
study participants, 1 patient had a complete response, 14 had a partial response, and the
objective response rate was 12%. Common grade 3/4 adverse events included leukopenia
(27%), thrombocytopenia (16%), neutropenia (13%), and increased alanine aminotransferase
(11%). Two patients died as a result of sepsis and pneumonia, and these were deemed to
be treatment-related adverse events. Hoshi et al. investigated the influence of systemic
chemotherapy on skeletal growth in 20 patients (aged ≤18 years) with osteosarcoma
[contribution 2]. According to their findings, systemic chemotherapy did not inhibit skeletal
growth in young patients with osteosarcoma. Fazel et al. summarized the state of the art
of immunotherapy in STS in their review article [contribution 3]. Recent clinical studies
on immune checkpoint inhibitors suggest that the efficacy of this treatment was limited,
necessitating further studies on combination therapies, innovative adoptive therapies, and
biomarkers. To assess global health-related quality of life during treatment with pazopanib
or physician-preferred chemotherapy over a 9-week period, a prospective, randomized,
controlled, multicenter study (PazoQoL) was designed [contribution 4]. Although the study
was discontinued due to the pandemic, continuous electronic patient-reported outcomes
enabled early detection of the onset of deterioration and initiation of countermeasures.
The Time Trade-off demonstrated that the prolongation of life and the side effect profile of
continued therapy failed to meet patients’ expectations.

This Special Issue also includes three articles on gastrointestinal stromal tumors
(GISTs). Management of small gastrointestinal stromal tumors (GISTs), which are less than

Cancers 2024, 16, 1042. https://doi.org/10.3390/cancers16051042 https://www.mdpi.com/journal/cancers
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2 cm in size, remains controversial. Guo et al. reported a high overall mutation rate (96%)
and high mutation rate of oncogenic BRAF-V600E in small GISTs [contribution 5]. Although
previous studies showed a significantly lower mutation rate of small GISTs compared with
large tumors [1–3], these results indicate that genetic alterations are common in early GIST
generation. Alfagih et al. presented pathological data, management strategies, and clinical
outcomes of 248 patients diagnosed with GISTs in a single cancer center [contribution 6]. At
diagnosis, 206 patients (83%) had a localized tumor. A total of 213 patients (86%) underwent
curative surgical resection, while 49 patients (20%) underwent adjuvant imatinib. The
5-year overall survival rates of patients with low-, intermediate-, high-risk, and advanced
tumors were 100%, 94%, 91%, 88%, and 65%, respectively. Univariate analysis revealed
that the location of the tumor, Eastern Cooperative Oncology Group performance status,
secondary malignancy, size, and mitosis were predictors for overall survival. GISTs are
believed to be resistant to radiation therapy [4]. On the other hand, objective responses
to radiation therapy have been described in case reports and cases series [5,6]. To assess
the role of radiation therapy in GISTs, Zhang et al. conducted a systematic review of
radiation therapy for the treatment of GISTs [contribution 7]. In the review, bone was
the site most commonly treated with radiation therapy. In the review, radiation therapy
showed objective response in some patients with advanced or metastatic GISTs, although
no survival benefit was observed. The symptom palliation rate was 79%, and radiation
therapy was generally well tolerated. Further studies on radiation therapy for GISTs are
needed to identify the indication of radiation therapy for GIST.

Although radiation therapy is thought to be an effective treatment option in patients
with high-grade sarcoma, positive margin, or unresectable sarcomas, this type of therapy
increases wound complications. Seidensaal et al. conducted a prospective, one-armed,
single-center phase 1/2 study on preoperative dose-escalated intensity-modulated radio-
therapy (IMRT) and intraoperative radiation therapy (IORT) in patients with retroperitoneal
STS [contribution 8]. In their study, 37 patients underwent preoperative IMRT of 45–50 Gy
with a simultaneous integrated boost of 50–56 Gy, surgery, and IORT. Twenty-seven partici-
pants underwent IORT, thirty-five patients underwent tumor resection, and the surgical
margin was positive in twenty-eight patients (80%) and negative in seven patients (20%).
The 5-year overall survival rate was 60%. The authors described that stratification by
grading and histology should be considered for future studies. Radiation-induced fibrosis,
a severe side effect of radiation therapy, is induced by TGF-β1, Smad2/3 phosphoryla-
tion, and profibrotic target genes [7,8]. Cruz-Morande et al. reported that P144, a TGF-β1
peptide inhibitor, reduced radiation-induced fibrosis and significantly reduced Smad2/3
phosphorylation [contribution 9]. Further studies on the optimal dosage and timing of
P144 administration in model of radiation-induced fibrosis are required. Preoperative
radiation therapy increases the risk of postoperative wound complication in the treatment
of STS. Ouyang et al. conducted a retrospective study using the Oxford University Hos-
pital database [contribution 10], which included 126 patients with STS who underwent
preoperative radiation therapy. In multivariate analysis, age, tumor size, and metastasis
were identified as independent risk factors for major wound complication. They also
used a nomogram, a useful tool that enables clinicians to assess the risk of major wound
complication by graphical calculation of each predictor, and it showed a good predictive
value for major wound complications in this study.

This Special Issue also includes several studies on the management of metastatic
leiomyosarcomas. Delisle et al. conducted a systematic review and pooled analysis to
investigate survival in patients who underwent metastasectomy for leiomyosarcoma and
to compare their outcomes based on the site of metastasis [contribution 11]. The median
survival rates were 73 months for lung metastasectomy, 35 months for liver metastasectomy,
14 months for spine metastasectomy, and 14 months for brain metastasectomy. Two studies
comparing outcomes between patients revealed that metastasectomy was associated with
significantly better survival rates. Although these studies were nonrandomized, these data
suggest that metastasectomy offers numerous clinical benefits. Imura et al. investigated the
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clinical features, outcomes, and prognostic factors of metastatic extrauterine leiomyosar-
coma [contribution 12]. Sixty-one patients with metastatic extrauterine leiomyosarcoma
were included in the retrospective study. The five-year overall survival of the study patients
was 38%. Univariate analysis showed that primary tumor size (>10 cm), initial metastatic
sites >1, synchronous metastasis, and no metastasectomy were significantly associated
with poor overall survival. In multivariate analysis, primary tumor size was identified
as an independent prognostic factor for poor overall survival. Among 24 patients who
underwent metastasectomy, the interval from the initial diagnosis to development of metas-
tasis (≤6 months) was significantly associated with poor overall survival. In 37 patients
without metastasectomy, chemotherapy was significantly associated with better overall
survival. This study suggested that metastasectomy and chemotherapy could improve
overall survival in patients with metastatic extrauterine leiomyosarcoma.

Due to the rarity of angiosarcoma of the breast, the optimal treatment method remains
unclear. Kim et al. reported clinicopathological features, treatment, and oncological out-
comes of primary angiosarcomas of the breast [contribution 13]. In their study, 15 patients
with primary angiosarcoma of the breast underwent surgical tumor resection. The mean
age of the patients was 33 years and mean tumor size was 7.7 cm. The histological grades
were low-grade in three cases, intermediate-grade in five cases, high-grade in six cases,
and unidentified-grade in one case. The 5-year disease-free and overall survival rates were
24% and 37%, respectively. Histological grade was significantly associated with overall
survival (p = 0.024). Because the roles of chemotherapy and radiotherapy remain unclear,
surgical resection with appropriate surgical margin is thought to be the best approach to
treating angiosarcoma of the breast. Mangla et al. investigated the risk of mortality and
prognostic factors for primary hepatic angiosarcoma using the National Cancer Database
(NCDB) [contribution 14]. In their study, 346 patients with primary hepatic angiosarcoma
were included. The mean age of the patients was 63 years. One-third of the patients (36%)
underwent chemotherapy, while 15% underwent surgical tumor resection. The survival
rates in patients with surgical tumor resection and those without surgical resection were
8 and 2 months, respectively (p < 0.001). Patients who underwent chemotherapy had
significantly better survival than patients without chemotherapy (5 months vs. 1 month,
p < 0.001), although no long-term survival benefit was observed.

Kito et al. conducted a retrospective multicenter study that explored the clinical fea-
tures and prognosis of low-grade myofibroblastic sarcoma [contribution 15]. The study
included 24 patients with low-grade myofibroblastic sarcoma; of these, 22 patients under-
went surgical tumor resection and 2 patients underwent radiation therapy. The status of the
surgical margin was R0 in 14 cases, R1 in 7 cases, and R2 in 1 case. The local recurrence-free
survival was 91% at 2 years and 75% at 5 years. The two patients who underwent radiation
therapy showed one complete response and one partial response. This study suggests that
tumor resection with appropriate surgical margin is considered to be the standard treat-
ment, and radiation therapy is an alternative treatment option in unresectable low-grade
myofibroblastic sarcoma.

MicroRNAs (miRNAs), short non-coding RNA molecules, target and modulate various
dysregulated genes and/or signaling pathways in cancer cells. miRNAs are believed
have utility in the diagnosis, prognosis prediction, and treatment of STS. In their review
article, Teo et al. provided an updated discussion of roles and potential use of miRNAs in
management of STS [contribution 16].

A computer-generated 3D tumor model can reveal tumor and adjacent neurovascular
structures. Fang et al. reported that using a computer-generated 3D tumor model of axillary
STS reduced intraoperative blood loss, operative time, and hospital stay [contribution 17].
This technique can be expected to improve operative planning in patients with STS adjacent
to important organs.

Cao et al. developed a theoretical model for thermal nonlinear photoacoustic detection
related to port-wine stain samples [contribution 18].
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Tamura et al. reported a case of pleomorphic rhabdomyosarcoma during the follow-up
of a uterine leiomyoma [contribution 19].

In summary, this Special Issue presents a collection of articles that discuss the latest
basic and clinical studies on STS. Although there are limited treatment options for patients
with STS, recent studies have demonstrated promising therapeutic targets, anticancer
agents, and combinations of these treatments. We hope the articles presented in this Special
Issue will help improve the management of STS. We greatly appreciate the contributions of
the authors of the articles published in this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Background: Few studies have described the characteristics and prognostic factors of
patients with metastatic extrauterine leiomyosarcoma (euLMS). Therefore, we retrospectively inves-
tigated the clinicopathological features, clinical outcomes, and prognostic factors of patients with
euLMS. Methods: We recruited 61 patients with metastatic euLMS treated from 2006 to 2020 and
collected and statistically analyzed information on patient-, tumor-, and treatment-related factors.
The median follow-up period was 21.1 months. Results: Sixty-one patients with euLMS and a median
age of 59 years were included. Furthermore, their five-year overall survival (OS) rate was 38.3%. Uni-
variate analysis revealed that primary tumor size >10 cm, synchronous metastasis, initial metastatic
sites >1, and no metastasectomy with curative intent were significantly associated with poor OS rate.
Multivariate analysis identified primary tumor size >10 cm as an independent prognostic factor for
poor OS. Among 24 patients who received metastasectomy with curative intent, the interval from
the initial diagnosis to development of metastasis ≤6 months was significantly correlated with unfa-
vorable OS. Among 37 patients who did not receive metastasectomy, chemotherapy after metastasis
development was significantly related to better OS. Conclusions: Complete metastasectomy should
be considered for metastatic euLMS treatment. Moreover, chemotherapy could prolong survival in
patients with metastasis who are ineligible for metastasectomy.

Keywords: metastatic extrauterine leiomyosarcoma; overall survival; metastasectomy; chemotherapy

1. Introduction

Leiomyosarcoma (LMS) represents a heterogeneous subset of soft tissue sarcomas
(STSs). Additionally, LMS is a malignant mesenchymal tumor originating from smooth
muscle tissues and accounts for 5–10% of all newly diagnosed STSs [1–4]. LMS is commonly
diagnosed in the fifth and sixth decades of life, and it can appear at almost all anatomic
sites, such as the uterus, retroperitoneum, extremities, and blood vessels.

Surgical resection is the cornerstone treatment for patients with localized LMS, inde-
pendent of the origin site. The standard surgical procedure involves a complete excision
with wide negative margins, offering the best chance of cure. Performing a complete
surgical resection at the initial presentation is the most important prognostic factor for
survival. Despite this optimal local treatment, the rate of metastatic relapse is approxi-
mately 40% [4–6]. Furthermore, metastasis can be present at diagnosis or arise during
treatment and follow-up. Prognosis is poor in the metastatic setting, with overall survival
(OS) ranging from 10 to more than 30 months [4–10].

Two primary categories can be distinguished, uterine LMS (uLMS) and extrauterine
LMS (euLMS) [11]. uLMS is the most common subtype of uterine sarcoma, likely accounting

Curr. Oncol. 2022, 29, 2301–2311. https://doi.org/10.3390/curroncol29040187 https://www.mdpi.com/journal/curroncol
6



Curr. Oncol. 2022, 29

for the single largest site-specific LMS group [12]. First, gene expression profiling studies
suggest a small difference between uLMS and euLMS [13]. Second, several studies suggest
that uLMS differs in sensitivity to chemotherapy compared with other STS subtypes [14].
Finally, factors influencing the prognosis for patients with metastatic euLMS are not well
described, and limited data regarding responses to systemic therapy are available.

This retrospective study investigates the clinicopathological features, clinical course,
treatment outcomes, and prognostic factors in patients with metastatic euLMS treated at
our institutions.

2. Materials and Methods

We designed a two-institutional retrospective study conducted in Osaka University
Hospital and Osaka International Cancer Institute. We collected clinical and pathologic
information for patients with metastatic euLMS treated at our institutions between January
2006 and December 2020. Patients’ eligibility criteria included metastatic euLMS diagnosis,
pathologically confirmed by a musculoskeletal tumor pathologist at each institution. The
Institutional Review Board approved this study.

Sixty-one patients with metastatic euLMS treated at our hospitals were included in
this study. The median follow-up period was 21.1 months (range, 1.8–158.8 months). In-
formation on patient-related factors (age and sex), tumor-related factors (site of primary
lesions; tumor size, depth, and histological grade; metachronous or synchronous metas-
tasis; duration from the date of initial diagnosis to that of metastasis development; and
the number of initial metastatic sites and lesions), treatment-related factors (surgery of
the primary tumor and metastatic lesions and chemotherapy and radiotherapy status),
local and distant relapse, follow-up period, and oncological outcome at final follow-up
were anonymously collected from patients’ medical charts. Synchronous metastasis was
defined as that presenting simultaneously as the primary tumor diagnosis. In contrast,
metachronous metastasis was defined as that developing after completion of the initial cu-
rative treatment. Unfortunately, we could not obtain data on tumor grade in three patients
who received their first surgeries at other hospitals.

Objective responses to chemotherapy were determined by Response Evaluation Cri-
teria in Solid Tumors, v.1.1 (RECIST v.1.1). ORR (objective response rate) was defined as
the proportion of confirmed complete response (CR) or partial response (PR) to the best
response. However, DCR (disease control rate) was defined as the percentage of confirmed
CR, PR, or stable disease (SD) to the best response. We calculated the OS rate from the date
of metastasis diagnosis to death from any cause or the last follow-up visit. Furthermore,
progression-free survival (PFS) was defined as the duration from the date of chemotherapy
initiation to that of radiographic progressive disease (PD), discontinuation due to adverse
events, death from any cause, or the last follow-up visit. In addition, we calculated the
OS rate and PFS using the Kaplan–Meier method and evaluated the impact of prognostic
factors using the log-rank test in a univariate analysis. We conducted multivariate anal-
ysis using the Cox proportional-hazards model, with variables chosen using a forward
conditional stepwise approach. Hazard ratios (HR) were listed with their 95% confidence
intervals (CIs). Differences were considered significant when p-values were <0.05. EZR
software (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical
user interface for R (The R Foundation for Statistical Computing, Vienna, Austria), was
used for statistical analyses.

3. Results

3.1. Patient-, Tumor-, and Treatment-Related Characteristics

Patient-, tumor-, and treatment-related characteristics of the 61 cases are presented
in Table 1. The 25 male (41%) and 36 female (59%) patients had a median age of 59 years
(range, 25–85 years) at metastatic disease diagnosis. Thirty-four patients (55.7%) were
≤60 years, and 27 patients (44.3%) were >60 years.
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Table 1. Patient-, tumor-, and treatment-related characteristics and univariate analysis of prognostic
factors for OS in 61 patients with metastatic euLMS. OS, overall survival; euLMS, extrauterine
leiomyosarcoma; N.A., not available.

Factors N (%) Median OS (Months) p Value

Age ≤60 34 (55.7) 38.8
0.175>60 27 (44.3) 23.3

Sex
Male 25 (41) 23.3

0.112Female 36 (59) 55.9

Primary site

Extremity 22 (36.1) 29.9

0.502
Trunk 9 (14.8) 83

Retroperitoneum 17 (27.9) 30.4
Others 13 (21.3) 28.2

Size
≤10 cm 37 (60.7) 55.9

<0.001>10 cm 24 (39.3) 17.1

Depth Superficial 10 (16.4) N.A.
0.093Deep 51 (83.6) 29.9

Grade
2 25 (43.1) 41.3

0.2443 33 (56.9) 23.3
N.A. 3 - -

Presenting status Metachronous 41 (67.2) 38.8
0.021Synchronous 20 (32.8) 24.7

Number of initial
metastatic sites

1 48 (78.7) 41.3
0.034>1 13 (21.3) 23.4

Resection of primary
tumor

Yes 53 (86.9) 32.2
0.071No 8 (13.1) 24.7

Metastasectomy with
curative intent

Yes 24 (39.3) 88.3
<0.001No 37 (60.7) 23.3

Chemotherapy Yes 48 (78.7) 32.2
0.917No 13 (21.3) 23.3

Radiotherapy Yes 24 (39.3) 30.7
0.91No 37 (60.7) 29.9

Sites of primary lesions were the extremities in 22 (36.1%), trunk in 9 (14.8%), the
retroperitoneum in 17 (27.9%), and others in 13 (21.3%) patients. The tumor size was
≤10 cm in the greatest dimension in 37 patients (60.7%) and >10 cm in 24 patients (39.3%),
with a median size of 8 cm (range, 2.3–24 cm). The tumor depth was categorized as either
superficial or deep in the investing fascia. Ten patients (16.4%) had superficial tumors,
and fifty-one (83.6%) had deep tumors. Furthermore, we determined the histological
grade using the Fédération Nationale des Centers de Lutte Contre le Cancer (FNCLCC)
grading system [15]. Twenty-five patients (43.1%) had FNCLCC Grade 2 tumors, and
thirty-three (56.9%) had FNCLCC Grade 3 tumors. In addition, 41 patients (67.2%) had
metachronous metastases and 20 (32.8%) developed synchronous metastases. For patients
with metachronous metastases, the median interval between initial diagnosis and metastatic
relapse was 14.7 months (range, 2.1–108.2 months). For example, 48 patients (78.7%) had a
single initial metastatic site, and 13 (21.3%) had multiple initial metastatic sites. The most
common sites of initial metastases were the lungs (38 patients, 62.3%), followed by the
liver (10 patients, 16.4%), muscle (10 patients, 16.4%), lymph nodes (7 patients, 11.5%),
and bones (6 patients, 9.8%). Twenty patients (32.8%) had a single metastatic lesion, and
41 patients (67.2%) had multiple metastatic lesions at metastasis diagnosis.

Additionally, fifty-three patients (86.9%) underwent surgery on the primary tumor,
and the remaining eight (13.1%) could not undergo surgery of the primary tumor due to
metastases at the first visit and inoperative local conditions for surgical treatment. Among
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41 patients with metachronous metastases who underwent surgical resection of their
primary tumors, ten (24.4%) received neoadjuvant or adjuvant (or both) chemotherapy. In
addition, nine patients underwent doxorubicin plus ifosfamide regimens. Thirty patients
(49.2%) underwent metastasectomy irrespective of the anatomical site of the metastases. In
addition, twenty-four patients (39.3%) underwent complete resection of metastatic lesions,
defined as metastasectomy with curative intent. The most common initial metastatic
sites where metastasectomy with curative intent was performed were lungs (13 patients),
followed by the liver (4 patients), muscle (4 patients), lymph nodes (2 patients), and skin
(1 patient).

Chemotherapy and radiotherapy for metastatic lesions were given to 48 (78.7%) and
24 (39.3%) patients, respectively. Various chemotherapy regimens, including doxorubicin,
doxorubicin plus ifosfamide, gemcitabine plus docetaxel, pazopanib, trabectedin, and
eribulin, were administered. Furthermore, the median number of chemotherapy regimens
for patients with metastatic euLMS was 2 (range, 1–5). Of the patients evaluable for
response, data for best response, ORR, DCR, and median PFS are described in Table 2.

Table 2. Best response, ORR, DCR, and PFS of chemotherapy regimens. CR, complete response;
PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective response rate;
DCR, disease control rate; PFS, progression-free survival; DXR, doxorubicin; IFM, ifosfamide; GEM,
gemcitabine; DOC, docetaxel; PAZ, pazopanib; TRB, trabectedin; ERB, eribulin.

Regimen N
Best Response

ORR (%) DCR (%)
Median PFS

(Months)CR PR SD PD

DXR 9 0 1 6 2 11.1 77.7 4.9
DXR + IFM 18 1 4 8 5 27.8 72.2 6.1

GEM + DOC 22 0 7 8 7 31.8 68.2 4.5
PAZ 24 0 1 14 9 4.2 62.5 3.5
TRB 9 0 0 4 5 0 44.4 2.1
ERB 14 0 1 8 5 7.1 64.3 3.5

3.2. Survival and Outcomes

At the final follow-up, 12 patients (19.7%) had no evidence of the disease; however,
15 (24.6%) were alive with the disease, and 34 (55.7%) died of the disease. The five-year
OS rate of all patients with metastatic euLMS was 38.3%, with a median OS period of
30.7 months (range, 1.8–158.8 months). Furthermore, among 53 patients who underwent
surgery of the primary tumor, local recurrence developed in 11 (20.8%). Finally, surgical
removal of the local recurrent tumor was performed in five patients.

3.3. Prognostic Factor Analyses

For all 61 patients with metastatic euLMS, primary tumor size (p < 0.001), presenting
status at initial diagnosis (p = 0.021), number of initial metastatic sites (p = 0.034), and
metastasectomy with curative intent (p < 0.001) were significant prognostic factors for OS
in univariate analyses (Table 1; Figure 1a–d). However, multivariate analysis revealed
that primary tumor size >10 cm (HR 2.48; 95% CI 1.137–5.411; p = 0.023) was a significant
prognostic factor for unfavorable OS in all patients (Table 3).

Of the 24 patients who underwent metastasectomy with curative intent, 23 (95.8%)
presented with metachronous metastatic disease. Furthermore, all patients undergoing
metastasectomy with curative intent had undergone surgical resection of the primary tumor
before metastasectomy. Therefore, they had one or two metastatic lesions at a single initial
metastatic site. Fourteen patients (58.3%) received systemic chemotherapy before and/or
after metastasectomy. By univariate analysis, the interval from the initial diagnosis to
metastasis development ≤6 months (p = 0.03) was a significantly poor prognostic factor for
OS (Table 4; Figure 2).
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Figure 1. Kaplan–Meier survival curves in all 61 patients with metastatic euLMS: (a) OS according
to tumor size (≤10 cm vs. >10 cm). (b) OS according to presenting status (metachronous vs. syn-
chronous). (c) OS according to the number of initial metastatic sites (single vs. multiple). (d) OS
according to metastasectomy with curative intent (presence vs. absence of metastasectomy with
curative intent). euLMS, extrauterine leiomyosarcoma; OS, overall survival.

Table 3. Multivariate analysis of prognostic factors for OS in 61 patients with metastatic euLMS. OS,
overall survival; euLMS, extrauterine leiomyosarcoma; HR, hazard ratio; CI, confidence interval.

Factors
Multivariate Analysis

HR 95% CI p Value

Size >10 cm 2.48 1.137–5.411 0.023
1

Synchronous metastasis 1.756 0.701–4.4 0.23
1

Initial metastatic sites > 1 1.039 0.385–2.803 0.94
1

No metastasectomy 2.236 0.773–6.471 0.138
1
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Table 4. Patient-, tumor-, and treatment-related characteristics and univariate analysis of prognostic
factors for OS in 24 patients with metastatic euLMS who underwent metastasectomy with curative
intent. OS, overall survival; euLMS, extrauterine leiomyosarcoma; N.A., not available.

Factors N (%) Median OS (Months) p Value

Age
≤60 13 (54.2) 96.8

0.208
>60 11 (45.8) 88.3

Sex
Male 9 (37.5) 32.2

0.211
Female 15 (62.5) 96.8

Primary site

Extremity 10 (41.7) 32.2

0.513
Trunk 6 (25) 96.8

Retroperitoneum 6 (25) 76.05

Others 2 (8.3) 30.7

Size
≤10 cm 19 (79.2) 96.8

0.101
>10 cm 5 (20.8) 88.3

Depth
Superficial 7 (29.2) N.A.

0.289
Deep 17 (70.8) 83

Grade

2 10 (45.5) 88.3
0.289

3 12 (54.5) 83

N.A. 2 - -

Interval from initial
diagnosis to metastasis

≤6 months 6 (25) 31.1
0.03

>6 months 18 (75) 96.8

Number of initial
metastatic lesions

1 18 (75) 88.3
0.888

2 6 (25) N.A.

Chemotherapy prior to
or after metastasectomy

Yes 14 (58.3) 83
0.351

No 10 (41.7) 88.3

Radiotherapy
Yes 10 (41.7) 83

0.387
No 14 (58.3) N.A.

Figure 2. Kaplan–Meier survival curve of OS according to the interval from the initial diagnosis
to metastasis (≤6 months vs. >6 months) in 24 patients with metastatic euLMS who underwent
metastasectomy with curative intent. OS, overall survival; euLMS, extrauterine leiomyosarcoma.
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Palliative chemotherapy (p < 0.001) was significantly associated with a better prognosis
for OS in 37 patients who were ineligible for metastasectomy with curative intent (Table 5;
Figure 3a). Furthermore, among 30 patients who received palliative chemotherapy, the most
common first-line chemotherapy regimens were doxorubicin plus ifosfamide (10 patients),
followed by gemcitabine plus docetaxel (8 patients), doxorubicin (7 patients), pazopanib
(2 patients), eribulin (2 patients), and trabectedin (1 patient). In addition, the prognosis of
24 patients who had non-PD (PR or SD) during first-line palliative chemotherapy (p = 0.031)
was significantly better than that of 6 patients who had PD (Figure 3b).

Figure 3. (a) Kaplan–Meier survival curve of OS according to palliative chemotherapy (presence vs.
absence of chemotherapy) in 37 patients with metastatic euLMS who were ineligible for metastasec-
tomy with curative intent. (b) Kaplan–Meier survival curve of OS according to the response of first-
line chemotherapy from developing metastasis (non-PD vs. PD) in 30 patients with metastatic euLMS
who were ineligible for metastasectomy with curative intent and received palliative chemotherapy.
OS, overall survival; euLMS, extrauterine leiomyosarcoma; PD, progressive disease.

Table 5. Patient-, tumor-, and treatment-related characteristics and univariate analysis of prognostic
factors for OS in 37 patients with metastatic euLMS who were ineligible for metastasectomy with
curative intent. OS, overall survival; euLMS, extrauterine leiomyosarcoma; N.A., not available.

Factors N (%) Median OS (Months) p Value

Age
≤60 21 (56.8) 24.7

0.152
>60 16 (43.2) 17.1

Sex
Male 16 (43.2) 19.8

0.205
Female 21 (56.8) 30.4

Primary site

Extremity 12 (32.4) 19.8

0.202
Trunk 3 (8.1) 16.1

Retroperitoneum 11 (29.7) 24.7

Others 11 (29.7) 28.2

Size
≤10 cm 18 (48.6) 28.2

0.087
>10 cm 19 (51.4) 17.1

Depth
Superficial 3 (8.1) 16.1

0.696
Deep 34 (91.9) 23.3

12



Curr. Oncol. 2022, 29

Table 5. Cont.

Factors N (%) Median OS (Months) p Value

Grade

2 15 (41.7) 24.7
0.349

3 21 (58.3) 16.1

N.A. 1 - -

Presenting status
Metachronous 18 (48.6) 23.3

0.477
Synchronous 19 (51.4) 19.8

Number of initial
metastatic sites

1 24 (64.9) 23.3
0.702

>1 13 (35.1) 23.4

Resection of
primary tumor

Yes 29 (78.4) 21.3
0.704

No 8 (21.6) 24.7

Chemotherapy
Yes 30 (81.1) 24.7

<0.001
No 7 (18.9) 10.2

Radiotherapy
Yes 14 (37.8) 24.7

0.989
No 23 (62.2) 21.3

The median OS periods for patients with metastatic euLMS diagnosed from 2006 to
2013 and those diagnosed from 2014 to 2020 were 36.8 and 29.9 months, respectively. There
was no significant difference between the two groups (p = 0.742).

4. Discussion

A single-center, retrospective review of 353 patients with primary euLMS identified
size and grade as distinct factors influencing disease-specific survival [16]. However, there
are relatively little data published regarding factors influencing survival in patients with
metastatic euLMS. In our study, the median OS from the diagnosis of metastatic disease
was 30.7 months, which is higher than the data reported by others [4–10]. Furthermore,
univariate analyses of our cohort showed that primary tumor size, presenting status at
initial diagnosis, number of initial metastatic sites, and metastasectomy with curative
intent were associated with significant differences in OS. We identified primary tumor size
>10 cm as an independent risk factor for decreased OS in the metastatic euLMS population.
The histological tumor grade was not significantly associated with survival in univariate
analysis, suggesting that tumor grade did not affect OS after metastasis development.

Surgical resection of primary tumors is considered the primary local treatment for
patients with LMS and localized disease, prolonging their survival [17]. However, treating
metastatic LMS remains a challenge, as a curative treatment for metastatic disease is rare.
The appropriate treatment for patients with metastatic euLMS remains unknown. In
our cohort, surgical resection of primary tumors was performed in 86.9% of all patients
with metastatic euLMS but did not significantly prolong their survival. Patients with
metastatic LMS of any site should be evaluated to determine whether the resection of
metastases may be appropriate. Additionally, favorable five-year survival rates of 38%–52%
following pulmonary metastasectomy for LMS have been reported [18–20]. In this study,
the five-year OS rate of patients with metastatic euLMS who received metastasectomy with
curative intent was 69.5%. They had received surgical resection of primary tumors before
metastasectomy, and most of them had metachronous metastatic disease. These results
suggest that primary and metastatic lesions should be actively treated to obtain maximum
survival time.

Additionally, resection should be considered for patients with a relatively long disease-
free interval and an isolated disease site amenable to complete resection, with an acceptably
low risk of morbidity. However, in our study, all patients undergoing metastasectomy with
curative intent had one or two metastatic lesions at a single initial metastatic site. The
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extended disease-free interval following resection of a primary tumor to the occurrence
of pulmonary metastases has also been demonstrated by several authors to be a positive
predictor of survival. The best results are seen with a disease-free interval of 12 months
or longer [21]. In this study, the interval from the initial diagnosis to development of
metastasis ≤6 months but not 12 months was significantly associated with unfavorable OS
among patients who received metastasectomy with curative intent. However, this finding
could be the result of the patient selection process. Therefore, establishing the benefit of
metastasectomy would require further randomized clinical trials.

Different STS subtypes have recognized variable patterns of chemosensitivity, and
LMS shows moderate sensitivity to chemotherapy. Doxorubicin-based chemotherapy
is commonly used to treat patients with metastatic STS, alone or with ifosfamide [22].
Combining gemcitabine plus docetaxel, unlike other STSs, seems to be effective in LMS as
first- and second-line treatments in patients who have previously received doxorubicin-
based therapy. Furthermore, in the phase III multicenter trial, gemcitabine and docetaxel
vs. doxorubicin as a first-line treatment in previously untreated advanced unresectable
or metastatic soft tissue sarcoma (GeDDiS) did not observe differences in response rate
and PFS from first-line gemcitabine plus docetaxel treatment compared with single-agent
doxorubicin, with both regimens demonstrating activity in LMS [23]. Therefore, regimens
to consider for first-line therapy include doxorubicin-based therapies and gemcitabine plus
docetaxel. In this study, the main reasons for avoiding doxorubicin-based regimens were
advanced age and cardiac dysfunction.

Several regimens have shown activity in LMS as second-line treatment or later. Since
2012, three anticancer drugs, pazopanib, trabectedin, and eribulin, have been approved
in Japan for the second-line or later treatment of patients with advanced STS of any
histologic subtype, including LMS. In the randomized phase III study (the PALETTE trial)
in 372 patients with advanced non-adipocytic STS, pazopanib improved PFS compared
with placebo in STS. However, there was no difference in OS, and ORR was observed in
only 4% of patients [24]. Subgroup analysis by histologic subtype and predictive analysis
for histology subtype using Cox models showed pazopanib to be effective for LMS in
terms of PFS [24,25]. The phase III trial of trabectedin demonstrated trabectedin superiority
over dacarbazine in PFS, but not in ORR or OS [26]. Several studies, including data from
431 patients with LMS of any origin treated in a trabectedin-expanded access program,
demonstrated an ORR of 7.5% in patients with LMS compared with 5.9% among patients
with all-type STS [27]. In the phase III trial of eribulin for L-sarcomas, eribulin demonstrated
superior OS benefit than dacarbazine, but this was not the case for PFS or response rate [28].
Subgroup analysis by histologic subtype of the data for OS showed the effect of eribulin on
LMS to be similar to that of dacarbazine [29].

In our cohort, palliative chemotherapy for patients with metastatic euLMS ineligible
for metastasectomy proved to be of significant prognostic value for better OS. This suggests
that palliative chemotherapy may help prolong the survival of these patients. Patients
with PR or SD to first-line chemotherapy had significantly better OS than patients whose
tumors showed PD regardless of the type of chemotherapy used. It is hoped that biomark-
ers of response that will help to optimize treatment choices for patients with LMS may
be identified.

We believe that our study shows the efficacy of surgery and chemotherapy in patients
with metastatic euLMS. There are several limitations to this study. First, the results of this
study must be interpreted with caution due to its retrospective design and limited sample
size. Second, we could not obtain precise histological grading information in three patients
who received surgical resection of the primary tumor in other hospitals. Third, there was
possible selection bias concerning receipt of surgery and chemotherapy because frail pa-
tients with limited life expectancy are often not offered aggressive multimodality treatment.
Fourth, each physician decided the choice of drugs used. During the study period, we
could use pazopanib, trabectedin, and eribulin since 2012, 2015, and 2016, respectively.
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These limitations should be considered when evaluating the results of this study. Therefore,
further investigations, including a prospective randomized study, are needed.

5. Conclusions

The five-year OS rate of patients with metastatic euLMS was 38.3%. Large primary
tumor size was significantly associated with poor OS in multivariate analysis. Therefore,
complete metastasectomy should be performed for patients with metastatic euLMS whose
primary tumors were resected. Moreover, palliative chemotherapy could prolong sur-
vival in patients who are ineligible for metastasectomy. A multidisciplinary approach for
metastatic euLMS is necessary, and, thus, understanding how to select the best therapies
that may benefit patients with advanced euLMS is important.
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Abstract: Background/Aim: Patients with uterine sarcoma comprise 2–5% of all patients with uterine
malignancies; however, the morbidity of uterine sarcoma is low compared with that of other gyneco-
logical cancers. For many cases, malignant uterine tumors are diagnosed during follow-up of benign
uterine leiomyoma. Of the uterine sarcomas, rhabdomyosarcoma is considered a mixed tumor con-
taining components of epithelial cells and mesenchymal cells. Therefore, the onset of primary uterine
rhabdomyosarcoma during follow-up of uterine leiomyoma is extremely rare. Rhabdomyosarcoma
is a relatively common malignant tumor in children, but rhabdomyosarcoma in adults is extremely
rare, accounting for approximately 3% of all patients with soft tissue sarcoma. Rhabdomyosarcoma
in children is highly sensitive to chemotherapy and radiation therapy; however, the response to
chemotherapy and radiation therapy in adult rhabdomyosarcoma is low and survival in adult rhab-
domyosarcoma with metastatic lesions to other organs is approximately 14 months. We experienced
a case of pleomorphic rhabdomyosarcoma during the follow-up of a uterine leiomyoma. Materials
and Methods: We examined the oncological properties of uterine rhabdomyosarcoma in adults using
molecular pathological techniques on tissue excised from patients with uterine leiomyoma. Result:
A differential diagnosis was made for this case by molecular pathology, which included candidate
biomarkers for uterine smooth muscle tumors. The oncological nature of uterine rhabdomyosarcoma
was found to be similar to the oncological properties of uterine leiomyosarcoma. However, in uterine
rhabdomyosarcoma, LMP2/β1i-positive cells were clearly observed. Conclusion: It is expected that
establishing a diagnostic and treatment method targeting characteristics of mesenchymal tumor cells
will lead to the treatment of malignant tumors with a low risk of recurrence and metastasis.

Keywords: rhabdomyosarcoma; leiomyoma; leiomyosarcoma; mesenchymal tumor

1. Introduction

Uterine mesenchymal tumors are broadly classified into two types: benign and malig-
nant tumors. However, for uterine mesenchymal tumors, cells with various histological
types and cell morphologies are mixed. Furthermore, the components contained within the
cells also vary. Therefore, surgical pathological diagnosis for uterine mesenchymal tumor is
challenging. Uterine sarcoma in gynecologic oncology is a rare disease and, in most cases, it
develops in the uterine body. Therefore, sarcomas that occur outside of the uterus, such as
the vagina, vulva, and ovaries, are extremely rare. In 2020, the International Classification
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for Gynecologic Tumors published by the World Health Organization classified uterine
sarcoma as cancer of the uterine body [1]. As a result, the histological types of uterine
sarcoma are classified as uterine leiomyosarcoma, endometrial stromal sarcoma (low and
high grade), and undifferentiated uterine sarcoma [2]. As a somewhat rare uterine sarcoma,
the development of uterine adenosarcoma, which is a malignant tumor, may occur.

In clinical practice, histopathologically poor prognostic factors for uterine adenosar-
coma include lymphovascular invasion, differentiation into uterine rhabdomyosarcoma,
and overgrowth of sarcoma components [3]. Uterine adenosarcoma is a mixed tumor
consisting of components of benign glandular epithelial tissue and sarcoma tissue. Uterine
adenosarcoma is known to form foliate polyp-like elevated lesions. The incidence of uterine
adenosarcoma is only 1/9 of that observed for uterine carcinosarcoma [4]. The age of onset
of uterine adenosarcoma is younger compared with that of uterine carcinosarcoma and
the results of a clinical study with 100 patients indicated that the distribution by age was
14–89 years, with a median of 58 years [5]. The site of onset of uterine adenosarcoma
is the uterine endometrium in 76% of all cases, the cervix endometrium in 6%, and the
myometrium layer of the uterus in 4%. Atypical components of the sarcomatous tissue
of uterine adenosarcoma are not always pathologically evident. Uterine adenosarcoma
is diagnosed as an intimal or cervical polyp and repeated recurrences occur, thus regular
examination is required. As a treatment for uterine adenosarcoma, like other uterine sarco-
mas, surgery by simple abdominal hysterectomy and bilateral adnexectomy is standard
practice. However, as a clinical treatment for uterine adenosarcoma, the effectiveness of
lymph node dissection and post-operative treatment has not been established. Compared
with other uterine sarcomas, uterine adenosarcoma exhibits a better prognosis, and clinical
studies have indicated that the five-year survival rate is 79% in pre-operative stage I cases
and 48% in cases considered stage III [4].

The pathological findings of uterine adenosarcoma are characterized by spindle-
shaped cells displaying significant fission. In many cases of uterine adenosarcoma, the
expression of cluster of differentiation (CD) 10, an epithelial cell marker, is diffusely positive,
and the expression of alpha smooth muscle actin (αSMA) and desmin, a marker of smooth
muscle cells, is negative [6,7]. In addition, in cases of uterine adenosarcoma, the expression
of the hormone receptors, estrogen receptor (ER) and progesterone receptor (PgR), may
be positive or negative [8,9]. Thus, the expression of these receptors differs depending
on the case. Surgical pathology of uterine rhabdomyosarcoma is performed based on the
differentiation of uterine adenosarcoma into uterine rhabdomyosarcoma and the molecular
pathological characteristics of uterine rhabdomyosarcoma. For uterine rhabdomyosarcoma,
immunohistochemical expression of desmin, muscle-specific actin, myogenin, myogenic
and differentiation antigen 1 (MyoD1) is observed, and the expression status of these
markers can be used as a diagnostic reference for uterine rhabdomyosarcoma [10].

Using surgical pathology, we examined neonatal-sized uterine tumors, pelvic lymph
nodes, para-aortic lymph nodes, and left supraclavicular lymph nodes with bulky mass.
The onset of uterine leiomyosarcoma and malignant lymphoma was suspected based on a
significantly raised abdomen, a large mass on the left subclavian lymph node, ultrasono-
graphic images, computed tomography images, and high lactic acid dehydrogenase (LDH)
levels (3631 U/L). However, based on the results, the patient’s uterine tumor was diagnosed
as a rhabdomyosarcoma originating from the uterus and metastasis to the left supraclavicu-
lar lymph node. The frequency of rhabdomyosarcoma at different sites within the female
genital tract varies by histological subtype [11]. Pleomorphic rhabdomyosarcoma typically
occurs in the corpus. In the lower female genital tract, embryonal rhabdomyosarcoma is
most common in the vagina in children and in the cervix and corpus in adolescents and
adults, whereas alveolar rhabdomyosarcoma is most common in the vulva. We examined
the difference between uterine leiomyosarcoma and uterine rhabdomyosarcoma using
molecular pathological techniques. Our results provide a new molecular marker for the
diagnosis of gynecologic tumors.
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2. Materials and Methods

2.1. Tissue Collection

A total of 101 patients between 32 and 83 years of age and diagnosed as having smooth
muscle tumors of the uterus were selected from pathological files. Serial sections were
cut from at least two tissue blocks from each patient for hematoxylin and eosin staining
and immunostaining. All tissues were used with the approval of the Ethical Committee
of Shinshu University after obtaining written consent from each patient. The pathological
diagnosis of uterine smooth muscle tumors was performed using established criteria
(Hendrickson and Kempson, 1995) with some modification. Briefly, usual leiomyoma
(usual LMA) was defined as a tumor showing typical histological features with a mitotic
index (MI) (obtained by counting the total number of mitotic figures (MFs) in 10 high-
power fields (HPFs)) of <5 MFs per 10 HPFs. Cellular leiomyoma (cellular LMA) was
defined as a tumor with significantly increased cellularity (>2000 myoma cells/HPF) and
a MI < 5, but without cytologic atypia. Bizarre leiomyoma (BL) was defined as a tumor
either with diffuse nuclear atypia and a MI < 2 or with focal nuclear atypia and a MI < 5
without coagulative tumor cell necrosis. A tumor of uncertain malignant potential (UMP)
was defined as tumor with no mild atypia and a MI < 10 but with coagulative tumor cell
necrosis. Leiomyosarcoma (LMS) was diagnosed in the presence of a MI > 10 with either
diffuse cytologic atypia, coagulative tumor cell necrosis, or both. Of the 105 smooth muscle
tumors, 52 were diagnosed as LMA, 3 were BL, 2 were intravenous leiomyomatosis, 58
were uterine LMS, 1 was uterine LANT-like tumor, and 2 were uterine rhabdomyosarcoma.
Of the 58 LMS, 48 were histologically of the spindle-cell type and 10 were of the epithelioid
type. The clinical stage of the LMS patients was stage I in 11 cases, stage II or III in 31
cases, and stage IV in 16 cases. Protein expression studies with cervix epithelium and
carcinoma tissues were performed using tissue array (uterus cancer tissues, AccuMax
Array, Seoul, Korea). Details about tissue sections are indicated in the manufacturer’s
information (AccuMax Array).

2.2. Immunohistochemistry (IHC)

IHC staining for caveolin-1, cyclin B, cyclin E1, large multifunctional peptidase 2/β1i
(LMP2/β1i), Ki-67, desmin, and myogenin was performed using serial human uterine
mesenchymal tumor sections obtained from patients with uterine mesenchymal tumor. A
monoclonal antibody against yclin E1 (CCNE1/2460) was purchased from Abcam (Cam-
bridge Biomedical Campus, Cambridge, UK) and a monoclonal antibody against Ki-67
(clone MIB-1) was purchased from Dako Denmark A/S (DK-2600 Glostrup, Denmark).
Monoclonal antibodies against desmin (clone RM234) and myogenin (clone MGN185)
were purchased from Gene Tex, Inc. (Irvine, CA, USA). The monoclonal antibody against
caveolin-1, cyclin B1, LMP2/β1i were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA). IHC was performed using the avidin–biotin complex method as described
previously [12–14]. Briefly, one representative 5-mm tissue section was cut from a paraffin-
embedded sample of a radical hysterectomy specimen from each patient with a uterine
mesenchymal tumor.

The sections were incubated with a biotinylated secondary antibody (Dako, DK-
2600 Glostrup, Denmark) followed by the streptavidin complex (Dako). The completed
reaction was developed using 3,39-diaminobenzidine and the slides were counterstained
with hematoxylin. Normal myometrium portions in the specimens were used as positive
controls. The negative controls consisted of tissue sections incubated with normal rabbit
IgG instead of primary antibody. Shinshu University approved the experiments according
to internal guidelines (approval no. M192). The expression of cyclin E and Ki-67 was
indicated by brown 3,3′-diaminobenzidine, tetrahydrochloride (DAB) staining. Normal
rabbit or mouse antiserum was used as a negative control for the primary antibody. The
entire brown 3,3′-diaminobenzidine, tetrahydrochloride-stained tissue was scanned with a
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BZ-X800 digital microscope (Keyence, Osaka, Japan). Black dots indicated the expression
of cyclin E and Ki-67.

IHC staining for CD31 and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-
1) was performed on sections from the excised tissue. Briefly, tumor tissue sections were
incubated with the appropriate primary antibodies at 4 ◦C overnight. Rabbit polyclonal
antibodies to LYVE-1 (1:200) and a mouse monoclonal antibody to CD31 (1:200) were the
primary antibodies. A monoclonal antibody for CD31 (clone JC/70A) was purchased from
Gene Tex, Inc. (Irvine, CA, USA). The antibody for LYVE-1 (bs-20353R) was purchased from
Bioss Inc. (Boston, MA, USA). Following incubation with an Alexa Fluor® 488-conjugated
anti-mouse IgG or Alexa Fluor® 546-conjugated anti-rabbit IgG secondary antibody (1:200;
Invitrogen, Waltham, MA, USA), the sections were washed, cover-slipped with mounting
medium and 40,6-diamidino-2-phenylindole (DAPI) (Vectashield; Vector Laboratories,
Burlingame, CA, USA), and visualized by confocal microscopy (Leica TCS SP8, Wetzlar,
Germany) according to the manufacturer’s instructions. Normal rabbit or mouse antiserum
was used as a negative control for the primary antibody. The experiments with human
tissues were conducted at the National Hospital Organization Kyoto Medical Center in
accordance with institutional guidelines (approval no. NHO H31-02).

2.3. Ethical Approval and Consent to Participate

This study was reviewed and approved by the Central Ethics Review Board of the
National Hospital Organization Headquarters in Japan (Tokyo, Japan) and Shinshu Uni-
versity (Nagano, Japan). Ethical approval was obtained on 17 August 2019, and the code
was NHO H31-02. The authors attended educational lectures on medical ethics in 2020 and
2021, which were supervised by the Japanese government. The completion numbers for the
authors are AP0000151756, AP0000151757, AP0000151769, and AP000351128. Consent to
participate was required as this research was considered clinical research. Subjects signed
an informed consent form when they were briefed on the clinical study and agreed with
content of the research. The authors attended a seminar on the ethics of experimental
research using small animals on 2 July 2020 and 20 July 2021. They became familiar with
the importance and ethics of animal experiments (National Hospital Organization Kyoto
Medical Center and Shinshu University School of Medicine). The code number for the
ethical approval for experiments involving small animals was KMC R02-0702.

3. Results

Case 1. On 31 May 2021, a 58-year old woman arrived at our hospital with a markedly swollen
abdomen and swollen left supraclavicular lymph nodes (Supplementary Material S1). Hema-
tological examination before surgical treatment revealed a high LDH value of 3631 U/L
and she excreted a blood clot during long-term follow-up of uterine leiomyoma delivery.
Therefore, we considered a diagnosis of uterine leiomyosarcoma accompanied by uterine
leiomyoma. We performed molecular pathological analysis with multiple index markers
for various soft tissue tumors including candidate biomarkers for uterine leiomyosarcoma
using the tissues removed during surgical treatment.

Macroscopic findings of the excised tissue are shown below. The resected uterine
tumor was markedly hypertrophied, and the findings of the cut surface indicated that the
uterine wall was replaced by a white solid phyllodes lesion with necrosis. A part of the uter-
ine tumor exhibited a hard nodule and calcification that appeared to be uterine leiomyoma.

The pathological findings are shown below. Significant necrosis was observed at
the tumor site on the uterus and a viable mass remained primarily at the margin and
around the blood vessels. Many tumor cells found in a patient’s uterine tumor are round-
shaped cells or short-spindle-shaped cells with a high nuclear-cytoplasmic ratio (N/C).
Furthermore, rhabdoid/rhabdomyoblastic cells, epithelioid cells, cells with bizarre large
nuclei, large multi-nucleated cells, and spindle-shaped cells comprised the uterine tumor.
Many fission cells were also observed in the tumor. Five factors (caveolin, cyclin B, cyclin
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E, LMP2/β1i, Ki-67) were evaluated as markers to differentiate uterine leiomyosarcoma
from other mesenchymal tumors [15,16] (Figures 1 and 2).

Figure 1. Differential expression of cyclin B, cyclin E, caveolin-1, ki-67, and LMP2/b1i as potential biomarkers
in the normal myometrium, uterine leiomyoma, uterine leiomyosarcoma, and the Case 1 uterine tumor.
(A) The image shows spindle cell leiomyoma. Low-power view (10× field) shows a well-circumscribed
tumor nodule in the myometrium composed of broad fascicles of spindle cells. A high-power view
(40× field) shows uterine leiomyoma (spindle cell) with bland cytological features, elongated nuclei, and
fine nuclear chromatin. Immunohistochemistry of uterine leiomyoma tissue sections was performed using
monoclonal antibodies. (B) The image shows uterine epithelioid leiomyosarcoma. Low power view
(10× field) shows a uterine mass and an irregular interface with the myometrium composed of round
to polygonal cells with granular eosinophilic cytoplasm. The presence of significant nuclear atypia and
mitoses is evident. High-power view (40× field) shows tumor cells that are round to ovoid. The tumor
cells have eosinophilic granular cytoplasm and irregular-shaped nuclei. Immunohistochemistry of the
leiomyosarcoma tissue sections was performed using the appropriate monoclonal antibodies. (C) Case 1
uterine tumor appears as an admixture of round, polygonal, bizarre, or spindle cells, with marked atypia,
with or without giant cells and rhabdomyoblasts. Some tumors invaded the lymphatic vessels. Low-power
view (10× field) shows no obvious high-grade nuclear atypia or mitotic cell proliferation, and necrosis is
observed. The high-power view (40× field) showing tumor cells with significant pleomorphism, whereas
some are multinucleated and rhabdomyoblastic differentiation is evident. Immunohistochemistry with the
of normal myometrium, leiomyoma, leiomyosarcoma, and the Case 1 uterine tumor was performed using
appropriate monoclonal antibodies.
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Figure 2. Significance of LMP2/b1i-positive uterine mesenchymal tumor cells in the Case 1 tumor as
well as normal myometrium and uterine leiomyoma. Immunohistochemistry of normal myometrium,
uterine leiomyoma, uterine leiomyosarcoma, and Case 1 uterine tumor tissues was performed using
appropriate monoclonal antibodies. The tissues were randomly selected from normal myometrium,
uterine leiomyoma, uterine leiomyosarcoma, and the Case 1 uterine tumor. Under a 40× field of
view, the positive rates for five biomarkers were determined in four tissue sites under a microscope
(Panthera Shimadzu Co. Ltd., Kyoto, Japan). The positive rates at each site for each tissue are
displayed in a scatter plot. CAV1, caveolin-1; CCNB, cyclin B; CCNE, cyclin E; LMP2, LMP2/β1i.

The expression of caveolin, a candidate biomarker for uterine mesenchymal tumors,
was confirmed in the uterine leiomyoma and uterine tumor of the patient (Figures 1 and 2).
Mild expression of cyclin B, which is considered a biomarker for malignant tumors, was
confirmed in the uterine leiomyosarcoma and uterine tumors of the patient (Figures 1 and 2).
Strong expression of cyclin E and Ki-67, biomarker candidates for malignant mesenchymal tu-
mors, was also observed in the uterine leiomyosarcoma and uterine tumors (Figures 1 and 2).
Previous studies have indicated that the spontaneous onset of uterine leiomyosarcoma
is observed in LMP2/β1i-deficient mice, which is one of the subunits of the immuno-
proteasome [17,18]. In human uterine leiomyosarcoma, the expression of LMP2/β1i is
significantly reduced [17–19]. However, similar to normal uterine smooth muscle tissue
and uterine leiomyoma, strong expression of LMP2/β1i was observed in the uterine tumor
(Figures 1 and 2). These results indicate that the uterine tumor appears to be malignant, as
the possibility of a uterine leiomyosarcoma is low (Table 1).
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Table 1. Differential expressions of SMA, caveolin-1, cyclin B, cyclin E, LMP2, NT5DC2, CD133, and
Ki-67 in human uterine mesenchymal tumors and uterine LANT-like tumor.

Mesenchymal Tumor Types Age
Years

n
Protein Expression *

SMA CAV1 CCNB CCNE LMP2 NT5DC2CD133 Ki-67

Normal 30–80 s 74 +++ - - - +++ - - -

Leiomyoma (LMA)
(Ordinally leiomyoma)
(Cellular leiomyoma)

30–80 s
40

(30)
(10)

+++ ++ -/+ -/(+) +++ -/+ - +/-

+++ ++ -/+ - +++ -/+ +/-

++ ++ -/+ -/(+) ++ -/+ +/-

STUMP 40–60 s 12 ++ ++ + -/+ -/+ -/+ NA +/+++

Bizarre Leiomyoma 40–50 s 4 ++ ++ -/+ + Focal+ + NA +

Intravenous LMA 50 s 3 ++ ++ + + - NA ++ +

Benign metastasizing 50 s 1 ++ ++ + ++ - NA NA ++

Leiomyosarcoma 30–80 s 54 -/+ + ++ +++ -/+ ++ ++ ++/+++

Rhabdomyosarcoma 10 s, 50 s 2 NA ++ -/+ +++ +++ NA NA NA

U.LANT#-like tumor 40 s 1 ++ + NA ++ - NA NA -

* Staining score of expression of SMA (smooth muscle actin), CAV1 (caveolin-1), CCNB (cyclin B), CCNE
(cyclin E), LMP2 (low molecular protein 2), NT5DC2 (5’-nucleotidase domain containing 2) and Ki-67 from
results of IHC experiments. Protein expression *; estimated-protein expressions by immunoblot analysis,
immunohistochemistry (IHC) and/or RT-PCR (quantitative-PCR), -/+; partially positive (5% to 10% of cells
stained), Focal+; Focal-positive (focal or sporadic staining with less than 5% of cells stained), ++; staining
with 5% or more, less than 90% of cells stained, +++; diffuse-positive (homogeneous distribution with more
than 90% of cells stained), -; negative (no stained cells). U.LANT-like tumor (uterine leiomyomatoid an-
giomatous neuroendocrine tumor-like tumor), LMP2 [13,20], cyclin E [13,20], caveolin-1 [13], NT5DC2 [21],
CD133 [15], Ki-67 [13,20]. STUMP (smooth muscle tumor of uncertain malignant potential) [21,22]. Cyclin
E, LMP2, caveolin-1 are potential biomarker for human uterine mesenchymal tumors. LANT #, leiomyoma-
toid angiomatous neuroendocrin tumor (LANT) is described as a dimorphic neurosecretory tumor with a
leiomyomatous vascular component [23]. NA; no answer.

In histopathological diagnosis, desmin, myoglobin, myogenin, MyoD1, αSMA,
and familial hyperinsulinemic hypoglycemia-35 (HHF-35) are used as markers for
myogenic tissue. Desmin and HHF-35 are positive in both striated and smooth muscle
tissues and are positive in many cases including uterine leiomyoma, rhabdomyosar-
coma, uterine leiomyoma, and nodular fasciitis. Myogenin, MyoD1, and myoglobin
are markers specific to striated muscle. Myogenin is highly sensitive and specific
for rhabdomyosarcoma and is useful for differential diagnosis [24]. The results of
immunohistochemical staining indicated strong expression of desmin, a molecular
marker of muscle cells, in the uterine tumor and uterine leiomyosarcoma. Desmin
expression was not evident in the normal uterine smooth muscle tissue (Figure 3).
Strong expression of myogenin, a molecular marker of muscle cells, was observed
in the uterine tumor, whereas high expression of myogenin was not observed in the
uterine leiomyosarcoma (Figure 3). Given the positive status of myogenin, it was
not considered to be a localized ectopic component of other tumors. Mild expression
of synaptophysin, a neuroendocrine marker, and cytokeratin AE1/AE3, a marker of
epithelial cells, was observed in the uterine tumor (Supplementary Material S2).
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Figure 3. Significance of myogenin-positive uterine mesenchymal tumor cells in the Case 1 tumor.
Differential expression of desmin and myogenin as potential biomarkers in normal myometrium,
uterine leiomyosarcoma, and the Case 1 uterine tumor. The photograph shows uterine epithelioid
leiomyosarcoma and normal myometrium. The low power view (10× field) shows the uterine mass
irregular interface with normal myometrium, which is composed of round to polygonal cells with
granular eosinophilic cytoplasm. The presence of significant nuclear atypia and mitoses is evident.
A high-power view (40× field) shows tumor cells that are round to ovoid. The tumor cells have
eosinophilic granular cytoplasm and irregular shaped nuclei. Immunohistochemistry (IHC) with the
tissue sections of leiomyosarcoma was performed using the appropriate monoclonal antibodies (left
upper panel). Case 1 uterine tumor is an admixture of round, polygonal, bizarre, or spindle cells,
with marked atypia, with or without giant cells and rhabdomyoblasts. Some tumors invaded the
lymphatic vessels. The low-power view (10× field) shows no obvious high grade nuclear atypia or
mitotic cell proliferation. The high-power view (40× field) shows that tumor cells exhibit significant
pleomorphism and some show multi-nucleated, rhabdomyoblastic differentiation. IHC with the
Case 1 uterine tumor was performed using the appropriate monoclonal antibodies (left lower panel).
The five tissue sites were randomly selected from normal myometrium, uterine leiomyosarcoma,
and the Case 1 uterine tumor. In a 40× field of view, the positive rates for the two biomarkers were
determined in three tissue sites under a microscope (Panthera Shimadzu Co. Ltd., Kyoto, Japan)
(right panel). The positive rates at the sites for each tissue are shown in a scatter plot.

Circular cells with a high nuclear cytoplasm ratio (N/C) were found in the biopsy
of the tumors of the left supraclavicular lymph node, as well as cells infiltrating the
lymph vessels within the patient’s uterine tumor (Figure 4). In addition, intravascular
infiltration by the uterine tumor cells was observed (Figure 4). Based on this observation,
we determined that the tumor of the left supraclavicular lymph node was not a malignant
lymphoma, but a lymph node metastasis derived from a malignant mesenchymal tumor
originating in the uterus. Lymphatic endothelial cells (CD31 and LYVE1-positive cells),
which were not found in the uterine leiomyosarcoma, were observed in the uterine tumor
(Figure 4). Although lymphatic metastases are rarely found in uterine leiomyosarcoma,
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in pleomorphic rhabdomyosarcoma, distant metastases to other organs and lymph node
metastases are common [25].

Figure 4. Significance of lymphatic endothelial cells in the primary Case 1 uterine tumor. Tumor
cells infiltrating the lymph vessels within the uterine tumor are round cells with a high nuclear
cytoplasmic ratio (N/C) (upper left panel). Circular cells with a high nuclear cytoplasm ratio (N/C)
were also found in the biopsy from the tumor of the left supraclavicular lymph node (upper right
panel). The results indicate that tumor cells from the primary uterine tumor formed metastases in the
left supraclavicular lymph node by lymphatic metastasis. H&E staining and immunofluorescence
of uterine leiomyosarcoma and the Case 1 uterine tumor with an anti-human CD31 (green) and
anti-human LYVE-1 antibody (red) (lower panels). Human vascular endothelial cells and lymphatic
endothelial cells were detected as CD31 and LYVE-1 double-positive cells. The tumor cells from the
Case 1 uterine tumor appear to differentiate into lymphatic endothelial cell progenitors (lower light
panel), but the tumor cells from the uterine leiomyosarcoma do not appear to have differentiated to
lymphatic endothelial cell progenitors (lower left panel).

Based on these molecular pathological results, the patient was diagnosed with pleo-
morphic rhabdomyosarcoma. Pleomorphic rhabdomyosarcoma typically occurs in post-
menopausal patients who present with abnormal vaginal bleeding [11]. The characteristics
of pleomorphic rhabdomyosarcoma are consistent with the clinical findings.

Hematological examination before surgical treatment showed that the ovarian carci-
noma antigen-125 (CA125) value was as high as 82, so it is possible that the giant uterine
tumor may be a malignant tumor derived from epithelial cells, such as endometrial or
ovarian cancer. No obvious malignant cells were observed in the fallopian tube tissue;
however, endometriosis was observed in the tissues of the appendages, including the fal-
lopian tubes. Thus, epithelial cells with nuclear swelling, so-called atypical endometriosis,
were observed. Because CA125 is also produced in the peritoneum, thoracic membrane, or
uterine/endometrial membrane, it is also elevated in benign and inflammatory diseases,
such as benign ovarian cysts, endometriosis, uterine fibroids, inflammation, intestinal
obstruction, pancreatitis, and cholecystitis. Therefore, the cause of high CA125 levels in
patient serum is considered to be endometriosis.
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4. Discussion

Rhabdomyosarcoma is the third most common solid childhood cancer outside of
the central nervous system (after Wilms tumor and neuroblastoma). Rhabdomyosarcoma
accounts for 3–4% of all childhood cancers. It belongs to a group of tumors known as soft
tissue sarcoma and the number of patients with rhabdomyosarcoma is the highest among
soft tissue sarcomas. The incidence of rhabdomyosarcoma in children is 4.3 out of 1 million
annually. Two-thirds of the patients with rhabdomyosarcoma are under seven years of
age. Rhabdomyosarcoma is more common in white ethnicities than in black ethnicities; in
particular, it was shown that rhabdomyosarcoma occurs less frequently in black versus
white girls. Additionally, the onset of rhabdomyosarcoma is slightly more common in boys
than in girls. Multiple organ metastases occur in approximately 15–25% of children with
rhabdomyosarcoma. The lung is the organ in which metastases most frequently occur,
although metastases may also develop in the bone, bone marrow, and various lymph
nodes. Uterine rhabdomyosarcoma consists of cells at various stages of differentiation. In
uterine rhabdomyosarcoma, the expression of desmin, muscle-specific actin, myogenin, and
MyoD1 is evident, and the expression status of these markers may be used as a reference
for the diagnosis of uterine rhabdomyosarcoma [10].

Using immunohistochemical staining, strong expression of desmin, a molecular
marker of muscle cells, was observed in the patient’s uterine tumor and uterine leiomyosar-
coma. Desmin expression was not observed in normal uterine smooth muscle tissue
(Figure 4). Strong expression of myogenin, a molecular marker of muscle cells, was ob-
served in the uterine tumor; however, no expression of myogenin was observed in uterine
leiomyosarcoma (Figure 4). The expression status of other epithelial cell and neuroen-
docrine markers was evaluated in the patient’s tumor. Based on these molecular pathologi-
cal results, the uterine tumor was diagnosed as a pleomorphic rhabdomyosarcoma.

Rhabdomyosarcoma may be classified histopathologically into a fetal type, alveolar
type, and pleomorphic type. Most rhabdomyosarcomas are fetal or alveolar, and occur most
often in the head and neck, limbs, and genitourinary system of children. The pleomorphic
type is believed to be more likely to occur in the limbs of the elderly [26]. For children, the
International Rhabdomyosarcoma Study, which was established in the United States in
1972, has recommended combination therapy with surgery, chemotherapy, and radiation
therapy [27].

According to recent data from the rhabdomyosarcoma study group in Europe, the
United States, and Japan, the three-year progression-free survival rate is 80–100% in the
low-risk group, 50–80% in the intermediate-risk group, and 30–50% in the high-risk group.
Chemotherapy for fetal and alveolar rhabdomyosarcoma includes VAC therapy with
vincristine (VCR), actinomycin D (ACD), and cyclophosphamide (CPA) as standard treat-
ment. However, in adults, pleomorphic rhabdomyosarcoma often develops, and standard
treatment has not been established. In particular, elderly people that do not respond
to VAC therapy have a poor prognosis in many cases. Unfortunately, this case (Case 1:
Supplementary Material S1) was a pleomorphic rhabdomyosarcoma and no response to
VAC therapy was observed (Supplementary Material S1, Supplementary Material S3). In
contrast, the case of embryonal rhabdomyosarcoma (Case 2: Supplementary Material S1)
responded to VAC therapy (Supplementary Material S3).

Vimentin, cytokeratin, and ethylmalonic-adipicaciduria (EMA) are often used to
distinguish epithelial tumors from non-epithelial soft tissue tumors. Vimentin is positive
in many soft tissue tumors and negative in epithelial tumors. Cytokeratin and EMA are
positive in epithelial tumors, but these markers tend to be positive in synovial sarcoma and
epithelioid sarcoma, which have epithelial-like characteristics in soft tissue tumors. For
pathological diagnosis, desmin, myoglobin, myogenin, MyoD1, α-smooth muscle actin, and
HHF-35 are used as markers for myogenic tissues. The expression of desmin and HHF-35
is clearly observed in both striated and smooth muscle tumor tissue. Thus, the expression
of desmin and HHF-35 is also observed in leiomyoma tissue, rhabdomyosarcoma tissue,
benign leiomyoma, and nodular fasciitis tissue. Myogenin, MyoD1, and myoglobin are
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markers specific to striated muscle tissue. In particular, myogenin is useful for surgical
pathological diagnosis because of its high sensitivity and specificity in rhabdomyosarcoma
tissue, whereas α-smooth muscle actin is a marker specific for smooth muscle tissue.

Sarcomas are rare and usually display no specific line of differentiation, although
rhabdomyosarcoma and leiomyosarcoma have been described [28,29]. Recent study shows
that NT5DC2 is aberrantly upregulated in uterine leiomyosarcoma, and the expression
of cyclin B1, cyclin A2, cyclin E1 is dependent on the expression of NT5DC2 [30]. How-
ever, the expression status of NT5DC2 in various mesenchymal tumors, including benign
uterine leiomyoma, has not been clarified. Therefore, it is not clear whether NT5DC2
is a candidate biomarker for differentiating uterine leiomyosarcoma or rhabdomyosar-
coma from other mesenchymal tumors. As pathogenesis for uterine leiomyosarcoma, the
most frequently mutated genes include TP53, ATRX, and MED12; however no specific
pathogenic variant has been identified [31,32]. On the other hand, molecular studies of a
single case of pleomorphic rhabdomyosarcoma revealed PIK3CA and TP53 mutations [33].
Therefore, it is inappropriate to distinguish between uterine leiomyosarcoma and uterine
rhabdomyosarcoma based on the analysis results of pathological variants.

Previous research studies have indicated that the spontaneous onset of uterine leiomyosar-
coma is observed in mice lacking LMP2/β1i, which is a subunit of the immunoprotea-
some [17–19]. In human uterine leiomyosarcoma, the expression of LMP2/β1i is signifi-
cantly reduced [17–19]. However, as with normal uterine smooth muscle tissue and uterine
leiomyoma, strong expression of LMP2/β1i was observed in the patient’s uterine rhab-
domyosarcoma (Figures 1 and 2, Table 1). Therefore, LMP2/β1i may be useful as a marker
for differentiating uterine rhabdomyosarcoma from uterine leiomyosarcoma and other
malignant mesenchymal tumors. The cytogenetic similarities detected thus far between
leiomyoma and malignant muscle tumors (i.e., leiomyosarcoma and rhabdomyosarcoma)
are few, which complicates the diagnosis of uterine leiomyoma and uterine rhabdomyosar-
coma [34].

There are various theories regarding the origin of the development of uterine rhab-
domyosarcoma [35], including Dr. Pfennenstiel’s theory (stromal cell metaplasia), Dr.
Giorke and Nehrkorn’s theory (development of adult striated muscle in the bottom of the
uterine), Dr. Wilms’ theory (development of lumbar mesenchymal cells along the Wolff
canal), and the theory of Dr. Lahn and colleagues (origin of the Muller duct). Dr. Silverberg
reported that rhabdomyosarcoma mixed with mesodermal components may develop from
the mesenchymal tissue around the Muller duct [36]; however, the origin has not yet been
determined [37].

From clinical studies to date, it is not uncommon to observe the development of
malignant uterine leiomyosarcoma over the course of follow-up for benign tumor uterine
leiomyoma. We experienced a case involving the development of uterine rhabdomyosar-
coma from a benign tumor uterine leiomyoma. In this case, when making a surgical patho-
logical diagnosis, the use of candidate biomarkers for uterine leiomyosarcoma assisted us
in the differential diagnosis of a large uterine tumor. Currently, no clinical treatment for
adult rhabdomyosarcoma has been established [38,39]. Further clinical studies should be
conducted to improve the diagnosis and treatment of uterine rhabdomyosarcoma.

5. Conclusions

In uterine mesenchymal tumors, cells with various histological types and cell mor-
phologies are mixed. Furthermore, the components contained within the cells also vary.
Therefore, surgical pathological diagnosis for uterine mesenchymal tumor is not straight
forward. Therefore, the information obtained by the molecular pathological diagnosis
using putative biomarkers for uterine smooth muscle tumor is useful for the differential
diagnosis of other uterine mesenchymal tumors. The case in the present study was diag-
nosed as uterine pleomorphic rhabdomyosarcoma by molecular pathological diagnosis
using candidate biomarkers for uterine smooth muscle tumors.
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Abstract: Radiation-induced fibrosis (RIF) is a severe side effect related with soft tissues sarcomas
(STS) radiotherapy. RIF is a multicellular process initiated primarily by TGF-β1 that is increased
in irradiated tissue, whose signaling leads to intracellular Smad2/3 phosphorylation and further
induction of profibrotic target genes. P144 (Disetertide©) is a peptide inhibitor of TGF-β1 and
is proposed as a candidate compound for reducing RIF associated wound healing problems and
muscle fibrosis in STS. Methods: A treatment and control group of WNZ rabbits were employed to
implement a brachytherapy animal model, through catheter implantation at the lower limb. Two
days after implantation, animals received 20 Gy isodosis, intended to induce a high RIF grade.
The treatment group received intravenous P144 administration following a brachytherapy session,
repeated at 24–72 h post-radiation, while the control group received placebo. Four weeks later, affected
muscular tissues underwent histological processing for collagen quantification and P-Smad2/3
immunohistochemistry through image analysis. Results: High isodosis Brachytherapy produced
remarkable fibrosis in this experimental model. Results showed retained macro and microscopical
morphology of muscle in the P144 treated group, with reduced extracellular matrix fibrosis, with
a lower area of collagen deposition measured through Masson’s trichrome staining. Intravenous
P144 also induced a significant reduction in Smad2/3 phosphorylation levels compared with the
placebo group. Conclusions: P144 administration clearly reduces RIF and opens a new potential
co-treatment approach to reduce complications in soft tissue sarcoma (STS) radiotherapy. Further
studies are required to establish whether the dosage and timing optimization of P144 administration,
in different RIF phases, might entirely avoid fibrosis associated with STS brachytherapy.

Keywords: soft tissue sarcomas; radio-induced fibrosis; brachytherapy; transforming growth factor-
beta1 (TGF-β1); Disitertide; Smad 2/3

1. Introduction

Soft tissue sarcomas (STSs) are uncommon tumors of mesenchymal origin, with
different subtypes having a different prognostic profile. STSs most commonly arise in the
extremities, but can also occur in the trunk and retroperitoneum [1].

STSs account for 1% of all adult malignancies, with a global incidence of 180,000 cases
per year and a mortality of 80,000 patients/year [2]. Extremity soft tissue sarcomas (ESTSs)
are diagnosed frequently with a delay, due to the painless presentation and the rarity of
the disease. For this reason, they often produce large tumor masses, with a mean tumor
diameter of 10 cm at time of diagnosis [3].

Treatment includes surgical resection in combination with radiotherapy. Limb-preserving
surgery combined with radiotherapy has dramatically improved the local control of soft
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tissue sarcoma patients [2,4,5]. However, it still carries a substantial risk of acute side
effects, such as fatigue, nausea, vomitous, diarrhea, hair loss, or skin or mouth damage,
and long-term side-effects that depend on the irradiated tissue and might include heart
complications, breast size changes, damage in the lungs, brachial plexopathy, fertility
problems together with changes in sexual life, and cystitis [6]. Post-radiotherapy fibrosis
in the treatment of childhood soft tissue sarcomas occurs in 80% of patients, in different
degrees of involvement [7], and 95% of patients have radiodermatitis, which has a similar
pathophysiology [8].

Brachytherapy is a modality of radiotherapy used in the treatment of the soft tissue
sarcomas [9,10]. This treatment frequently induces fibrotic processes in the tumor surround-
ing tissues like skin, the skeletal muscle and fascias [11,12], similar to other radiotherapy
modalities. The administration of an early radiation within the first postoperative month is
associated with the highest morbidity, whereas complication rates decrease with time. On
the other hand, postponed radiation may lead to oncological compromises [13].

Although radio-induced fibrosis (RIF) closely resembles the chronic healing of a
traumatic wound, it is subject to irradiation related disturbances, because all the cells and
extracellular components of the irradiated volume tissues have been affected.

Fibrosis is essentially involved in the genesis of late reactions in slowly renewed
healthy connective tissue with a non-compartmentalized structure, such as the dermis and
subcutaneous tissues [14], or vasculo-connective parenchymal tissue [15].

Fibrosis is characterized by the activation and increase of an excessive number of
activated fibroblasts, resulting in the deposition of extracellular matrix proteins such as
collagen and impairment of normal tissue architecture. Although fibrosis is a physiolog-
ical part of wound-healing processes, the excessive accumulation of collagen and other
extracellular matrix components can lead to the destruction of normal tissue architecture
and loss of function [11]. Recent studies have reported that cells other than fibroblasts
also contribute very significantly to the appearance of fibrosis. Among these cells we find
the macrophages resident in the connective tissue, which, as is well known, play a very
important role in maintaining and amplifying the inflammatory response. This important
role is due at least in part to the fact that macrophages are an important source of TGF-β
and, in turn, this TGF-β contributes to the increased production of reactive oxygen species,
which is closely linked to increased inflammation and the appearance of fibrosis [16,17].

Abnormal fibroblast proliferation and differentiation is considered central to fibrosis.
RIF is a multicellular process that begins with the induction of and interaction between
multiple growth factors and cytokines [18]. Among these factors, TGF-β1 levels are in-
creased in irradiated mouse skin [19,20] and decrease slowly after irradiation in both pig
and human skin [21,22].

Following microvascular hard or soft tissue transfer, TGF-β1 is again upregulated
in a biphasic manner. The first expression peak on day 3 post operation is due to the
enhanced activation of latent TGF-β1 by extracellular enzymes while the second peak of
TGF–β1 expression between 14 and 28 days after surgery is the result of de novo synthesis
cascade [23]. Its most important signaling receptor TGFBR2 is upregulated in irradiated
graft beds as well [24]. TGFβ1 signaling leads to increased nucleoplasmatic shuttling of
active Smad2/3 and induction of TGF-β1 target genes in fibrotic healing, which is mainly
due to the decrease in cytoplasmatic levels of the inhibitory Smad7. As a consequence,
the extracellular matrix is qualitatively and quantitatively altered [24,25]. Some of these
alterations are related to Prolyl-hydroxyprolinase-β overexpression that promotes synthesis
of collagen I, III, and IV, while the repression of degrading enzymes such as MMP-1
and induction of tissue inhibitors [24,26,27] suppress the degrading pathways. All these
molecular events induced by active TGF-β1 generates the deposition of an excessive and
dysfunctional extracellular matrix.

TGF-β is a cytokine with a very low half-life, around 2–3 min. It has been demon-
strated that upon activation of its receptor, downstream phosphorylation of Smad 2/3 is
a good marker of TGF-β pathway activity and it is better than direct measurement of la-
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tent/active TGF-β presence [28]. Some drug candidates, such as peptide P144 (Disitertide®—
TSLDASIIWAMMQN), can inhibit TGβ-1 activity and have been successfully tested in
clinical trials for pathological skin fibrosis conditions such as scleroderma [29]

P144 is a poorly soluble hydrophobic peptide derived from the sequence of the extracel-
lular region of TGF-β type III receptor (Betaglycan) and specifically identified to block the
interaction of TGF-β with its membrane receptors, blocking TGF-β1 biological activity in
different in vitro and in vivo models [3,29–31]. P144 inhibits TGFβ1-dependent fibrosis [3]
and also has the potential to present enhancing effects over antitumor immunotherapy [31].

In this study, it is proposed that targeting TGF-β1 with the synthetic peptide P144
(DISIT Biotech, Spain) could be an appropriate strategy for reducing the RIF of the muscle
and thus reducing wound healing problems, which represent the major cause of complica-
tions related with limbs soft tissues sarcomas treatment [32].

2. Material and Methods

2.1. Animals

This study was approved by the Ethical Committee for Animal Experimentation of our
institution (authorization number 032-07) and animal experimentation was conducted in
accordance with Spanish and European legislation and approved by the Spanish National
Research Council (CSIC).

For the study, adult female and male rabbits (aged 3–4 months, weighing 2.5–3 kg)
were used. Rabbits were fed ad libitum with a standard diet and drinking water and
controlled following FELASA (Federation of European Laboratory Animal Science Associa-
tions) recommendations.

The animals were randomly divided in three groups, namely the experimental model
implementation group (n = 5), study group treated with P144 (n = 6), and placebo group
treated with intra venomous (IV) saline vehicle (n = 6). Three rabbits were reserved as
backup specimens if any complication occurs during the study.

2.2. Surgical Technique

The rabbits were intramuscularly anesthetized with a mixture of ketamine (Imalgene®

1000) (35 mg/kg) and Xylacine (Rompun® 2%) (5 mg/kg) before all surgical and irradiation
procedures. Injections were administered with a 1 mL syringe and a 25-gauge needle and
was repeat if required every 30 min, associated with 0.007 mg Fentanil (Fentanest®). After
2–4 min, adopting the aseptic technique, a longitudinal skin incision on the lateral aspect of
the left leg was performed. The hamstrings muscle was recognized and a portion of muscle
of 2 cm3 was resected, then two 6F semiflexible high dose rate brachytherapy catheters were
placed as parallel as possible at 1.0 cm in an intramuscular form in the hamstring. Passing in
a subcutaneous way to the dorsal aspect of the rabbit thorax, the catheters were secured to
the skin by suture stiches and protected with sterilized dressing. As postoperative analgesia,
the animals received Ketoprofen (Ketofen® 10 mg/mL), 0.3 mL/kg intramuscularly every
24 h for three days.

2.3. Brachytherapy

After 48 h, a CT-guided brachytherapy planning was performed for each rabbit with
the BrachyVision™ Brachytherapy Treatment Planning System (v.8.0, Varian, Palo Alto, CA,
USA). Two rabbits of the model development group were irradiated with an Isodosis of
15 Gy, and two with 20 Gy with an Iridium 192 high dose rate (HDR) source in a constant
volume of affected tissue (Figure 1). All the rabbits in the study and control group were
irradiated with an Isodosis of 20 Gy. Immediately after brachytherapy procedures, the
catheters were removed in all the rabbits
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Figure 1. Images of rabbits undergoing brachytherapy procedure. (A) Catheters implantation in
left posterior rabbit’s limb as brachytherapy source applicator (blue arrow). (B) Imaging assur-
ance of correct positioning of catheters through SOMATOM CT Sliding Ganty (C) Air pressure
control of radioactive seeds delivery and positioning with a GammaMedplus IX (Varian Medical
Systems). (D) 2D and 3D imaging guided axial visualization for virtual delivery of radioactive sources
(BrachyVision™).

2.4. Drug Administration

Disitertide® (P144) was manufactured by Polypeptide Group (Strasbourg, France) as
the lyophilized peptide was stored at −80 ◦C before the manipulation peptide vial was
tempered to room temperature and then weighed, resuspended in buffer diazonium salt
of carbonic acid 0.1 M pH 9.5, and sonicated until a homogeneous solution was obtained.
Peptide was IV in the marginal ear veins of the rabbits at doses 10 mg per administration
diluted in 10 mL of buffer (approximately 3.5 mg/Kg). As previously mentioned, this dose
range was shown to be effective in prior published animal models of inflammation and
fibrosis [3,29,33]. Placebo rabbits were injected IV with 10 mL of diazonium salt of carbonic
acid 0.1 M pH 9.5.

The first dose was administrated immediately after the radiotherapy and repeated at
24 and 72 h after the first administration.

2.5. Sacrifice and Histological Examinations

After 4 weeks, the animals were sacrificed with a lethal dose of barbiturates, followed
immediately by a resection of hamstring muscle of the irradiated leg, the muscle samples
were embedded in paraffin after an overnight fixation in 4% polyformaldehyde solutions.
A series of sections were routinely stained with hematoxylin and eosin, Massons trichrome.
The immunohistochemical detection was performed with anti-phosphorylated Smad2/3
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, California) adopting a biotin
peroxidase-based method (ABC, Vector Laboratories, Burlingame, CA, USA).

2.6. Histomorphometric and Immunohistochemical Analysis

Semi-quantitative measurement of the total tissue area, collagen fibers, and positive
P-Smad 2/3 cells area was performed using digital images obtained with a Zeiss Axio-
CamICc3 camera (Plan-Neofluar objective with 0.50 NA) at 20× magnification with an
AxioImager.M1 microscope (Zeiss, Oberkochen, Germany).

The quantification was based on collagen fibers stained in blue with Masson’s Trichrome
and immunohistochemical staining of P-Smad2/3. AxioVision software was used to con-
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form a mosaic image of the whole muscle tissue sample with of different tissue pictures.
We used four sections of each muscle tissue sample. Mosaic images were analyzed using
an in-house developed plug-in for Fiji (a distribution of ImageJ) V1.46b. Individual Images
were analyzed using an in-house developed plug-in for Fiji (a distribution of ImageJ) V1.48v.
Then, images were subjected to threshold to measure the positive staining area of each
marker. Mean intensity of staining value was also measured for all threshold areas. P144
effect over P-Smad 2/3 levels in RIF was presented as the positive stained area versus total
area ratio in comparison with placebo treated group.

2.7. Statistics

The non-parametric Kruskal–Wallis test was used for comparisons between multiple
groups and U Mann–Whitney tests were used for comparisons between two groups. A
p-value of less than 0.05 was considered statistically significant. Statistical analyses of data
were performed using GraphPad Prism 9 for Windows (GraphPad Software, San Diego,
CA, USA).

3. Results

3.1. Animal Model

The proposed animal model presents a plausible manipulation and reproducibility.
All the procedures were properly tolerated by experimental animals and no surgical related
complications were detected. After four weeks placebo and P144 treated groups showed
a weight mean increase of 10.4% and 14.1%, respectively, but without being statistically
different.

3.2. Skin and Articular Range

Interestingly, all rabbits receiving P144 present less area and alopecia intensity in the
skin region affected with brachytherapy application while the placebo group developed a
marked and more extensive alopecia in the same region (Figure 2)

Figure 2. Rabbits skin regions expose to internal brachytherapy. (A) Representative picture of a
rabbits treated with P144. (B) Representative picture of a rabbits treated with placebo. Skin area
affected with post brachytherapy alopecia is indicated with discontinued red line square and catheters
insertion point is indicated with a discontinued blue circle.

Post operated animals´ legs of all groups underwent a range of motion analysis, and
no differences between contralateral legs, hip, and knee were found, discarding surgical
affectation of surrounding joints, muscles, and tendons.

3.3. Muscle Fibrosis

In both animal groups, different amount of muscle disorganization and loss of the
fibrillar patron of the muscle were detected, being qualitatively more evident in the placebo
group. The P144 treated group presents more extensive areas with preserved muscle
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structure in the irradiated tissues associated with less necrosis and a lower presence of
collagen deposition with respect to the placebo group (Figure 3).

Figure 3. Hematoxylin and eosin staining example 5× showing the difference in muscular organiza-
tion: (A) Normal Tissue, (B) P144 group (C) Placebo Group.

To evaluate the tissue collagen content in the muscles, a Masson’s trichrome staining
was performed, generating a mean collagen area of 11% in the P144 treated group with
respect to a 24.9% of collagen-stained areas in muscle of the placebo group (p < 0.007)
(Figures 4 and 5). The evaluation of collagen area in Masson’s trichrome stained tissue
where the brachytherapy catheters were placed showed only 2% of positive area with no
differences between groups.

Figure 4. Masson´s Trichrome staining example 10×: (A) Normal Tissue, (B) P144 group, (C) Placebo
group.

Figure 5. Histological collagen quantification in Masson’s Trichrome stained slides in rabbits muscle
tissue that underwent brachytherapy. Untreated, Placebo and P144 treated animals´ collagen tissue
content. Statistical significance ** p < 0.01 vs. Placebo group.
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3.4. P-Smad2/3 Immunohistochemical Staining

Intravenous administration of P144 induced a significant reduction in Smad2/3 phos-
phorylation levels compared to the placebo group (p < 0.05) four weeks after brachytherapy
as demonstrated in the reduced levels of p-Smad2/3 in the P144 group vs. placebo group
(p < 0.01) (Figures 6 and 7).

Figure 6. Immunohistochemical positive quantification of P-Smad2/3 in stained slides of rabbits’
muscle tissue that underwent brachytherapy. Placebo vs. P144 treated animals’ TGF-β signaling
activation measured as positive detection of p-smad 2/3. Statistical significance ** p < 0.01.

 

Figure 7. Representative Immunohistochemical positive p-Smad2/3 cells in stained slides of rabbits’
muscle tissue Image 20×. (A) Normal Tissue example, (B) P144 group example, (C). Placebo group.

4. Discussion

Rodent models are often used to demonstrate the proof-of-principle tracer and ther-
apeutic agent development, but their small size can make radiation dosing and tissue
sampling collection challenging. The in vivo model obtained by the resection of muscle
fragment and the radiation of the surgical area mimic a tumoral bed in rabbits, resulting in
a plausible animal model for the study of the RIF in humans. Different animal models are
described in the literature for radiation-induced fibrosis in rodents [34,35] or even in large
animals [36], but there is no record in the literature describing an animal model similar to
that pointed out in the present work and developed exclusively to evaluate muscular RIF.

In this work, the fibrotic response of limb muscles and surrender tissues to radiother-
apy injury were monitored by histological methods, and according to other parameters
that represent local and systemic damage cause by radiotherapy.
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We found less alopecia in rabbits treated with P144 in the irradiated area, which may
be due to the action of the peptide. P144 showed clear antifibrotic activity after topical
application in a skin fibrosis mice model [29] and immunohistochemical studies in these
P144-treated mice revealed a remarkable suppression of connective tissue growth factor
expression, fibroblast SMAD2/3 phosphorylation, and alpha-smooth muscle actin positive
myofibroblast development, whereas mast cell and mononuclear cell infiltration was not
modified. These data suggested that the topical application of P144, a peptide inhibitor of
TGF-β, is a feasible strategy to treat pathological skin scarring and skin fibrotic diseases
for which there is no specific therapy. The systemic administration of the same active
compound (P144) could exert a relevant antifibrotic effect in skin damage by radiotherapy.
Moreover, P144 present anti-inflammatory properties that could protect hair follicles from
the initial damage after a brachytherapy session [28].

Radiotherapy causes cellular injury by damaging the DNA and by generating free
radicals [11]. Free-radical inactivation of anticoagulatory factors leads to rapid activa-
tion of the coagulation cascade following radiation injury. Endothelial cell apoptosis and
slow regenerative proliferation result in increased vascular permeability and vessels de-
nuded of endothelium which are prone to thrombosis, intimal proliferation, and eventually
obliteration. Physical trauma results in the activation of an acute inflammatory response
by stress-sensitive kinases and transcription factors. Pro-inflammatory cytokines, such
as tumor necrosis factor-α (TNFα), interleukin (IL)-1, IL-8, and interferon-γ (IFNγ) are
synthesized [15]. The termination of the inflammatory response results from the short
half-life of these cytokines and anti-inflammatory cytokines, such as transforming growth
factor-β (TGFβ), IL-4, IL-10, and IL-13. Inflammation does not resolve adequately following
radiation injury because of the overproduction of pro-inflammatory cytokines leading to
perturbed intercellular and cell–matrix interactions, uncontrolled matrix accumulation,
and fibrosis [37]. This excessive fibrosis is characterized by collagen deposition and mi-
crovascular injury of the surrounding tumor healthy tissues, including skin, muscles, soft
tissues, and internal organs (lungs, liver, etc.). In this context, collagen fibers represent
the major component of the fibrotic extracellular matrix. Excessive collagen synthesis and
accumulation was the rationale for pointing to collagen turnover as an activity and severity
measure in radiotherapy induced fibrosis.

Collagen deposition is the final marker of the RIF pathophysiological process severely
affecting irradiated organs and tissue in a mechanical and functional way. TGF-β/Smad
signaling plays an essential role in the pathogenesis of muscular RIF. As P144 is a specific
inhibitor of Smad intracellular activation by blocking extracellular TGF-β and inhibiting
its interaction with membrane TGF-β receptors, the evaluation of P144 over Smad2/3
phosphorylation in RIF was performed. In this study, the efficacy of an inhibitor pep-
tide of TGF β (P-144), intravenously administered, over irradiated tissue collagen content
and TGF-β signaling activation, measured as P-Smad2/3 levels, show a significant lower
phosphorylation of SMAD2 in the P144 group. Similar to our results, Disitertide induced
significant inhibition of basal pSMAD2 in SNU449 cells [38]. Anscher et al. [35] demon-
strated previously that direct interference with the actions of TGF-β can ameliorate the
manifestations of the RIF on the lungs by using an anti-TGF-β antibody. Other authors
show that black soybean anthocyanins inhibited radiation-induced fibrosis by downreg-
ulating TGF-β and Smad3 expression that resulted in a significant reduction in the level
of skin injury, epidermal thickness, and collagen deposition after irradiation [39]. These
findings are in the same line of our study, in that by the inhibition of the TGF-β, the final
results constitute a reduction of collagen deposition in the extracellular matrix. Simultane-
ously, the direct correlation between P144, TGF-β biological activity inhibition, and fibrosis
reduction confirms that intravenous administration of this compound is effective in the
prevention for tissue affectation in an animal model representative of human radiotherapy
induced fibrosis.

The peptide p144 has been used in different dermal fibrosis models, e.g., for the
treatment of hypertrophic scars using a topical form [40] as an alternative route of adminis-
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tration in addition to the intravenous route [29], and also used intravitreally [41]. These
results point out that there would be no limits in testing P-144 antifibrotic actions in other
organs, such as the lung, where p17, a peptide similar to P144, has been tested showing
good results [42]. On the other hand, it is well known that inflammation and fibrosis lead to
transdifferentiation of fibroblast in myofibroblast and even favor the transition of epithelial
to mesenchyme cells [43,44]. Thus, changes in the cellular profile of the connective tissue
after treatment with P144 in RIF models needs to be evaluated in further studies.

These results confirm those obtained in previous research [3,30] regarding the efficacy
of a systemic administration of P144 in fibrosis reduction in other kinds of fibrosis models
and provide the basis for the clinical interest in a P144 intravenous formulation for further
preclinical and clinical development of RIF protective therapy.

In vivo P144 activity against fibrosis is comparable or even superior to other TGF-β
inhibitor compounds. In the work of Park et al., the effects of a small molecule inhibitor
of TGF-β RI (SKI2162) activity in a model of skin RIF in mice were reported [45]. The
effects were partial, and the dosage ranged from 10 to 30 mg/kg, while in the present study
P144 is administered in a range of 2–3 mg/kg. Moreover, the intramuscular brachytherapy
model is a more severe challenge in damage and tissue response respect skin irradiation.
In a similar work, Flechsig et al. showed the effect of other small molecule (LY2109761)
inhibitor in a lung RIF murine model, where effects were relevant but also partial and the
dosage regimen was 50 mg/kg twice daily for four weeks [46].

There is not direct proof of how p144 may act against sarcomas yet. However, several
studies in other type of cancers point out that it would be effective. Thus, in the case of
glioblastoma, P144 has shown potential use by reducing proliferation, migration, invasive-
ness, and tumorigenicity [47]. On the other hand, it has also been seen that TGF-β is a
mediator in the formation of metastases from the colon to the liver [48]. Furthermore, it
has also been reported that the TGF-β is abundant in the environment of osteosarcomas
and that inhibiting its production osteosarcoma progression is reduced [49]. Therefore,
these collective findings support the idea that P144 could be effective in the treatment
of sarcomas.

The proof of concept of a systemic formulation of Disitertide©, for the prevention of
brachytherapy induced fibrosis, is validated in this work as a relevant strategy for future
clinical applications that include other tissue locations tumors in relation with radiotherapy
induced fibrosis. Furthermore, Disitertide© may have potential in radiotherapy-associated
fibrosis in other organs and tissues, but this hypothesis should be confirmed in further
studies with suitable animal models and different preclinical proof-of-concept studies.
Further studies are necessary to elucidate whether the application of Disitertide© in the late
phase of the radiotherapy induced fibrosis formation might avoid the excessive deposition
of extracellular matrix components, hence acting as a preventive treatment.

5. Conclusions

In this work, we demonstrate that P144 treatment reduces RIF intensity and fibrotic
tissue response in a rabbit model of brachytherapy, and this reduction is related to a decrease
in the levels of Smad2/3 phosphorylation, as a representation of the canonical intracellular
pathway activation of cells in response to TGF-β biological activity. These results invite the
clinical consideration of a new potential co-treatment approach to reducing complications
in soft tissue sarcomas treated with radiotherapy.
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Abstract: Due to the rarity of primary angiosarcoma of the breast, optimal management is based
on expert opinion. The aim of this study was to review all primary angiosarcomas of the breast
obtained from a single center in terms of clinicopathologic characteristics, treatment, and survival
outcomes. From 1997 to 2020, 15 patients with primary angiosarcoma of the breast underwent either
mastectomy or wide excision. We analyzed the clinicopathologic data to assess disease-free survival
and overall survival. Fifteen women with primary angiosarcoma of the breast were identified. The
mean age at diagnosis was 33 years (range: 14–63 years). The overall mean tumor size was 7.7 cm
(range 3.5–20 cm). Upon histological grading, there were three cases of low grade, five intermediate
grade, six high grade, and one unidentified grade. The five-year disease-free survival rate was 24.4%,
and the five-year survival rate was 37.2%. The survival rate of the low-grade patient group was
statistically higher than that of the intermediate- or high-grade patient groups (p = 0.024). Primary
angiosarcoma of the breast is a rare aggressive tumor characterized by high grade and poor outcome.
Histologic grade appears to be a reliable predictor of survival. There are no standard treatment
guidelines; thus, optimal R0 surgical resection remains the best approach. The roles of neoadjuvant,
adjuvant chemotherapy, and radiotherapy remain unclear.

Keywords: primary angiosarcoma of the breast; breast angiosarcoma; primary sarcoma; angiosarcoma

1. Introduction

Angiosarcoma of the breast is a rare entity with poor prognosis, comprising less than
1% of all soft-tissue tumors [1–3]. Breast angiosarcoma commonly is divided into two
types, primary and secondary angiosarcoma. Primary angiosarcoma of the breast develops
de novo with no prior breast radiation. It occurs within the breast parenchyma, usually
affecting women in their 30s to 50s [2,4]. Secondary angiosarcoma of the breast occurs in
the setting of radiation therapy as part of breast-conservative treatment of breast cancer
and is typically seen in older patients. [1,4].

Primary angiosarcoma of the breast is rarer than secondary angiosarcoma and has no
known risk factors [5]. It usually is derived from the endothelial cell lining of the vascular
channels and does not involve the regional lymph nodes [6]. However, angiosarcoma is
aggressive and tends to have a high risk of local and distant metastases [1,7].

Due to the rarity of these tumors, optimal management is based on expert opinion.
Complete surgical resection with optical margins (R0 resection) is the most common treat-
ment [2]. The best surgical methods for resection are uncertain due to lack of long-term
outcome data comparing wide excision and mastectomy.
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The role of radiotherapy and chemotherapy remains unclear. Some studies have
insisted that radiotherapy before surgery is not recommended, and that adjuvant radiother-
apy conveys better local control [8,9]. However, one study showed no effect of radiotherapy
on overall survival [10]. According to the meta-analysis study, it was revealed that adjuvant
radiation therapy after surgery for primary angiosarcoma of the breast had a statisti-
cally significant effect on recurrence-free survival [2]. A prior study showed that adding
chemotherapy to the treatment of angiosarcoma has a significant benefit on reduced risk
of local recurrence [11]. However, other studies showed that adjuvant chemotherapy has
no statistically significant benefit for breast angiosarcoma [2,12]. The effectiveness of the
adjuvant treatment is uncertain.

The aim of this study was to review all cases of primary angiosarcoma of the breast
diagnosed from 1997 to 2020, in a single center, and to describe a single-institution experi-
ence with primary angiosarcoma of the breast, including clinicopathologic characteristics,
treatment, and survival outcomes.

2. Materials and Methods

This retrospective study included 15 patients with primary angiosarcoma of the breast
who were treated at Samsung Medical Center from 1997 to 2020, accessed through the
electronic medical recoding system of the institute. This study was approved by the
institutional review board (Approval number: 2021-09-037) of the Samsung Medical Center.

We reviewed the demographic data, tumor size, histologic grades, treatment modality,
and survival data. Tumor size was defined as the largest dimension recorded on the pathol-
ogy report. If excisional biopsy was performed and followed by operation at Samsung
Medical Center, the largest length was recorded by adding to the previous excision size.
Tumor grade was categorized as low, intermediate, or high.

Overall survival (OS) was measured from the date of surgery to the date of last follow-
up or the date of death, as recorded in Statistics Korea records. Disease-free survival was
measured from the date of surgery to the date of any recurrence or death. Overall survival
and disease-free survival (DFS) were evaluated using the Kaplan–Meier method with the
log-rank test. All statistical analyses were carried out using IBM SPSS v 27.0 (SPSS, Inc.,
Chicago, IL, USA).

3. Results

From 1997 to 2020, 15 patients who were diagnosed with primary angiosarcoma of
the breast were treated at Samsung Medical Center. All patients presented with a palpable
mass and were diagnosed with a core needle biopsy. Radiologic imaging such as via
mammograms, ultrasound and MRI, was performed for patients

All cases were defined as primary angiosarcoma without prior diagnosis of breast
cancer or radiation treatment. All patients were female, and the mean age at diagnosis was
33 years (range: 14–63 years).

The overall mean tumor size was 7.7 cm (range 3.0–25 cm). For histological grade,
there were three patients of low grade, five of intermediate grade, six of high grade, and
one unidentified grade (Table 1).
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Table 1. Patient Demographics and Characteristics (n = 15).

Clinicopathological Features No. of Patients (%)

Age
Median (range) 33 years (range 14–63 years)

Grade Low 3 (20.0)
Intermediate 5 (33.3)

High 6 (40.0)
Unknown 1 (6.7)

Tumor size (cm) >5 cm 11 (73.3)
≤5 cm 4 (26.7)

Operation Mastectomy 13 (86.7)
Wide excision 2 (13.3)

Adjuvant chemotherapy Yes 4 (26.7)
No 11 (73.3)

Adjuvant Radiotherapy Yes 8 (53.3)
No 7 (46.7)

Thirteen patients underwent mastectomy, eight of whom also received axillary surgery
(Table 2). However, no node metastasis was present in the axillary surgery group. Wide
excision was performed in only two patients (13.3%). Surgical margin was negative in
all patients.

Table 2. Summary of Cases (n = 15).

Patient Age Grade
Tumor

Size (cm)
Surgery

(Date, Type)

Adjuvant
Chemother-

apy

Adjuvant
Radiother-

apy
Recurrence

Treatment of 1st
Recurrence

1 35 3 6.0 27 November 1997
Lt. Total mastectomy No Yes Local

(Lt. chest skin)
Wide

excision

2 31 2 10.0
27 October

1999
Rt. Total mastectomy

No Yes Distant
(Bone)

Palliative
chemoTx.

3 29 3 4.2
02 December

1999
Lt. Total mastectomy

No Yes Local
(Lt. chest skin)

Palliative
chemoTx.

4 19 2 11.2
27 February

2001
Rt. Total mastectomy

No Yes Local
(Rt. chest skin)

Wide
excision

5 21 2 10.0

02 April
2004

Lt. Total mastectomy
+ALND

No No Distant
(Bone)

Palliative
chemoTx.

6 44 1 3.5
24 December

2009
Lt. wide excision

No No No

7 28 2 8.0

30 March
2010

Rt. Total mastectomy
+ALND

Yes
AI # 4 +

paclitaxel # 4
Yes

Local
contralateral

breast
(Lt. chest skin)

Wide
excision

8 14 unidentified 25.0
17 February

2011
Rt. Total mastectomy

Yes
EI (# 45)

No Distant
(Bone)

Palliative
chemoTx.

9 47 3 5.5

22 April
2011

Rt. Total mastectomy
+ALND

No No

Local
contralateral

breast
(Lt. chest skin)

Wide
excision
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Table 2. Cont.

Patient Age Grade
Tumor

Size (cm)
Surgery

(Date, Type)

Adjuvant
Chemother-

apy

Adjuvant
Radiother-

apy
Recurrence

Treatment of 1st
Recurrence

10 63 1 1.0
20 August

2013
Rt. wide excision

No No No

11 14 3 9.0

28 February
2014

Lt. Total mastectomy +
SLNBx,

Rt. Wide excision

No No
Local +Distant
(Lt.chest skin,

Lung)

Palliative
chemoTx.

12 47 1 5.5

25 August
2015

Lt. Total mastectomy
+ALND

Neoadjuvant
Tx.

AC # 4+ D #
4

No Local
(Lt. chest skin)

Wide
excision

13 43 2 5.5

21 December
2017

Rt. Total mastectomy +
SLNBx

No Yes No

14 25 3 7.5

24 August
2018

Rt. Skin sparing
mastectomy +SLNBx

Yes
AC # 4 Yes No

15 41 3 3.0

22 May
2020

Lt. Total mastectomy +
SLNBx

Yes
AC # 4 Yes No

Abbreviations: ALND, axillary lymph node dissection; SLNBx, sentinel lymph node biopsy; Tx, treatment; A,
Adriamycin; C, Cyclophosphamide; D, Docetaxel; I, ifosfamide; E, Etoposide.

Recurrence was detected in 10 patients (66.7%). We described the site of the first
recurrence. Some patients were found to have distant metastasis after first local recurrence.
The median follow-up period was 29 months (5.6–89 months). The last follow-up was
observed in July 2021. Local recurrence occurred in four patients and local contralateral
breast recurrence was observed in two patients. Distant recurrence was noted in three
patients and one who had both local and distant recurrence. In distant metastasis, one was
pulmonary, three were bone metastases (Tables 2 and 3). Wide excision was performed
in patients with local recurrence and palliative chemotherapy was performed in patients
with distant metastases. Two patients with contralateral breast recurrence underwent wide
excision and one patient with synchronous local and distant metastases received palliative
chemotherapy (Table 2).

Table 3. Outcomes of Primary Breast Angiosarcoma (n = 15).

Outcomes No. of Patients (%)

Recurrence

Local 4 (26.7)
Local contralateral breast 2 (13.3)

Distant 3 (20.0)
Local + Distant 1 (6.7)
No recurrence 5 (33.3)

Survival
Alive 6 (40.0)
Death 9 (60.0)

As shown in Table 2, one patient was diagnosed with angiosarcoma on both sides and
underwent bilateral breast surgery.

In terms of adjuvant therapy after surgery, three patients received both chemother-
apy and radiation therapy, five patients received radiation therapy only, and one patient
received chemotherapy alone. Only one patient underwent mastectomy after neoadjuvant
chemotherapy (Table 2). The adjuvant chemotherapy regimen in Samsung Medical Center
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was Adriamycin combined with alkylating agents (ifosfamide), followed by taxane agent
(paclitaxel) or Adriamycin combined with alkylating agents (cyclophosphamide). The
pediatric chemotherapy regimen in the center was etoposide combined with ifosfamide.

Overall survival and disease-free survival are shown in Figure 1. The five-year sur-
vival rate was 37.2%, and the five-year disease-free survival rate 24.4%. Overall survival
according to tumor size is shown in Figure 2. The five-year survival rate was 28.3% in the
group with tumor 5 cm or more in size and 66.7% in the group with tumors smaller than 5
cm. There was no significant difference (p = 0.096).

Overall survival by tumor grade is shown in Figure 3. The five-year survival rate
was 100% in the low-grade group, 30% in the intermediate-grade group, and 0% in the
high-grade group. The survival rate of the low-grade patient group was statistically higher
than that of the intermediate- or high-grade patient groups (p = 0.024)

At the time of last follow-up, six patients were alive without distant metastatic disease.
Only one of the 6 patients experienced local recurrence and was alive until the last follow-up
(Table 3).

Figure 1. Disease-free survival and overall survival of primary angiosarcoma of the breast. The
5-year disease-free survival rate was 24.4% and the 5-year survival rate was 37.2%.

Figure 2. Overall survival according to tumor size. The 5-year survival rate was 28.3% in the group
with tumor size ≥5 cm and 66.7% in the group with tumor size <5 cm. There was no significant
difference between groups (p = 0.096).

47



Curr. Oncol. 2022, 29

Figure 3. Overall survival by tumor grade. The 5-year survival rate was 100% in the low-grade
group, 30% in the intermediate-grade group, and 0% in the high-grade group. The survival rate of
the low-grade group was significantly higher than that of the intermediate- and high-grade groups
(p = 0.024).

Figure 4A,B shows the overall survival and disease-free survival according to type of
adjuvant 15 patients, including one patient with neoadjuvant chemotherapy.

 

Figure 4. Overall survival (A) and disease-free survival (B) according to adjuvant treatment. There
were no significant differences in 5-year overall survival (p > 0.05, Figure 4A) and 5-year disease-
free survival (p > 0.05, Figure 4B) between groups according to adjuvant treatment. Abbreviations:
adjuvant Tx, adjuvant chemotherapy; RT, radiotherapy; chemo, chemotherapy; neoadjuvant chemo,
neoadjuvant chemotherapy.

4. Discussion

As in previous studies [2,4,5,13], primary angiosarcoma of the breast occurs in younger
females between 30 and 50 years and can arise de novo with no risk factors. Primary
angiosarcoma of the breast usually develops in the lining of the endothelial cell of the
vascular channels and often involves the breast parenchyma without triggering factors [6].
Therefore, angiosarcoma appears mostly as a palpable mass, and the age at diagnosis
is lower than the average age for invasive breast cancer [5]. This is consistent with our
study. We found the average age at diagnosis of primary angiosarcoma of the breast was
33 years, which is younger (range: 14–63 years) than that of invasive breast cancer occurring

48



Curr. Oncol. 2022, 29

in the 40–49-year age group, according to the Korea Breast Cancer Society registry data
(KBCS) [14]. The minimum age of onset of primary angiosarcoma of the breast was 14 years
in our study.

Several studies reported breast angiosarcoma as a more aggressive malignancy of
the vascular endothelium, and the overall prognosis is poor compared to that of other
invasive breast cancers [15,16]. In our study, the five-year overall survival rate of primary
angiosarcoma of the breast was 37.2%, while the five-year overall survival rate of invasive
breast cancer was 93.2% according to the KBCS [14].

Several studies suggested that the grade seemed to be the most consistent prognostic
factors for primary angiosarcoma of the breast in regard to both OS and DFS [2,17,18].
In total, 6 of the 15 patients had high-grade disease on histopathology, and the median
overall survival was 40 months (range: 8.2–71.6 months). We revealed a significantly higher
survival rate of low-grade tumor than that of intermediate or high grade (p = 0.024). Other
studies reported that histological grade was associated strongly with clinical presentation
and overall prognosis. They noted an improved DFS for low- and intermediate-grade
tumors compared to high-grade ones [18–20].

Several studies have suggested that tumor size is a prognostic factor [2,15,18,21,22].
Other studies have also revealed increased risk of local recurrence and decreased overall
survival with larger tumor size [2,18,22]. In contrast to those studies, our study showed
lower survival rates in groups with larger tumor sizes, though the difference was not
significant (28.3% for size ≥ 5 cm vs. 66.7% for < 5 cm, p = 0.096). Although we did not
find statistical difference of survival rate related to tumor size due to our small sample size,
we did find the trend of the difference in survival rate according to size.

In terms of adjuvant treatment, survival was associated not favorably with administra-
tion of adjuvant chemotherapy or radiation therapy in our study. Other studies reported un-
clear roles of neoadjuvant and combined adjuvant chemotherapy and radiotherapy [13,19].
However, one author suggested that adjuvant radiotherapy can reduce local recurrence [1].
Another author reported that tumor size > 5 cm can predict patients at higher risk of local
recurrence, who are more likely to obtain benefit from adjuvant radiation therapy [23]. In
the analysis from one study, adjuvant radiation therapy seemed to have a significantly
positive impact on recurrence-free survival when both primary angiosarcoma of the breast
and secondary angiosarcoma of the breast were analyzed together. Despite concerns about
radiation-induced etiology and complications in the re-irradiation environment, this study
found that the local recurrence rate in primary and secondary angiosarcoma was lower
when patients received surgery and adjuvant radiotherapy; this was in contrast to the lack
of significant difference reported in our study [2]. So, the role of adjuvant radiotherapy
remains controversial. Additionally, it was reported that chemotherapy is beneficial in
high-grade lesions and in the metastatic setting [15]. Based on the results of previous
studies, the lack of an association of survival with adjuvant therapy in the present study
might be due to the retrospective study design and the relatively small number of patients.

The best treatment for primary angiosarcoma of the breast is surgery with R0 resec-
tion [2,18,22]. In our study, 13 patients underwent mastectomy, and only two underwent
wide excision, both of whom had negative resection margins. One study revealed that
patients who underwent breast-conserving surgery did not have worse prognosis than
those who underwent mastectomy [24].

The role of axillary lymph node dissection in primary angiosarcoma of the breast is
unknown, as breast angiosarcoma is due primarily to hematogenous spread [25]. According
to one study, all 13 patients who underwent axillary staging showed absence of involved
nodes. There also was no node metastases in the patients with axillary staging in our study.
Based on these results, axillary surgery is not suitable in patients with breast angiosarcoma.

This study is limited by the very small sample of breast angiosarcoma and retrospective
nature of this analysis, which prevents any definite conclusions. Some findings that failed
to reach statistical significance might be due to lack of statistical power.
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5. Conclusions

In conclusion, breast angiosarcoma is a rare aggressive tumor characterized by high
grade and poor outcome. Histologic grade appears to be a reliable predictor of survival.
There are no standard treatment guidelines, and optimal R0 surgical resection remains
the best approach. The roles of neoadjuvant, adjuvant chemotherapy, and radiotherapy
remain unclear.
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Abstract: The development of appropriate photothermal detection of skin diseases to meet complex
clinical demands is an urgent challenge for the prevention and therapy of skin cancer. An extensive
body of literature has ignored all high-order harmonics above the second order and their influences
on low-order harmonics. In this paper, a new iterative numerical method is developed for solving
the nonlinear thermal diffusion equation to improve nonlinear photothermal detection for the non-
invasive assessment of the thickness of port-wine stain (PWS). First, based on the anatomical and
structural properties of skin tissue of PWS, a nonlinear theoretical model for photothermal detection
is established. Second, a corresponding nonlinear thermal diffusion equation is solved by using
the new iterative numerical method and taking into account harmonics above the second-order
and their effects on lower-order harmonics. Finally, the thickness and excitation light intensity of
PWS samples are numerically simulated. The simulation results show that the numerical solution
converges fasterand the physical meaning of the solution is clearerwith the new method than with
the traditional perturbation method. The rate of change in each harmonic with the sample thickness
for the new method is higher than that for the conventional perturbation method, suggesting that
the proposed numerical method may provide greater detection sensitivity. The results of the study
provide a theoretical basis for the clinical treatment of PWS.

Keywords: nonlinear thermal diffusion equation; new numerical iterative method; port-wine
stain; sensitivity

1. Introduction

Port-wine stain (PWS), also known as nevus flammeus, is a congenital telangiectasia
deformity. It is the most common type of benign vascular malformation and is difficult to
cure [1,2]. Wine discoloration often occurs on the head, face, and neck, and severe cases are
accompanied by overgrowth of soft tissues and bones in the lesion area, resulting in local
enlargement and deformation [3]. These lesions greatly affect the patient’s appearance,
decrease their quality of life, and cause considerable mental stress [4,5]. Therefore, early
and effective intervention is particularly important.

Currently, the evaluation and prediction of PWS treatment consist of invasive and
noninvasive approaches. Although biopsy has long been considered the gold standard
for treatment, it is invasive and not widely performed. Noninvasive treatments include
chromatography [6], dermoscopy [7], high−frequency ultrasound [8,9], and laser scatter
imaging [10]. However, none of these commonly used imaging techniques provide ade-
quate imaging depth and contrast to accurately assess PWS. A recent trial has shown that
the use of photoacoustic techniques for the clinical evaluation of PWS disorders provides a
new method for the quantitative evaluation of PWS [11].

Due to combining the advantages of both deep penetration provided by ultrasound
imaging [12,13] and high contrast provided by optical imaging [14], photoacoustic technol-

Int. J. Environ. Res. Public Health 2022, 19, 5637. https://doi.org/10.3390/ijerph19095637 https://www.mdpi.com/journal/ijerph
52



Int. J. Environ. Res. Public Health 2022, 19, 5637

ogy [15,16] has become a research frontier and hot spot in the field of biomedical imaging.
Most studies of photoacoustic techniques ignore the effect of the local temperature increase
of the medium caused by light absorption on the thermodynamic parameters of the medium
(e.g., thermal conductivity, density, and isobaric specific heat capacity) and assume that the
thermodynamic parameters are constant. However, a statistically significant increase in
the local temperature can change the values of thermodynamic parameters of the medium,
and contribute to nonlinear photoacoustic conversion. The nonlinearity describing the
thermal conductivity problem of laser irradiated tissue can be caused by various physical
reasons, e.g., laser−induced formation of bubbles due to temperature dependence of gas
solubility [17,18]; temperature dependence of thermodynamic parameters [19], etc. The
nonlinear photoacoustic effect has attracted increasing attention as a possible means of
selective detection of contrast agents by heat accumulation and local temperature increase
thus enhancing the photoacoustic signal, and it is necessary to consider the nonlinearity of
the thermal parameters in the thermal diffusion equation [20,21].

Therefore, this paper investigates the theory of thermal field imaging of PWS using
nonlinear photoacoustic effect in the frequency domain by introducing nonlinear thermal
conductivity coefficients. Based on previous work [22,23], a new semianalytic numeri-
cal iterative method is proposed in this paper. First, the temperature field is expanded
in a Fourier series in the frequency domain to separate time variables and spatial coor-
dinates. Then, the nonlinear diffusion equation is solved by selecting the appropriate
high−frequency harmonics according to the specific requirements for calculation accu-
racy. Finally, the thickness and excitation light intensity are numerically simulated in
light absorbers of different thicknesses using the new iterative numerical method and the
conventional perturbation method. The results show that the solution bythe numerical
method has greater sensitivity and bandwidth than that of the perturbation method and
can better distinguish between PWS samples of different thicknesses. This work extends
the application of nonlinear thermal field theory in clinical medicine and contributes to a
better understanding of PWS in lesions during different stages of development.

2. Theoretical Analysis

2.1. Theoretical Model

The skin is the largest and most important tissue in the human body. Anatomically,
the skin can be divided into the epidermis, dermis, hypodermis, and muscle layers, as
shown in Figure 1a. The epidermis consists of the high-fat, low-water stratum corneum
and the melanin-containing living epidermis. Similarly, the dermis has two sublayers: the
papillary dermis and the reticular dermis, which contain two vascular plexuses; the upper
and deep blood plexuses are located in the upper and lower reticular layers of the dermis.
The subcutaneous tissue consists mainly of fat cells.

Figure 1. (a) Schematic of multilayered skin; (b) schematic of skin with different growth phases of a
cancerous lesion; (c) theoretical model for photoacoustic detection of skin tissue.
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In human dermatology, PWS is one of the most common benign tumors involving
vascular malformations, with an incidence of between approximately 0.3 and 0.5% in the
general population. PWS are mainly located in the papillary layer of the dermis and the
upper layer of the reticular layer, with a diameter of approximately 0.01~0.15 mm and a
thickness of approximately 0.001~1.5 mm [24]. Lesions can expand in size to cover a larger
dermal area over time, as shown in Figure 1b.

Based on the anatomical and structural properties of skin tissue lesions, this paper
constructs a nonlinear photothermal detection model for PWS, as shown in Figure 1c. Based
on the optical attenuation, imaging depth, and other information reported by Chen et al.,
a laser pulse with a wavelength of 840 nm was chosen for PWS detection in this study. The
parameters of each skin layer at a wavelength of 840 nm are shown in Table 1 [11,25–27].

Table 1. Thickness, optical and thermal parameters of the skin model at 840 nm [11,25–27].

Layers d (mm) β (mm−1) σ (mm−1) g ρ (g/cm−3) C (J/(g. K)) K0 (mW/(cm. K))

Stratum corneum 0.01 0.00091 18.95 0.8 1.2 3.59 2.4
Living epidermis 0.08 0.13 18.95 0.8 1.2 3.59 2.4
Papillary dermis 0.10 0.105 11.65 0.8 1.09 3.35 4.2

Upper blood plexus 0.08 0.15875 15.485 0.818 1.09 3.35 4.2
Reticular dermis 1.50 0.105 11.65 0.8 1.09 3.35 4.2

Deep blood plexus 0.07 0.4443 46.165 0.962 1.09 3.35 4.2
Dermis 0.16 0.105 11.65 0.8 1.09 3.35 4.2

Hypodermis 3.00 0.009 11.44 0.9 1.21 2.24 1.97
Muscle tissues 3.00 0.029 7.13 0.9 1.075 3.5 4.5

PWS 0.001~1.5 0.15875 46.7 0.99 1.0 3.6 5.3

2.2. Nonlinear Thermal Diffusion Equation

A wave pulsed laser I(t) = 2
√

ln(2)
π

ωP
τ exp

{
−4 ln(2)( t−t0

τ )
2}

irradiates the sample,
and light is absorbed by the sample and converted into heat, generating a photoacoustic
signal through thermal expansion, where τ is the pulse width, t0 is the pulse center, and
wP is the luminous flux (mJ/cm2). The fundamental equation of the photoacoustic imaging
theory is based on the thermal diffusion equation; therefore, the thermal diffusion equation
and boundary conditions in the sample are [28,29]:

Ts,zz(z, t) =
1
α

T,t(z, t)− Q(z, t)
Ks

, (1)

{
KsTs,z(0, t) = KgTg,z(0, t)− β′wP[1 + exp(jωt)] + H[Ts(0, t)− Tg(0, t)], z = 0,

KsTs,z(d, t) = KgTg,z(d, t)− β′(1 − β′)wP exp(−βd)[1 + exp(jωt)] + H[Ts(d, t)− Tg(d, t)], z = d.
(2)

where Ts(z, t), Tg(z, t) are the temperature rise and fall of the sample and air, respectively,
α = Ks/(ρCP) is the thermal diffusion coefficient, ρ and Cp are the density and isobaric
specific heat capacity of the sample, respectively, H = h + 4εσT3, h is the convection
coefficient and 4εσT3 is the heat radiation exchange term. According to 4εσT3 � h [30], the
heat radiation exchange term can be neglected. Subscripts behind the comma mean the
calculation of partial derivatives for the corresponding subscripts. The endothermic source
in the sample is Q(z, t), which can be expressed as [28]:

Q(z, t) = β(1 − β′)wp exp(−βz)[1 + exp(jωt)], (3)

where β is the bulk absorption coefficient of the sample, β′ is the surface absorption rate of
the sample, ω is the modulation angular frequency, and Ks, Kg is the thermal conductivity
of the sample and air.
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In linear theory, Ks is generally assumed to be constant; however, when the local
temperature rise is significantly higher than the average temperature, Ks this assumption is
not valid. Therefore, this paper introduces nonlinear thermal conductivity coefficients into
the nonlinear thermal diffusion equation to investigate the theory of nonlinear photother-
mal imaging.

In nonlinear thermal diffusion theory, the dependence of thermal conductivity on the
temperature is usually considered to be linear to simplify the problem [31]:

Ks = K0[1 + bTs(z, t)], (4)

where K0 is the thermal conductivity of the sample at steady−state temperature, b is the
temperature coefficient of thermal conductivity, and in general, b � 1 [32]. Substituting
Equation (4) into Equation (1), the one−dimensional nonlinear thermal diffusion equation
is obtained as follows:

Ts,zz(z, t) =
1
αb

Ts,t(z, t)− bTs(z, t)Ts,zz(z, t)− b[Ts,z(z, t)]2 − Q(z, t)
K0

, (5)

where αb = K0/(ρCP). Subscripts z and t behind the comma mean the calculation of partial
derivatives for the corresponding subscripts.

2.3. Iterative Numerical Method for Solving the Nonlinear Heat Diffusion Equation

Because it is difficult to obtain a general solution of the one−dimensional nonlinear
thermal diffusion equation, a new numerical method is proposed in this paper as follows.
In many cases, it is advantageous to separate the variables t and z in T(z, t). In general, the
Fourier series expansion T(z, t) in the frequency domain can be expressed as [33]:

Ts(z, t) = A0/2 +
∞

∑
n=1

(1/2)An exp(jnωt) +
∞

∑
n=1

(1/2)A∗
n exp(−jnωt), (6)

where j is an imaginary unit, A0 is a real field variable, and A0/2 represents the DC com-
ponent of the sound wave. When An(n ≥ 1) is the complex field variable (i.e., complex
amplitude) of the nth−order harmonic, the real part of An exp(jnωt) is the real displace-
ment of the nth-order harmonic, and A∗

n(n ≥ 1) is the complex conjugate field variable of
An. Note that An and A∗

n no longer contain the time variable t, which is a function of the
spatial coordinate z.

Generally, higher−order harmonics are weaker, and some higher−order harmonics
can be ignored according to the requirements for calculation accuracy. To simplify the
theoretical description, only harmonics of the order less than or equal to N(N ≤ 5) are
considered in this paper, and other higher−order harmonics are ignored; this is referred to
as an N − order approximation.

Substituting Equation (6) into Equation (5), the following equation can be obtained by
orthogonality:

Ai,zz − iωα−1
b Ai j = − b

2
Fi, (i = 0,±1,±2,±3,±4,±5), (7)

where,

F0 = A0 A0,zz + A∗
1 A1,zz + A∗

2 A2,zz + A∗
3 A3,zz + A∗

4 A4,zz + A∗
5 A5,zz + A1 A∗

1,zz + A2 A∗
2,zz + A3 A∗

3,zz
+A4 A∗

4,zz + A5 A∗
5,zz + A0,z A0,z + 2A1,z A∗

1,z + 2A2,z A∗
2,z + 2A3,z A∗

3,z + 2A4,z A∗
4,z + 2A5,z A∗

5,z,
(8)

F1 = A0,zz A1 + A1,zz A0 + A∗
1 A2,zz + A∗

2 A3,zz + A∗
3 A4,zz + A∗

4 A5,zz + A∗
1,zz A2 + A∗

2,zz A3 + A∗
3,zz A4+

A∗
4,zz A5 + A0,z A1,z + 2A2,z A∗

1,z + 2A3,z A∗
2,z + 2A4,z A∗

3,z + 2A5,z A∗
4,z

−β(1 − β′)wP exp(−βz)/K0,
(9)
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F2 = A0,zz A2 + A1,zz A1 + A2,zz A0 + A3,zz A∗
1 + A4,zz A∗

2 + A5,zz A∗
3 + A∗

1,zz A3 + A∗
2,zz A4 + A∗

3,zz A5+

A1,z A1,z + 2A2,z A0,z + 2A3,z A∗
1,z + 2A4,z A∗

2,z + 2A5,z A∗
3,z,

(10)

F3 = A0,zz A3 + A1,zz A2 + A2,zz A1 + A3,zz A0 + A4,zz A∗
1 + A5,zz A∗

2 + A∗
1,zz A4 + A∗

2,zz A5 + 2A0,z A3,z+

2A1,z A2,z + 2A2,z A1,z + 2A∗
1,z A4,z + 2A∗

2,z A5,z,
(11)

F4 = A0,zz A4 + A1,zz A3 + A2,zz A2 + A3,zz A1 + A4,zz A0 + A5,zz A∗
1 + A∗

1,zz A5 + 2A0,z A4,z + 2A1,z A3,z+

2A2,z A2,z + 2A3,z A1,z + 2A4,z A0,z + 2A5,z A∗
1,z,

(12)

F5 = A0,zz A5 + A1,zz A4 + A2,zz A3 + A3,zz A2 + A4,zz A1 + A5,zz A0 + 2A0,z A5,z + 2A1,z A4,z + 2A2,z A3,z. (13)

Notably, Equation (7) gives only an equation of field variables and not an equation of
conjugate field variables. The equation of conjugate field variables can be obtained by taking
the complex conjugate of Equation (7); therefore, Equation (7) is complete. Substituting
i = 0,±1,±2,±3,±4,±5 into Equation (7) yields a set of nonlinear equations. However, it
is difficult to solve these equations directly. Therefore, a simple iterative method for solving
these equation is proposed, where A∗(m) and A(m) denotes the field quantities obtained
from the m − th iterative calculation. In the iterative calculation, the following method
is used. First, the field quantities on the left side of Equation (7) are taken as A(m)

i and

the constants on the right side are taken as A(m−1)
i and A∗(m−1)

i . Second, Ai and A∗
i in Fi

are replaced with A(m−1)
i and A∗(m−1)

i , respectively. Third, the result obtained is F(m−1)
i .

Therefore, the following equation is used in the m − th iterative calculation:

A(m)
i,zz − iωα−1

b A(m)
i j = − b

2
F(m−1)

i , (14)

when i = 0,±1,±2,±3,±4,±5, an uncoupled set of equations can be obtained from (14).
Therefore, A(m)

i can be calculated separately and independently from the other iterations,
which means that the computational effort does not increase dramatically when higher-
order harmonics are involved.

Outputting results A(m)
i of the 1 iteration calculation are same with those predicted by

the linear approximation theory. Outputting results A(2)
i (i �= 1) of the 2 iteration calculation

are same with those predicted by the perturbation theory. The depletion of pump waves
has already been taken into account in the 2 interaction calculation. However, it is not taken
into account in the perturbation theory [31].

In the iterative calculation, this study let A(0)
i = 0 and A∗(0)

i = 0, and this paper

uses the boundary excitation conditions to generate nonzero values of A(m)
i and A∗(m)

i .
At both endpoints z = 0 and z = d, this work considers that the photothermal radiation
signal is mainly due to the alternating temperature field. To simplify the calculation, this
paper ignores the DC term and the effect of other layers and convective radiation on the
temperature

3. Numerical Results and Discussion

In this section, we numerically calculate the solution to Equation (5) using the new
numerical iterative method and the conventional perturbation method and discuss the
effect of different sample parameters on the amplitude of the posterior surface of the
sample. Table 1 lists the physical parameters used in the calculation of the PWS samples.
The thermal conductivity is K0 = 121.5 W/m and the thermal diffusion coefficient is
αb = 5.9419 × 10−5 m2/s for the 2219 aluminum alloy sample.

The amplitude of the signal from the posterior surface of PWS samples of different
thicknesses obtained by the two numerical methods decreases with increasing frequency in
the low−frequency and high−frequency ranges as shown in Figures 2 and 3, respectively.
In the low−frequency range, Figure 2 shows that the amplitude of each order harmonic
of the signal from the posterior surface of the PWS samples obtained by both numerical
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methods decreases with increasing frequency when other parameters are constant and
the sample thicknesses are d = 0.5 mm and d = 0.8 mm. In the high−frequency range,
Figure 3 reveals that the amplitude of each order harmonic of the signal from the posterior
surface of the PWS samples obtained by both numerical methods decreases with increasing
frequency when other parameters are constant and the thickness of the samples is d = 0.01
mm and d = 0.02 mm.

Figure 2. Variation in the amplitude with frequency on the posterior surface of a wine−discolored
sample when the sample thickness varies: (a) fundamental frequency wave; (b) second harmonic
(low frequency).

Figure 3. Variation in the amplitude of the posterior surface of the wine−discolored samples with
frequency for different sample thicknesses: (a) fundamental frequency wave; (b) second harmonic
(high frequency).
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As seen in Figures 2 and 3, the results obtained by the new numerical iterative method
are more sensitive to thickness than those obtained by the conventional perturbation
method. Figure 2 shows the results in the low−frequency range PWS samples with thick-
nesses d = 0.5 mm and d = 0.8 mm. Both the fundamental and second harmonics on
the posterior surface of the samples obtained by the two numerical methods decrease
with increasing thickness, which is in good agreement with the results predicted in the
literature [28,29]. For the fundamental and second harmonics obtained by the conventional
perturbation method, there is no significant change in the effect of the sample thickness on
the results, and there is no significant difference between the fundamental and second har-
monics. However, the fundamental and second harmonics obtained by the new numerical
method have a statistically significant effect on the results due to the change in the sample
thickness, and the change is more pronounced in the second harmonic, so that it is necessary
to consider the second harmonic. Figure 3 shows the results in the high-frequency range for
the PWS samples with the thicknesses of d = 0.01 mm and d = 0.02 mm. Both fundamental
frequency waves and second harmonics on the posterior surface of the samples obtained by
the new method decrease with increasing thickness. However, both fundamental frequency
waves and second harmonics on the posterior surface of the samples obtained by the
conventional perturbation method increase with thickness, contradicting the literature
predictions. Therefore, it is possible that the conventional perturbation method is not
applicable at high frequencies. Additionally, the new numerical method shows a more
pronounced change in the second harmonic than in the fundamental frequency wave when
a weak change in the sample thickness occurs. Therefore, the second harmonic has stronger
sensitivity to thickness, and the new method has the potential for important applications in
the noninvasive assessment of PWS thickness.

Reference [31] applied the perturbation method to the solution of the nonlinear thermal
diffusion equation to theoretically study the nonlinear photoacoustic effect; while the
physical meaning of its simple method and solution is clear, Reference [31] considers only
the effect of lower−order harmonics on higher−order harmonics and ignores the inverse
effect. Figures 2 and 3 show that the sensitivity of the perturbation method to the sample
thickness and the applicable frequency range is slightly lower effective than that of the
new method.

In Figure 4, the solid line shows the thickness of the PWS sample inv d = 0.01 mm,
and the marked dashed line shows the thickness of the PWS sample in d = 0.02 mm.
The numbers 1−5 indicate the fundamental frequency wave and second through fifth
harmonics, respectively.

Figure 4 shows the variation in the amplitude of each order of harmonics the frequency
on the posterior surface of PWS samples at different thicknesses obtained by the new
method. From Figure 4, the following conclusion can be drawnwhile other parameters
held constant. First, each order of harmonic decreases with increasing frequency. Second,
each order of harmonic decreases with increasing thickness. Third, the rate of change with
thickness is larger for higher−order harmonics than lower−order harmonics, indicating
that the effects of higher−order harmonics are more sensitive to the change in the sample
thickness than those of the lower−order harmonics. Therefore, it is necessary to consider
higher−order harmonics. In addition, the difference between the rates of change of the
fourth and fifth harmonics with thickness is not very obvious. Therefore, the choice N ≤ 5
is appropriate in the theoretical derivation.

Figure 5 shows the variation of each order of harmonics with light energy on the
posterior surface of the PWS samples at different thicknesses obtained with the new method.
Figure 5 shows that the amplitude of each order of harmonics increases with increasing
light energy when other parameters are constant. Additionally, when other parameters
are constant, the amplitude of each order of harmonic decreases with increasing thickness.
As observed from Figure 5a, the fundamental frequency amplitude is proportional to the
optical energy wp, which is consistent with the results of linear theory. As observed from
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Figure 5b,c, the amplitudes of the higher−order harmonics are proportional to the square
of the light energy, which is consistent with the theoretical derivation.

Figure 4. Variation in the harmonic amplitude with frequency for each order of harmonic for different
sample thicknesses.

Figure 5. Variation in the harmonic amplitude with light energy for different sample thicknesses.
(a) Fundamental frequency wave; (b) second harmonic; (c) third harmonic; (d) fourth harmonic.

To demonstrate the validity of the new theory, two numerical methods were used to
analyze and compare the results for the variation in the amplitude with sample thickness
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on the posterior surface of 2219 aluminum alloy samples. The two methods are the new
iterative numerical method and the conventional perturbation method [28,29].

The effectiveness of the new iterative numerical method for solving the nonlinear
heat diffusion equation is demonstrated in Figures 6 and 7. Numerical simulations of
the nonlinear heat diffusion equation for the 2219 aluminum alloy sample using the new
numerical iterative method show two effects. First, the amplitude of each order of harmon-
ics decreases with increasing frequency. Second, the second−order harmonic amplitude
decreases with increasing thickness. The above conclusions are consistent with those ob-
tained by the conventional perturbation method, and Figure 6 shows that the fundamental
frequency wave results obtained by the two methods are very consistent. Therefore, the
effectiveness of the method is demonstrated in Figures 6 and 7.

Figure 6. Variation in the fundamental frequency wave and second harmonic with frequency.

Figure 7. Variation in the second harmonic with frequency for different sample thicknesses.
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An examination of Figures 6 and 7 shows the superiority of the new numerical method.
For the 2219 aluminum alloy sample, the rate of change with the frequency of the second
harmonic is larger than that of the fundamental frequency wave, and the rate of change
of the results obtained by the new numerical method is larger than that of the second
harmonic results obtained by the traditional perturbation method. Additionally, Figure 7
shows that the rate of change of the second harmonic amplitude with increasing thickness
with other parameters unchanged is greater with the new method than with the traditional
method. Therefore, the new numerical method is better than the traditional perturbation
method. This comparison reflects the greater sensitivity of the results to the sample
thickness obtained by the proposed method compared tothe traditional method.

Figure 8 describes the relationship between the second harmonic amplitude on the
posterior surface of the 2219 aluminum alloy sample and the iteration frequency m when
the light energy wp differs. Figure 8 shows that when the light energy is 5 mJ/cm2 and the
number of iterations is greater than or equal to 6, the fundamental frequency amplitude
converges to 7.6485 K. In addition, when the light energy is 8 mJ/cm2 and the number of
iterations is greater than or equal to 10, the fundamental frequency amplitude converges to
19.8287 K. Moreover, when the light energy is 10 mJ/cm2 and the number of iterations is
greater than or equal to 12, the fundamental frequency amplitude converges to 31.3493 K.
These results imply that the proposed method is converges well.

Figure 8. The variation in the second harmonic amplitude with number of iterations for different
light energies.

4. Conclusions

In this paper, a theoretical model for thermal nonlinear photoacoustic detection related
to port-wine stain samples is constructed. A new numerical iteration approach is developed
and compared to the perturbation method for analyzing the thickness and absorption
coefficient of PWS samples. The main conclusions are as follows:

(1) The rates of change with frequency, thickness, and optical energy intensity are larger
for higher−order harmonics than lower-order harmonics; higher−order harmonics
are more sensitive to sample detection than lower-order harmonics.

(2) For the same parameter values, the proposed new numerical iterative method has
greater sensitivity and a wider frequency band than the perturbation method. Fur-
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thermore, the calculation time of our proposed method will not drastically increase
when additional high−order harmonics are included.
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Simple Summary: Primary hepatic angiosarcoma is a rare tumor of the liver. The prognosis and
treatment of this rare tumor remains an enigma. Despite being the most common liver tumor of
mesenchymal origin, the prognosis of patients diagnosed with primary hepatic angiosarcoma has
never been compared with that of the most common liver tumor which is hepatocellular carcinoma.
In this manuscript, we have analyzed all the recorded cases in the National Cancer Center Database
and determine the best approach to treat this rare tumor. We have also conducted a brief review
of the literature to guide the reader toward the finer nuances of managing patients diagnosed with
primary hepatic angiosarcoma, especially in the context of a liver transplant.

Abstract: Background: To determine the risk of mortality and factors associated with survival
amongst patients diagnosed with primary hepatic angiosarcoma (PHA). Methods: All patients
diagnosed with hepatocellular carcinoma (HCC) or PHA from 2004 to 2014 were identified from the
National Cancer Database (NCDB). Further analysis was performed within the cohort of patients
with PHA to assess the impact of surgery, chemotherapy, radiation, and facility type on overall
survival (OS). A multivariable analysis using the Cox proportional methods and a survival analysis
using the Kaplan–Meier method were used. Results: A total of 117,633 patients with HCC were
identified, out of whom 346 patients had PHA. Patients with PHA had a mean age of 62.9 years
(SD 13.7), the majority were men (64.7%), white (85.8%), and had a Charlson comorbidity index
(CCI) of zero (66.2%). A third of the patients with PHA (35.7%) received chemotherapy, and 14.6%
underwent a surgical resection. The median survival was 1.9 months (1.8–2.4 months) compared
to patients with HCC (10.4 months, 10.2–10.5) (aHR-2.41, 95% CI: 2.10–2.77, p < 0.0001). Surgical
resection was associated with a higher median survival (7.7 versus 1.8 months, aHR-0.23, 95% CI:
0.15–0.37, p < 0.0001). A receipt of chemotherapy was associated with a higher median survival
than no chemotherapy (5.1 versus 1.2 months, aHR-0.44, 95% CI: 0.32–0.60, p < 0.0001), although
the survival benefit did not persist long term. Conclusion: PHA is associated with poor outcomes.
A surgical resection and chemotherapy are associated with improved survival outcomes; however,
the long-term benefits of chemotherapy are limited.

Keywords: angiosarcoma; database; surgery; chemotherapy; academic medical center

1. Introduction

Primary hepatic angiosarcoma (PHA) is an extremely rare malignancy with an esti-
mated incidence of 0.5–2.5 cases per 10 million people [1,2]. Despite being rare, PHA is the
most common mesenchymal tumor of the liver [3]. Several chemical compounds such as
vinyl chloride, colloidal thorium dioxide, androgenic steroids, and phenylhydrazine are
implicated in the development of PHA. Hereditary conditions such as hemochromatosis
and neurofibromatosis are also associated with PHA [3,4]. A latency period of 10–40 years
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is noted between exposure to a carcinogen and the development of PHA [1,3,4]. A clinical
diagnosis of PHA requires a high index of suspicion as most patients will present with non-
specific symptoms, such as abdominal pain, weight loss, and fatigue. Imaging is needed to
differentiate PHA from benign lesions and other malignant tumors. Contrast-enhanced
computed tomography (CT) of the liver shows a multifocal, heterogenous, vascular tumor
with internal hemorrhage in larger lesions and a disordered patchy arterial phase enhance-
ment which is progressive in later phases [5,6]. Histopathology shows large pleomorphic
sinusoidal cells. Immunohistochemistry is positive for endothelial markers (von Willebrand
factor, Ulex europaeus agglutinin 1, and CD 31 are the most reliable markers amongst several
others) [3,7,8].

PHA is an aggressive malignancy and tends to metastasize quickly within the liver
or distant organs. Surgical resection is offered to patients with localized disease. In pa-
tients with localized PHA, resection of the tumor with an R0 margin (microscopic negative
margin) is associated with the best survival outcomes [9–11]. Patients diagnosed with
metastatic PHA are treated with systemic therapy only. However, neoadjuvant systemic
therapy is sometimes offered to patients with localized disease to help increase the chances
of achieving an R0 resection. Adjuvant therapy has also been used in patients undergoing
surgical resection in an attempt to increase the progression-free survival [11,12]. Because
PHA is a rare disease, most data in the literature come from case reports and short case
series. We conducted this study utilizing the National Cancer Database (NCDB) to explore
the real-world outcomes of patients diagnosed with this extremely rare tumor. Although
hepatocellular carcinoma (HCC) and PHA are two different malignancies, they are aggres-
sive and associated with poor outcomes. There has never been a formal comparison of the
difference in outcomes of the two cancers. Hence, we also incorporated data from patients
with hepatocellular carcinoma (HCC) as a reference to patients with PHA to compare the
outcomes of the two malignancies.

2. Materials and Methods

Adults (ages 18+) diagnosed with HCC or PHA were identified in the National Cancer
Database (NCDB) from 2004 to 2014. International Classification of Diseases for Oncology,
Third Edition (ICD-O-3) codes were used for the identification of HCC (8170/3) and PHA
(9120/3). Descriptive statistics for clinical and sociodemographic characteristics were
obtained. Chi-square test was used to assess differences in categorical variables, and t-
tests were performed to assess differences in continuous variables. These tests were also
performed within PHA patients to compare characteristics between surgery status and
chemotherapy status. The Kaplan–Meier method with log-rank test was used to calculate
survival for HCC and PHA patients. Additional analyses were performed on the PHA
cohort to assess the impact of surgery and facility type on overall survival. Univariate and
multivariable Cox proportional hazards models were performed to assess differences in
survival. Multivariable analyses were adjusted for age, sex, Charlson–Deyo comorbidity
index (CCI) score, race, and ethnicity, urbanicity, insurance status, facility location and
type, treatment received (surgery, chemotherapy, or RT) were performed, and adjusted
hazard ratios (aHR) are reported. Statistical significance was set at <0.05. All analyses
were performed using SAS version 9.4 (SAS institute, Cary, NC, USA). The study was
approved by the institutional review board at Case Western Reserve University. The study
was performed in accordance with relevant guidelines and regulations.

3. Results

A total of 117,633 patients with HCC and 346 patients with PHA were identified in the
database. PHA was diagnosed in patients with a mean age of 62.9 years (SD: 13.7 years)
and had male preponderance (male versus female: 64.7% versus 35.3%, respectively).
Most patients belonged to the white race (85.8%), and most were treated either in an
academic/research program or in a comprehensive community cancer program (49.8%
and 31.6%, respectively). Only 14.6% of patients received surgery, 3.5% received RT,
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and 35.7% received chemotherapy (Table 1). Twelve patients (3.47%) with PHA received
chemotherapy and surgery, six patients (1.74%) received chemotherapy and RT, and two
patients (0.58%) received surgery and RT. No patient recorded in the database received all
three treatment modalities. Among the patients with PHA, those who received surgery
had a median survival of 7.7 months (5.5–16.9), compared to 1.8 months (1.5–1.9) for those
who did not receive surgery. When adjusted for demographic factors, such as age, sex, race,
ethnicity, and location, and clinical factors, such as comorbidities and treatment, patients
who received surgery had a 77% decrease in the risk of death compared to those who did
not receive surgery (aHR-0.23, 95% CI: 0.15–0.37, p < 0.0001). There was a similar trend
among those who received chemotherapy, having a median survival of 5.1 months (3.8–5.8)
as compared to 1.2 months (0.9–1.6, p < 0.0001) without chemotherapy. Adjusting for the
same factors as above, those patients who received chemotherapy had a 56% decrease in
the risk of death than those who did not (aHR-0.44, 95% CI-0.32–0.60, p < 0.0001) (Table 2).
Among patients diagnosed with PHA, those who received surgery were significantly
younger than those who did not (55.9 years vs. 64.2 years, p < 0.001), as well as those who
received chemotherapy (59.7 years vs. 65.0 years, p < 0.001). (Table 3). Patients treated
at an academic center had a higher median survival (2.9 months, 95% CI: 2.2–4.1) than
those treated at a non-academic center (1.9 months, 95% CI: 1.2–2.4). However, there was
no significant difference in the overall survival of patients treated at an academic center
(aHR-0.99, 95% CI: 0.74–1.34), p = 0.97).

Table 1. Descriptive statistics for Primary Hepatic Angiosarcoma and Hepatocellular Carcinoma.
National Cancer Database 2004–2014.

Histologic Type

Angiosarcoma HCC p

Overall n 346 118,066
Age, Mean (SD) 62.9 (13.7) 62.4 (11.1) 0.458

Sex, n (%)
Male 224 (64.7%) 90,367 (76.8%) <0.0001

Female 122 (35.3%) 27,266 (23.2%)
Race, n (%)

White 290 (85.8%) 85,200 (7.4%) <0.0001
Black 25 (7.4%) 18,712 (15.9%)

American Indian 1 (0.3%) 839 (0.7%)
Asian and Pacific Islander 22 (6.5%) 9477 (8.1%)

Ethnicity, n (%)
Non Spanish 284 (88.8%) 97,216 (86.5%) 0.245

Hispanic 36 (11.3%) 15,142 (13.5%)
Metro Status, n (%)

Metro 270 (81.1%) 99,948 (87.3%) 0.002
Urban 54 (16.2%) 12,986 (11.5%)
Rural 9 (2.7%) 1470 (1.3%)

Insurance Status, n (%)
Not Insured 15 (4.5%) 7772 (6.8%) <0.0001

Private Insurance 146 (43.7%) 38,481 (33.5%)
Medicaid 22 (6.6%) 17,587 (15.3%)
Medicare 145 (43.4%) 48,763 (42.5%)

Other Government 6 (1.8%) 2120 (1.9%)
Region, n (%)

Northeast 63 (19.1%) 24,451 (21.1%) <0.0001
Midwest 104 (31.6%) 22,811 (19.7%)

South 98 (29.8%) 45,337 (39.1%)
West 64 (19.5%) 23,382 (20.2%)

Facility Type, n (%)
Community Cancer Program 21 (6.4%) 6335 (5.5%) 0.141

Comprehensive Community Cancer Program 104 (31.6%) 32,083 (27.7%)
Academic/Research Program 164 (49.8%) 65,237 (56.3%)

Integrated Network Cancer Program 40 (12.2%) 12,326 (10.6%)
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Table 1. Cont.

Histologic Type

Angiosarcoma HCC p

Charlson/Deyo Score
0 229 (66.2%) 55,031 (46.8%) <0.0001
1 57 (16.5%) 31,722 (27.0%)
2 20 (5.8%) 12,403 (10.5%)
≥3 40 (11.6%) 18,477 (15.7)

Metastasis 43 (26.2%) 5407 (8.6%) <0.0001
Bone 24 (13.0%) 2509 (3.8%)
Lung 19 (10.3%) 2997 (4.5%)

Treatment Modalities used
Surgery, n (%) 50 (14.6%) 31,248 (26.7%) <0.0001

Radiation, n (%) 12 (3.5%) 9946 (8.5%) 0.001
Chemotherapy, n (%)

No 218 (64.3%) 56,023 (55.0%) 0.086
Yes (single agent) 82 (24.2%) 34,755 (34.1%)
Yes (multi-agent) 39 (11.5%) 11,161 (11.0)

Alive, n (%) 34 (9.8%) 31,158 (26.5%) <0.0001

Table 2. Descriptive Statistics: National Cancer Database 2004–2014, Primary Hepatic Angiosarcoma
stratified by Surgery and Chemotherapy Status.

Received Surgery Received Chemotherapy

No Yes p No Yes p

Overall n 293 (85.4%) 50 (14.6%) 218 (64.3%) 121 (42.0%)
Age, Mean (SD) 64.2 (13.4) 55.9 (13.4) <0.0001 65.0 (13.7) 59.7 (12.6) <0.0001

Sex, n (%)
Male 198 (67.6%) 25 (50%) 0.016 140 (64.2%) 79 (65.3%) 0.84

Female 95 (32.4%) 25 (40%) 78 (35.8%) 42 (34.7%)
Race, n (%)

White 245 (83.6%) 44 (88.0%) 0.93 184 (84.4%) 100 (82.6%) 0.85
Black 21 (7.2%) 3 (6.0%) 14 (6.4%) 11 (9.1%)

American Indian 1 (0.3%) 0 (0%) 1 (0.5%) 0 (0%)
Asian and Pacific Islander 20 (6.8%) 2 (4.0%) 14 (6.4%) 7 (5.8%)

Ethnicity, n (%)
Non-Spanish 243 (89.7%) 39 (83.0%) 0.18 175 (87.5%) 102 (90.3%) 0.46

Hispanic 28 (10.3%) 8 (17.0%) 25 (12.5%) 11 (9.7%)
Metro Status, n (%)

Metro 231 (81.9%) 36 (75.0%) 0.51 166 (79.1%) 98 (84.5%) 0.28
Urban 44 (15.6%) 9 (20.8%) 39 (18.6%) 14 (12.0%)
Rural 7 (2.5%) 2 (4.2%) 5 (2.4%) 4 (3.5%)

Insurance Status, n (%)
Not Insured 11 (3.9%) 3 (6.1%) 0.099 10 (4.7%) 4 (3.5%) 0.004

Private Insurance 118 (41.8%) 27 (55.1%) 79 (36.7%) 64 (56.6%)
Medicaid 18 (6.4%) 4 (8.3%) 20 (9.3%) 2 (1.8%)
Medicare 131 (46.5%) 13 (26.5%) 102 (47.4%) 41 (36.8%)

Other Government 4 (1.4%) 2 (4.1%) 4 (1.9%) 2 (1.8%)
Region, n (%)

Northeast 54 (19.3%) 7 (15.2%) 0.18 39 (18.5%) 24 (21.2%) 0.004
Midwest 89 (31.8%) 15 (32.6%) 55 (216.1%) 47 (41.6%)

South 78 (27.9%) 19 (41.3%) 66 (31.3%) 30 (26.6%)
West 59 (21.1%) 5 (10.9%) 51 (24.2%) 12 (106%)

Facility Type, n (%)
Community Cancer Program 19 (6.8%) 1 (2.2%) <0.0001 17 (8.1%) 4 (3.5%) 0.097

Comprehensive Community Cancer Program 99 (35.4%) 4 (8.7%) 73 (34.6%) 29 (25.7%)
Academic/Research Program 127 (45.4%) 36 (78.3%) 98 (46.5%) 65 (57.5%)

Integrated Network Cancer Program 35 (12.5%) 5 (10.9%) 23 (10.9%) 15 (13.3%)
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Table 2. Cont.

Received Surgery Received Chemotherapy

No Yes p No Yes p

Charlson/Deyo Score
0 192 (65.5%) 34 (68.0%) 0.83 131 (60.1%) 94 (77.7%) 0.002
1 50 (17.1%) 7 (14.0%) 36 (16.5%) 18 (14.9%)
2 16 (5.5%) 4 (8.0%) 17 (7.8%) 6 (5.0%)
≥3 35 (12.0%) 5 (10%) 34 (15.6%) 33 (12.5%)

Metastasis 42 (29.0%) 1 (5.3%) 0.027 16 (22.3%) 21 (37.5%) 0.073
Radiation, n (%) 10 (3.4%) 2 (4.0%) 0.84 5 (2.3%) 6 (5.0%) 0.39

Chemotherapy, n (%) 109 (45.6%) 12 (26.1%) 0.014 – –
Surgery, n (%) – – 34 (20.7%) 12 (9.9%) 0.014

Alive, n (%) 20 (6.8%) 13 (26.0%) <0.001 23 (10.6%) 11 (9.1%) 0.44

Table 3. Median Survival and Cox Proportional Hazards Models for surgery and chemotherapy
status for Primary Angiosarcoma of Liver. National Cancer Database 2004–2014.

Median Survival Cox Proportional Hazards

Median Survival
(95% CI)

Univariate HR
(95% CI)

p Multivariable
HR *,† (95% CI)

p

Surgery Status

Yes 7.69 (5.46–16.92) 0.34 (0.24–0.49) <0.0001 0.23 (0.15–0.37) <0.0001

No 1.77 (1.48–1.94) Ref Ref

Chemotherapy Status

Yes 5.09 (3.77–5.81) 0.59 (0.47–0.76) 0.001 0.44 (0.32–0.60) <0.0001

No 1.15 (0.85–1.61) Ref Ref
* Surgery Status—Adjusted for Age, Race, Ethnicity, Sex, Urbanicity, Facility Location and Type, Charlson/Deyo
Score, Chemotherapy, and Radiation. † Chemotherapy Status—Adjusted for Age, Race, Ethnicity, Sex, Urbanicity,
Facility Location and Type, Charlson/Deyo Score, Surgery, and Radiation.

Primary Hepatic Angiosarcoma versus Hepatocellular Carcinoma

A notably larger proportion of female patients with PHA than those with HCC were
recorded in the NCDB database (35.3% vs. 23.3%, p < 0.0001). A higher proportion of white
patients with PHA than HCC were recorded (85.8% vs. 74.6%, p < 0.0001). Overall, patients
with PHA had fewer comorbidities, with 66.2% of patients having a Charlson/Deyo score
of 0, compared to 46.9% for patients diagnosed with HCC (p < 0.0001). The demographics
of the patients diagnosed with HCC and PHA are detailed in Table 1. The median survival
for patients with HCC was 10.3 months (95% CI: 10.2–10.5) and 1.9 months (1.8–2.4) for
patients with PHA (Figure 1), and this correlated with a higher risk of death for patients
with PHA compared to those with HCC (aHR 2.41 (95% CI) (2.1–2.77), p < 0.0001) (Table 4).

Table 4. Median Survival and Cox Proportional Hazards Models for Primary Angiosarcoma and
HCC of Liver. National Cancer Database 2004–2014.

Median Survival
(Months)

Cox Proportional Hazards

Median Survival
(95% CI)

Univariate HR
(95% CI)

p Multivariable
HR * (95% CI)

p

Cancer Type
Angiosarcoma 1.94 (1.77–2.36) 2.39 (2.13–2.67) <0.0001 2.41 (2.10–2.77) <0.0001

HCC 10.35 (10.22–10.51) Ref Ref
* Surgery Status—Adjusted for Age, Race, Ethnicity, Sex, Urbanicity, Facility Location and Type, Charlson/Deyo
Score, Chemotherapy, and Radiation.
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Figure 1. Panel (A): Kaplan–Meier Survival curves for patients diagnosed with primary hepatic
angiosarcoma and hepatocellular carcinoma. Panel (B): Kaplan–Meier Survival curves for surgery
status for patients diagnosed with primary hepatic angiosarcoma. Panel (C): Kaplan–Meier Survival
curves for chemotherapy status for patients diagnosed with primary hepatic angiosarcoma, patients
diagnosed with primary hepatic angiosarcoma. Data from National Cancer Database 2004–2014.
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4. Discussion

4.1. Primary Hepatic Angiosarcoma

PHA is a rare disease whose pathogenesis, clinical characteristics, and treatment
outcomes are described only in case reports and small case series [3,9,10,13]. Ours is the
first database study exclusively addressing the demographics and treatment outcomes of
patients diagnosed with PHA. The NCDB contains data from approximately 1500 partici-
pating centers, representing roughly 70% of all oncologic cases in the United States [14].
The incidence of PHAs amongst the primary hepatic tumors reported here is derived
from the NCDB database (2004–2014). Individual cancer registries report a 0.04 to 2%
incidence of PHAs amongst hepatic tumors [15,16]. We found the incidence of PHAs was
0.29% amongst all primary hepatic tumors. The majority of patients diagnosed with PHA
identified themselves as white race (85.8%), and 11.3% of patients were of Hispanic race.
Thus far, PHAs have been reported to exhibit a male preponderance (2–4:1 ratio favoring
men) and occur between the fifth and seventh decades of life [10,11,15,17]. In our study,
PHAs were diagnosed at a mean age of 62.9 years and showed a 2:1 male preponderance,
which is congruent with the reported literature.

The median OS of patients with PHA in our study was 1.9 months. Retrospective
studies and systematic reviews report a median OS of approximately six months in patients
diagnosed with PHA [9,10,17]. Groeschl et al., in their analysis of the SEER database
(1975–2007), reported an overall median OS of 1 month in the 207 patients with PHA [18].
Retrospective studies and case series report a median OS of 6 months for patients diagnosed
with PHA. This discrepancy in results could be because individual case reports and case
series are usually derived from academic centers where patients have access to tertiary
care [9,11,12,19]. When treated at ‘high-volume centers’, patients diagnosed with sarcoma
have a better outcome than those treated at non-academic centers [20,21]. Although our
results show that the patients treated in academic centers had a numerically higher medical
survival than those treated at non-academic centers, these results were not statistically
significant. One probable reason for this result could be the difference in definitions of
academic centers as defined in the NCDB vis-à-vis the definition used in other studies.
Studies that had access to more granular data had strict criteria to define ‘high-volume
centers.’ On the other hand, the NCDB dictionary defines an Academic Comprehensive
Cancer Program (ACCP) as any facility that encounters more than 500 cancers per year
and participates in post-graduate medical education in at least four subjects (hematology–
oncology training is NOT a must). Sarcoma is a rare tumor, and it is hard to ascertain if all
facilities falling under an ACCP, or even otherwise, have a multidisciplinary tumor board
or not. Other authors have also reported such discrepancies in their cohorts, and it is a
limitation of big-data analysis [22].

Our results show that patients who received surgery had improved survival compared
to those who did not. These results are congruent with the general principles of managing
patients with PHAs, where surgical resection affords the best survival outcomes [7,8,23–25].
The existing literature also reflects better survival outcomes for patients diagnosed with
PHAs who undergo surgical resection with or without locoregional therapies, such as
transarterial chemoembolization (TACE) [9–11,18,26]. In patients with lesser stage tumors
(Stage 1b) who underwent surgery with or without TACE, the median survival can extend
beyond five years [9,12,27–29]. Wilson et al. retrospectively reviewed 44 patients diagnosed
with PHA. Six out of eight patients presenting with resectable disease underwent an R0
resection in this cohort. Only two patients who underwent an R0 resection were alive
at the end of five years. Patients undergoing a surgical resection for PHA had a median
OS of 33.4 months compared to a median OS of 9.3 months for those who underwent
locoregional therapy and 7.7 months for those who received chemotherapy. The patients
who did not receive any treatment had the worst median OS of 1.9 months [9]. In another
cohort of 5 patients with solitary PHA who underwent surgical resection, the 1-, 3-, and
5-year survival was 100%, 80%, and 40%, respectively. Although four out of five patients
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had a tumor recurrence (death recorded between 23 to 69 months), the excellent 1-year
survival validates the benefit of a surgical resection [12]. It is important to note that a
surgical resection is usually offered to patients with localized disease in patients diagnosed
with any soft-tissue sarcoma (STS) [7,30]. It is also known that patients with localized
angiosarcoma have better survival than those with metastatic disease [7]. In the current
study, it is challenging to ascertain if a possible early stage of presentation confounds the
survival benefit seen with surgical resection or not.

Patients with PHA who received chemotherapy had better survival and a lower risk of
death than those who did not receive any chemotherapy. Patients with metastatic disease
and a locally advanced STS that are not amenable to curable surgery or RT are treated with
cytotoxic chemotherapy [7,30]. However, the survival data in our study only indicate the
initial benefit as the survival curves cross over by two years, indicating no long-term benefit.
Many studies have shown an improvement in OS with chemotherapy in patients with
angiosarcoma, especially in the metastatic stage [23–25]. Kim et al. retrospectively reviewed
records of 11,415 patients with primary hepatic tumors, out of whom five were diagnosed
with PHA. All five patients had metastatic disease at presentation in this cohort, and three
died within three months of diagnosis. The other two patients, who were younger and
had better performance status, received second and third lines of chemotherapy regimens
and lived for 16 and 9 months, respectively [15]. Likewise, Wilson et al. also reported
a better median OS in patients receiving chemotherapy than those who did not receive
any treatment (7.7 months versus 1.9 months). A study by Huang et al. studied a cohort
of 34 patients reported and noted a median OS of 41 months (IQR—20 months) among
patients that received both surgery and chemotherapy (n = 7) compared to 3 months (IQR—
9.35 months) for those who received chemotherapy only (n = 5) [11]. These results from
individual cohorts of patients with PHA are consistent with our findings. More research
is needed to understand the long-term outcomes of patients with systemic chemotherapy
and if any additional benefit may arise from combining it with surgery.

4.2. Primary Hepatic Angiosarcoma versus Hepatocellular Carcinoma

HCC is the most common primary tumor of the liver and the fourth most common
cause of tumor-related death worldwide [31]. The overall five-year survival for HCC is
18%, making it a lethal tumor [31]. On the other hand, PHA is reported to have only a 3%
survival rate at the end of 2 years compared to cutaneous or extremity angiosarcoma [7].
Although both malignancies are associated with poor outcomes, no study has reported a
head-to-head comparison of survival outcomes of patients with HCC and PHA. Ours is the
first study to report a significantly worse survival for patients diagnosed with PHA than
those diagnosed with HCC. Moreover, patients diagnosed with PHA are 2.23 times more
likely to die from the diagnosis at any given point compared to those diagnosed with HCC.
The data in this analysis extended to 2014, when significant advancements were being
made in treating patients with HCC [32]. On the contrary, no significant advances came in
the treatment of STS, except for the approval of pazopanib in 2014, which did not provide
an OS benefit to patients diagnosed with any STS [33]. In the last five years, systemic
options for angiosarcomas have increased with the inclusion of checkpoint inhibitors, and
it would be interesting to see their impact on the survival of patients diagnosed with PHA.

A liver transplant is controversial in PHAs. Unlike HCC, where a liver transplant is
an option for patients with limited tumor burden and satisfying the Milan Criteria [31],
it is contraindicated in patients with PHA due to high rates of recurrence, infection, and
high mortality. Orlando et al. reviewed 22 patients with PHA listed in the European
Liver Transplant Registry who underwent a liver transplant [34]. The OS was reported
at 7.2 ± 2.6 months, and all patients died by 23 months. The recurrence was recorded in
17 patients by 5.0 ± 2.6 months, all of whom were dead by 23 months. Five patients died
from infection. In addition, multiple patients experienced transplant-related complications
such as rejection (14 patients) and renal and respiratory failure (4 patients). A review of the
published literature by the same authors also demonstrated the same dismal results. In a
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subset analysis of primary liver sarcomas recorded in the NCDB, the authors reported a
trend toward better survival in patients with PHA who received a resection compared to
those who received a liver transplant [35].

4.3. Limitations of the Study

This study has a few significant limitations. First, being a retrospective analysis, there
is a potential to introduce selection bias. In addition to this, a large proportion of patients
with missing records could potentially worsen this bias. Second, the NCDB dataset does
not include many clinically relevant variables (such as performance status) and hence were
not included in our model [14]. Third, we cannot account for miscoding or erroneous
data that can be seen in large multi-institutional registries. In addition, it is challenging to
ascertain the course of treatment beyond the first course of treatment from cancer registries,
limiting our analysis to assess the impact of subsequent treatments on overall survival.
Moreover, many treatment-related variables such as the extent of surgery or the use of RT
did not meet our prespecified criteria and could not be included in the analysis.

5. Conclusions

PHA is an aggressive malignancy with a significantly worse prognosis compared to
HCC. Surgery and chemotherapy are associated with better survival outcomes in patients
with PHA; however, the long-term benefits of chemotherapy are not clear. More research is
needed to help determine the optimal treatment approaches for this very rare disease.
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Abstract: The aim of this study was to investigate the influence of systemic chemotherapy on the
skeletal growth of young osteosarcoma patients as a treatment-related late adverse effect. We reviewed
the height data of 20 osteosarcoma patients (13 males and 7 females) aged ≤18 years. The average
(±SD) age at diagnosis was 14.5 (±3.3) years. The average follow-up interval was 89.6 months. After
wide resection of the affected bones, reconstruction with tumor prostheses and auto-bone grafting
was carried out in 11 and 9 cases, respectively. Pearson’s correlation coefficient was calculated to
evaluate the association between actual and predicted (using Paley’s multiplier method) heights.
Z-scores were used to compare the initial and final heights with the Japanese national growth curve.
Actual and predicted heights were correlated according to Pearson’s correlation coefficient (R = 0.503).
Z-analysis showed that statistical significance (p = 0.04) was noted for the height data Z-scores of
patients between ≤10 years and >10 years at the final follow-up. Systemic chemotherapy did not
reduce skeletal growth in young osteosarcoma patients as a late adverse effect based on two different
evaluation methods. However, patients aged ≤10 years at diagnosis may develop a short stature
after systemic chemotherapy.

Keywords: chemotherapy; osteosarcoma; height; skeletal growth; treatment-related late adverse effect

1. Introduction

Osteosarcoma is the most common primary malignant bone tumor in adolescents
and young adults. The standard treatment for osteosarcoma is neoadjuvant systemic
chemotherapy and limb-salvage surgery with wide resection [1,2]. Recent multidisciplinary
therapies have remarkably improved the prognoses of osteosarcoma patients, reporting
a 5-year survival rate of over 65% [3,4]. A study on survival rate improvement also reported
that the treatments for young patients receiving systemic chemotherapy have generated
various kinds of late adverse effects [5]. Therefore, the interest in treatment-related late
adverse effects among young cancer patients has increased.

Osteosarcoma most commonly affects patients between 10 and 19 years of age [6],
which is also the period of growth spurts in adolescents. Therefore, we speculate that
systemic chemotherapy during this active development period may reduce skeletal growth
as a treatment-related late adverse effect. Short stature after cancer treatment is relatively
common as a treatment-related late adverse effect in pediatric cancer patients, especially in
pediatric leukemia and brain cancer [7,8].

However, studies concerning skeletal growth after osteosarcoma treatment are few.
Therefore, we investigated the influence of systemic chemotherapy on skeletal growth
among osteosarcoma patients.
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2. Materials and Methods

This was a retrospective study. Between September 1985 and December 2019, a total of
48 patients aged ≤18 years and diagnosed with high-grade osteosarcoma were treated at our
hospital. The inclusion criteria for this study were diagnosis with high-grade osteosarcoma
at the age of ≤18 years, systemic chemotherapy, and availability of clinical data on patient
height during initial diagnosis and final follow-up. During the final follow-up, patient age
was >18 years.

Clinical information, including sex, age at diagnosis, affected site, height data at diag-
nosis and final follow-up, chemotherapy protocol, and surgical procedure, were examined.

The height was routinely recorded without shoes within one week after definite
diagnosis. At the final follow-up, the height was measured based on the standing position
on the healthy side. If necessary, the soles of the feet were heightened and adjusted
to compensate for the shortening of the affected lower limbs. Height was measured
after confirming that the heights of the pelvis on both sides were parallel to the ground.
The height data of 17 patients was collected during routine follow-up in the outpatient
department of our hospital or in another hospital. We performed telephone surveys with
three patients and asked them to correct their height as much as possible.

To determine whether the height of young osteosarcoma patients treated with systemic
chemotherapy grew as expected, the final height was compared with values predicted
using Paley’s multiplier method [9]. These values were predicted according to a specific
age and sex and were calculated using the formula M = Hm/H, where M is the sex and
age-specific multiplier, Hm is the predicted height value at skeletal maturity, and H is the
height at osteosarcoma diagnosis. At the time of final follow-up, the height of patients aged
18 years or older was substituted for the height value at the age of 18 years.

All patients included in this study are Japanese aged ≤18 years. Therefore, we used
a registry based on Japanese data. The Z-scores of the height data at diagnosis and at
final follow-up were determined based on Japanese national growth curve data [10]. Each
Z-score was adjusted for age and sex.

The Z-scores at diagnosis and at final follow-up were compared among all patients, as
well as between each sex and age group (≤10 years and >10 years).

This study protocol was approved by the Institutional Ethics Review Board of our hospital.

Statistical Analyses

Pearson’s correlation coefficient (R) was calculated to compare the actual and predicted
heights. Z-analyses were used for available data from the Japanese national growth curve,
and the Z-scores were expressed as mean (± SD). These Z-scores have a normal distribution
(mean of 0 and standard deviation of 1). The Mann–Whitney U test was performed for
statistical comparison of the two groups. Statistical analyses were performed using Excel
statistics software (version 2020; Social Survey Research Information Co., Ltd., Tokyo,
Japan) for Windows, and p values of <0.05 were considered statistically significant.

3. Results

Patients were excluded if they presented with metastasis at diagnosis (n = 11), were
managed with additional chemotherapy for newly appearing metastatic lesion after con-
ventional chemotherapy during the follow-up (n = 7), or had amputation surgery (n = 2).
Seven patients were excluded because of incomplete clinical data. A total of 28 patients
were excluded. One patient was followed up with for less than one year.

In total, 20 patients (13 males and 7 females) fulfilled the inclusion criteria and were
enrolled in the study. The average age (±SD) at diagnosis was 14.5 (±3.3) years (range:
9–17 years). The average interval from the diagnosis to the last follow-up was 89.6 months
(range 13–325 months).

The tumors were located in the femur in 13 patients (proximal, 1; mid-shaft, 2; and
distal; 10), tibia in 5 (proximal, 4 and distal, 1), and humerus in two (proximal, 2).
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The treatment protocol for patients included in this study consisted of preoperative
chemotherapy, wide resection, and postoperative chemotherapy. After wide resection of
the affected bones, reconstruction with tumor prostheses and auto-bone grafting had been
carried out in 11 and 9 cases, respectively.

Chemotherapy was based on the Osaka University Osteosarcoma (OOS)-D proto-
col [11] and Kanazawa (K)—2 protocols [12] in 18 and 2 cases, respectively. Both were
modified with T12 protocols [1], and the treatments were composed mainly of doxorubicin,
cisplatin, ifosfamide, methotrexate, and etoposide (Table 1).

Table 1. Chemotherapeutic protocol for osteosarcoma patients in this study.

Author Year Pre-Operative Chemotherapy Post-Operative Chemotherapy

Kudawara, et al. [11] 2013
DOX 80–90 mg/m2 + CDDP 120 mg/m2: 2 courses

IFM 15 g/m2: 2 courses

MTX 10–12 g/m2: 4 courses
DOX 80–90 mg/m2 + CDDP 120 mg/m2: 2 courses

IFM 15 g/m2: 2 courses

Tsuchiya, et al. [12] 1999
DOX 60 mg/m2 + CDDP 100–120mg/m2: 3 courses MTX 10–12 g/m2: 3 courses

IFM 9g/m2 + ETP 180 mg/m2: 2 courses DOX 60 mg/m2 + CDDP 100–120 mg/m2: 3 courses

DOX: Doxorubicin. CDDP: Cisplatin. MTX: Methtrexate. IFM: Ifosfamide. ETP: Etoposide.

Figure 1 shows the relationship between the actual and predicted heights among
the 20 patients with osteosarcoma. R, which was calculated to determine the accuracy of
heights predicted using Paley’s multiplier method, is equal to 0.503. This means that the
predicted height is correlated with the actual height.

Figure 1. Relationship between actual and predicted height.

There was a statistical correlation between the actual and predicted (using Paley’s
multiplier method) heights, according to the calculated Pearson’s correlation coefficient
(R = 0.503).

The Z-scores were calculated from the Japanese national growth curve, and the scores
were arranged from low to high (Figure 2). The scores at the time of diagnosis (Figure 2A)
were compared with those at the time of final follow-up (Figure 2B). Decreasing Z-scores
could be seen among the final follow-up height data, but no statistically significant differ-
ence was observed.
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Figure 2. Distribution of standard deviations in height data: (A) standard deviation (SD) score at
diagnosis; (B) SD score at final follow-up.

Among all patients, the Z-scores were 0.4 (±0.9) and 0.3 (±1.1) at diagnosis of os-
teosarcoma and at the final follow-up, respectively (Figure 3A). Among male patients, the
values were 0.4 (±1.0) and 0.1 (±1.1) (Figure 3B), and, among female patients, the values
were 0.6 (±0.8) and 0.4 (±0.9) (Figure 3C), respectively. There was no statistical significance
observed among these three groups (p = 0.48, p = 0.71, and p = 0.44).

Figure 3. Height at diagnosis and final follow-up with respect to patient sex. (A) All patients.
(B) Male patients. (C) Female patients.

Among patients aged ≤10 years, the Z-scores were 0.1 (±0.8) and −0.2 (±0.9) at
diagnosis and at the final follow-up, respectively (Figure 4A). Among patients >10 years,
the values were 0.4 (±1.0) and 0.4 (±1.1), respectively (Figure 4B). There was no statistical
significance observed among these two groups (p = 0.14 and p = 0.87).

Among all patients with femur osteosarcoma, the Z-scores were 0.9 (±0.4) and
0.8 (±0.4) at diagnosis and at the final follow-up, respectively (Figure 5). There was
no statistical significance observed between these two groups (p = 0.48).
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Figure 4. Height at diagnosis and final follow-up with respect to patient age: (A) ≤10 years; (B) >10 years.

Figure 5. Height of patients with femur osteosarcoma at diagnosis and final follow-up.

The Z-scores at diagnosis were 0.3 (±0.6) and 0.5 (±1.0) for patients aged ≤10 years
and >10 years, respectively (Figure 6A). The values at the final follow-up were −0.2 (±0.9)
and 0.5 (±1.1), respectively (Figure 6B). There was no statistical significance observed at
diagnosis (p = 0.22), but a statistical difference was observed at the final follow-up (p = 0.04).
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Figure 6. Height per patient age group, with respect to time: (A) Z-score of height at diagnosis for patients
aged ≤10 years and >10 years; (B) Z-score of height at final follow-up for patients aged ≤10 years and
>10 years.

4. Discussion

This study examined the influence of systemic chemotherapy on the skeletal growth
of osteosarcoma patients aged ≤18 years at the time of diagnosis. We speculated that
reduced height could be expected as a treatment-related adverse effect, since these young
osteosarcoma patients underwent systemic chemotherapy during the active skeletal growth
period. Based on our results, the height predicted by Paley’s multiplier method was
correlated with the actual height at the final follow-up, which means that the actual final
height was relatively within the prediction. Additionally, the Z-analysis using data from
the Japanese national growth curve showed no significant difference in the height data at
diagnosis and at the final follow-up. This study failed to prove that systemic chemotherapy
significantly reduced the skeletal growth of osteosarcoma patients as a treatment-related
late adverse effect.

Short stature in pediatric leukemia and pediatric brain tumor patients after cancer
treatment is among the common treatment-related adverse effects, especially when radia-
tion therapy had been applied to the brain and spinal cord [13,14]. The treatment-related
adverse effects of systemic chemotherapy on the skeletal maturation of patients with ma-
lignant primary bone tumors have been previously investigated (Table 2). Glasser et al.
demonstrated that patients with osteosarcoma and Ewing’s sarcoma who were treated
with systemic chemotherapy did have height impairments when compared to the normal
population [15]. Cool et al. also reported that 72 osteosarcoma patients had no significant
difference in height at their last follow-up after systemic chemotherapy when compared to
healthy individuals [16]. In contrast, Glig et al. showed that patients with osteosarcoma and
Ewing’s sarcoma had shorter statures compared to predicted height values after systemic
chemotherapy [17].
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Table 2. Previous studies concerning the skeletal maturity of patients with primary malignant bone
tumours after cancer treatment.

Author Year Diagnosis N Reference Outcome

Glasser, et al. [15] 1990
Osteosarcoma 68

United Kingdim cross sectional reference data The final height was not affected.
Ewing sarcoma 54

Cool, et al. [16] 1998 Osteosarcoma 72 National Cancer for Health Statistic data The final height was not affected.

This study 2020 Osteosacoma 24
Paley’s multiplier method

The final height was not affected.
Japanese national growth curve data

The prediction of height at skeletal maturity has been advocated by Bayley and
Pinneau [18], Tanner et al. [19], and Roche et al. [20]. These previously reported prediction
methods require complex data comprising radiographs measuring skeletal age, nude height,
occurrence of menarche, and mid-parent height. In contrast, Paley’s multiplier method [9]
is simple and purely based on sex and chronological age data. In our study, we compared
predicted and actual height values. R was calculated to be 0.503, which means that the
height predicted by Paley’s multiplier method is correlated with the actual height at the
final follow-up. This result supports the idea that the final height of young osteosarcoma
patients is not affected by systemic chemotherapy.

Paley’s multiplier method was based on height data from the National Center for
Health Statistics. The population data were composed of healthy and multiethnic chil-
dren [9]. However, our study involved Japanese patients; hence, we also needed to compare
our data with the Japanese registry. The Japanese national growth curve was designed and
is available for the evaluation of short stature among patients of various pediatric diseases.
According to our results, there were no significant differences among the factors of sex and
age for height data at the time of diagnosis and the final follow-up. These findings illustrate
that skeletal growth in osteosarcoma patients was not affected by systemic chemotherapy.

A statistical significance was observed among the Z-scores of patients at the final
follow-up (−0.2 (±0.9) and 0.5 (±1.1) for patients aged ≤10 years and >10 years, respec-
tively). This result suggests that ages ≤10 years seem to be an important factor in predicting
future short statue, when compared to patients aged >10 years who received the same
systemic chemotherapy regimen. Previous studies have identified some factors as signifi-
cant for predicting the risk of short stature after cancer chemotherapy, such as sex and age.
Vinnna [7] and Sklar [21] reported that systemic chemotherapy for leukemia significantly
reduced height especially in female patients. Moreover, height increase after treatment for
leukemia has been suppressed in younger patients. Daiton et al. [13] reported that patients
between 5 and 8 years had short statures after systemic chemotherapy. Similarly, Vilela
et al. [14] reported that treatment for acute lymphocytic leukemia induced short stature in
patients younger than 4 years.

The femur, which is the longest bone in humans, is also the most common location of
osteosarcoma. Therefore, we speculate that the affected femur has a significant impact on
the final height of osteosarcoma patients because skeletal growth may be interrupted by
chemotherapy; however, no significant difference was observed in the height values at the
time of diagnosis and the final follow-up.

Chemotherapy-induced short stature is thought to be the result of direct and indirect
mechanisms. The direct effect may be growth plate damage caused by anticancer drugs [22–24],
whereas indirectly, anticancer drugs may disturb the function of the hypothalamus–pituitary
gland, resulting in growth hormone reduction [25]. During the follow-up, there were no patients
with disturbed brain functions, including mental health. The standard systemic chemotherapy
treatment for osteosarcoma patients is mainly composed of methotrexate, doxorubicin, cisplatin,
and ifosfamide [1]. Among these key drugs, Leeuwen [22–24] reported that doxorubicin and
methotrexate directly impaired increase in bone length in an in vivo animal model. Doxoru-
bicin was reported to reduce plate height growth, affecting the proliferation zone, whereas
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methotrexate increased the height of the hypertrophic layer in the growth plate and disturbed
the trabecular structure.

Our study has some limitations. This study was retrospective, and the small sample
was comprised of patients of the same ethnicity (Japanese) from a single Japanese institution.
Therefore, the results may not always be applicable to general osteosarcoma patients. The
height was measured with a different type of instrument at the diagnosis and at the final
follow-up; therefore, some errors were possible. The cumulative dose of the anticancer
agents was not same, and the enrolled patients were being treated using two different
protocols. Moreover, actual height values were compared with values predicted using
Paley’s multiplier method but not with values that could be predicted using other methods,
such as those by Bayley [18] and Tanner [19]. The use of other prediction methods was
not possible because of a lack of radiographs of skeletal age, nude height, occurrence of
menarche, and mid-parent height at the time of osteosarcoma diagnosis, which are data
we do not routinely collect. Therefore, our evaluation of predicted height was limited
to chronological age instead of skeletal age. The average interval from the diagnosis to
last follow-up was 89.6 months, and a longer follow-up of over 10 or 20 years might find
different results.

5. Conclusions

Orthopedic oncologists should be convinced and be able to inform pediatric osteosar-
coma patients that systemic chemotherapy does not affect skeletal growth as a treatment-
related late adverse effect, unlike leukemia and brain tumors.
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Simple Summary: Leiomyosarcoma (LMS) is an aggressive soft tissue sarcoma with a poor prognosis.
Approximately 40% of patients will develop metastatic disease. The optimal treatment for patients
with metastatic LMS is not well established, and there are no randomized controlled trials regarding
metastasectomy. This systematic review and pooled survival analysis aims to assess the survival
in patients undergoing a metastasectomy for LMS and compare the outcomes based on the site of
metastasectomy. We identified that patients with LMS metastases in the lungs, liver, spine, and
brain can undergo metastasectomy with acceptable survival. Two studies have compared survival
outcomes between patients treated and not treated with metastasectomy; despite their low quality,
these studies support a survival benefit associated with metastasectomy.

Abstract: This study assesses the survival in patients undergoing metastasectomy for leiomyosarcoma
(LMS) and compares the outcomes by the site of metastasectomy. We conducted a systematic
review and pooled survival analysis of patients undergoing metastasectomy for LMS. Survival
was compared between sites of metastasectomy. We identified 23 studies including 573 patients
undergoing metastasectomy for LMS. The pooled median survival was 59.6 months (95% CI 33.3 to
66.0). The pooled median survival was longest for lung metastasectomy (72.8 months 95% CI 63.0
to 82.5), followed by liver (34.8 months 95% CI 22.3 to 47.2), spine (14.1 months 95% CI 8.6 to 19.7),
and brain (14 months 95% CI 6.7 to 21.3). Two studies compared the survival outcomes between
patients who did, versus who did not undergo metastasectomy; both demonstrated a significantly
improved survival with metastasectomy. We conclude that surgery is currently being utilized for
LMS metastases to the lung, liver, spine, and brain with acceptable survival. Although low quality,
comparative studies support a survival benefit with metastasectomy. In the absence of randomized
studies, it is impossible to determine whether the survival benefit associated with metastasectomy is
due to careful patient selection rather than a surgical advantage; limited data were included about
patient selection.

Keywords: sarcoma; metastasis; leiomyosarcoma; metastasectomy; surgery; survival; systematic
review
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1. Introduction

Leiomyosarcoma (LMS) is a malignant mesenchymal tumor arising from smooth
muscle cells that accounts for 10–20% of soft tissue sarcomas [1,2]. LMSs most commonly
occur in the uterus, followed by the abdomen, the retroperitoneum, and larger blood
vessels [3]. LMSs are principally tumors of adults and are more common in women [3].
Most LMSs are sporadic, but some may be associated with hereditary syndromes, such as
retinoblastoma and Li-Fraumeni. Compared to other histologic types of soft tissue sarcomas
(STS), LMSs are inherently aggressive, with 90% of patients diagnosed with grade two or
three tumors [4,5]. LMSs have a poorer prognosis with a tendency for distant recurrence
and a decreased disease-free survival [6,7].

Surgery to achieve negative margins remains the only curative treatment modality for
patients presenting with localized LMS. Adjunctive therapies, such as radiotherapy and
systemic treatment, are used in only specific cases [8–10]. Despite optimal local treatment,
the risk of developing metastatic disease is approximately 40% [11]. The optimal treatment
for patients with metastatic LMS is not well established, and there are no randomized
controlled trials regarding metastasectomy. Many studies on this topic include multiple
sarcoma histologies, limiting generalizability to distinct individual histologies, which can
vary in clinical course, outcome, and sensitivity to radiotherapy and systemic therapy. Most
patients with metastatic LMSs are not curable, and palliative systemic or radiotherapy is
the mainstay of management. Retrospective studies have demonstrated an association
with improved survival in carefully selected patients. The role of metastasectomy is most
well accepted for patients with oligometastatic pulmonary metastases, but other sites of
metastasectomy are increasingly reported in the literature [12–14]. This study aims to assess
the survival in patients undergoing metastasectomy for LMS and compare the outcomes
based on the site of metastasectomy.

2. Materials and Methods

This study is a part of a series systematically summarizing survival outcomes for
patients with soft tissue and bone sarcoma undergoing metastasectomy. This study focuses
on survival outcomes of patients who underwent metastasectomy for LMS. Details on
information sources, search strategy, eligibility criteria, study screening and selection,
data collection, and extraction can be found elsewhere [15]. The protocol is registered
within the prospective international register of systematic reviews (PROSPERO) database
(registration ID: CRD42019126906), and this study is reported in compliance with PRISMA
2020 statement [16].

2.1. Search Strategy

The literature search was developed by a research librarian (D.S.). The search included
Medline, Embase, Cochrane Central Register of Controlled Trials, and ClinicalTrials.gov
from inception to 28 May 2021, and a PubMed search for studies not yet indexed or not
found in Medline. The search strategy was tailored to each database. Conference abstracts
for the last three years from three major sarcoma conferences were also searched: the
Connective Tissue Oncology Society, the American Society of Clinical Oncology, and the
European Society of Clinical Oncology. Reference lists of all included studies and relevant
systematic reviews were reviewed for additional references.

2.2. Selection Process

We included studies that evaluated metastasectomy for LMS with survival outcomes,
were peer-reviewed in the English language, and had a minimum of five patients with
LMS undergoing metastasectomy. Studies that included a broad range of cancer histologies
(sarcoma and non-sarcoma histologies) and reported the survival outcomes for the sub-
group of patients undergoing metastasectomy for LMS were included. These studies did
not have to report the sociodemographic and clinical data for the subgroup of LMS patients
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to be included. Four reviewers (working in pairs—B.A., M.D., A.S., and Y.W.) screened
titles and abstracts independently and in duplicate in the first stage, then reviewed the full
texts of potentially eligible studies in a second stage to determine the final eligible studies.
Disagreements were resolved by referring to a third reviewer if necessary.

2.3. Data Collection

Data were extracted by two individual members (B.A. and M.D.) and compared for
accuracy. A third member (A.S.) reviewed the data extraction and resolved inconsistencies
where necessary. When patients undergoing metastasectomy for LMS were a subgroup
of the entire study population, two attempts at contacting primary authors were made
to obtain LMS-specific patient and treatment data. If still unavailable, these data were
extracted for the entire study population.

2.4. Data Synthesis and Analysis

The details of the included articles are presented in table format. The LMS-specific
baseline data were included when studies reported the sociodemographic and clinical char-
acteristics of patients diagnosed with LMS undergoing metastasectomy [17–24]. Among
studies with a broad range of cancer types, of which LMS was included, the sociodemo-
graphic and clinical characteristics of patients with LMS undergoing metastasectomy were
not consistently reported [11,13,14,25–36]. Thus, these characteristics are reported for the
entire study population to provide details despite representing multiple cancer histologies.
The LMS-specific survival outcomes were reported by all studies and are summarized in
table format.

The yearly Kaplan–Meier estimated survival rates and numbers at risk for LMS
patients were extracted from each study. For studies where these data were not reported,
if the Kaplan–Meier curves indicated the time at which patients were censored or a risk
table was provided, this was used to derive the patient-level data from the study. For
studies reporting Kaplan–Meier curves of overall survival, WebPlotDigitizer v4.5 was used
to identify the follow-up time and estimated survival rate at each “step” of the curve [37].
If censoring times were not available, then IPDfromKM web-based Shiny application was
utilized to reconstruct individual patient data from published Kaplan–Meier curves [38].
The numbers of deaths and numbers at risk at each year of the follow-up period were
then used to calculate standard errors for the yearly survival estimates and median overall
survival. If only median overall survival was reported and Kaplan–Meier curves or risk
tables were not available, the standard error was calculated using methods described by
Hozo et al. [39]. Median overall survival and yearly survival estimates were then pooled
across studies using inverse-variance weighted random-effects meta-analysis models [40].

2.5. Risk of Bias Assessment and Certainty of Evidence

Risk of bias assessments were completed by two individual members (B.A. and K.N.),
with a third member (M.D.) resolving disagreements where necessary. First, the study
design was determined using accepted definitions [41]. Studies reporting survival for
both metastasectomy and non-metastasectomy patients were defined as cohort studies.
Studies reporting survival for only metastasectomy patients were defined as case series.
Patients who did not undergo metastasectomy may have received other treatments, such
as chemotherapy or radiation.

The Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Case Series and the
Newcastle-Ottawa Quality Assessment Scale (NOS) were selected as the methodological
quality assessment tools based on expert recommendations [42–44]. Specific decision trees
were developed and agreed upon by all authors to adjudicate each criterion.

The constructs of the GRADE (Grading of Recommendation, Assessment, Develop-
ment, and Evaluation) approach to assess the certainty of evidence were applied [45].
Although we did not perform a comparative meta-analysis, the components of GRADE
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can still be used to address evidence synthesis of quantitative estimates of effect (and thus
summarized narratively) [46].

3. Results

3.1. Study Characteristics

Out of 37,241 articles, 23 studies published between 1998 and 2020 were included
(Supplementary Figure S1, Table 1) [11,13,14,17–36]. Twenty-one studies were case se-
ries, [13,14,17–35] and two were cohort studies [11,36]. Collectively, the articles included
1970 patients diagnosed between 1976 and 2018, of which 656 (33%) were diagnosed with
metastatic LMS and 573 (29%) underwent metastasectomy for LMS (Supplementary Table S1).

Table 1. Study details.

Study Country Center(s)/Registry
Inclusion

Dates
Study Design Inclusion Criteria

Anraku, 2004 Japan Metastatic lung tumor study
group of Japan 1984–2002 Case series Pulmonary metastasectomy for

uterine malignancies

Blackmon, 2009 USA University of Texas M. D.
Anderson Cancer Center 1998–2006 Case series Pulmonary metastasectomy for STS

and bone sarcoma

Burt, 2011 USA The Brigham and Women’s
Hospital 1989–2004 Case series Pulmonary metastasectomy for STS

and bone sarcoma
Chen, 1998 USA The Johns Hopkins Hospital 1984–1995 Case series Hepatic metastasectomy for LMS

Chudgar, 2017 USA Memorial Sloan Kettering
Cancer Center 1991–2014 Case series Pulmonary metastasectomy for STS

Deguchi, 2020 Japan Six institutes in Japan 2002–2018 Case series Brain metastasectomy for STS and
bone sarcoma

Ercolani, 2005 Italy University of Bologna 1990–2003 Case series
Hepatic metastasectomy for

noncolorectal nonneuroendocrine
tumors

Faraj, 2015 Lebanon American University of
Beirut Medical Center 1998–2009 Case series Hepatic metastasectomy for colorectal

LMS

Farid, 2013 Singapore National University of
Singapore 2002–2010 Cohort study All LMS

Goumard, 2018 USA University of Texas M. D.
Anderson Cancer Center 1998–2015 Case series Hepatic metastasectomy for non-GIST

sarcoma
Kato, 2020 Japan Kanazawa University 2005–2016 Case series Spine metastasectomy for LMS

Kim, 2017 Korea Asian Medical Center 2003–2015 Case series Hepatic metastasectomy for
intra-abdominal LMS

Lang, 2000 Germany Hanover Medical School 1982–1996 Case series Hepatic metastasectomy for LMS
Liebl, 2007 Germany University Medical Centre 1990–2005 Case series Pulmonary metastasectomy for STS

Lin, 2015 USA University of California Los
Angeles Medical Center 1990–2010 Case series Pulmonary metastasectomy for STS

and bone sarcoma
Marudanayagam,

2010 UK Queen Elizabeth University
Hospital 1997–2009 Case series Hepatic metastasectomy for STS

Paramanathan, 2013 Australia
Peter MacCallum Cancer
Center and St. Vincent’s

Health
2001–2011 Case Series

Pulmonary metastasectomy for
sarcoma of gynecologic origin and

STS

Rao, 2008 USA University of Texas M. D.
Anderson Cancer Center 1993–2005 Case series Spine resection for primary or

metastatic STS or bone sarcoma

Smith, 2009 USA Roswell Park Cancer Institute 1976–2000 Case series Pulmonary metastasectomy for STS
surviving longer than five years

Van Cann, 2018 Belgium University Hospitals Leuven 2000–2014 Cohort study Metastatic LMS

Zacherl, 2011 Austria
Medical University of Vienna

and Medical University of
Graz

1987–2006 Case series Hepatic metastasectomy for STS

Zhang, 2015 China Central Hospital of PLA 2000–2009 Case series Hepatic metastasectomy for extremity
STS surviving longer than five years

Ziewacz, 2012 USA University of Michigan 2005–2011 Case series Spine metastasectomy for LMS

Eight studies reported the sociodemographic and clinical data for patients diagnosed
with LMS undergoing metastasectomy (Table 2A) [17–24]. The other 15 studies included
a broad range of cancer types, of which metastatic LMS was a subgroup and the sur-
vival outcomes for patients undergoing metastasectomy for LMS were explicitly reported
(Table 2B) [11,13,14,25–36]. The proportion of patients undergoing metastasectomy for
LMS in these studies ranged from 8% [25] to 60% [34].
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3.2. Sociodemographic and Clinical Characteristics of Patients Undergoing Metastasectomy
for LMS

The sociodemographic and clinical data for patients with LMS undergoing metas-
tasectomy were available for 113 patients from eight studies and will be discussed here
(Table 2A) [17–24]. The mean or median age was between 47 and 58, with individual patient
age ranges between 23 and 76. Fifty-eight (51%) patients were male. The most common
site of origin of LMS was gastrointestinal (n = 34, 30%), uterine/adnexal (n = 33, 29%),
retroperitoneal (n = 23, 20%), extremity/trunk (n = 17, 15%), other (n = 6, 5%), and vena
cava (n = 1, 1%). The primary tumor in patients undergoing metastasectomy was reported
to be well controlled (no additional details provided) in six studies [17–21,23].

Seven studies reported either the disease-free interval (DFI) or the proportion of
patients presenting with synchronous versus metachronous metastatic disease [17–23].
Fourteen patients (23%) had synchronous disease and 47 (77%) had metachronous disease.
The median DFI was between 15 and 50 months, with an individual patient range between
zero and 204 months. The most common sites of metastases included liver (n = 59, 42%),
lung (n = 47, 33%), spine (n = 18, 13%), peritoneum (n = 7, 5%), lymph nodes (n = 5, 4%),
other (n = 4, 3%), bone (n = 1, 1%), and adrenal (n = 1, 1%).

3.3. Management of Patients Undergoing Metastasectomy for LMS

Out of 656 patients with metastatic LMS included in all 23 studies, 573 (87%) un-
derwent at least one metastasectomy (Table 3). The most commonly reported site of
metastasectomy for LMS was lung (n = 353, 62%) followed by liver (n = 165, 29%), spine
(n = 39, 7%), and brain (n = 5, 1%). The site of metastasectomy was not specified for 11 (2%)
patients. Nine studies reported the intent for metastasectomy, and the criteria used to select
patients for metastasectomy were reported by ten studies (Table 4).

Six studies reported whether perioperative systemic therapy was used in patients un-
dergoing metastasectomy for LMS, of which 48 (52%) received perioperative systemic treat-
ment [11,17–20,24]. Only three studies reported the type of systemic therapy used [11,18,19].
Van Cann et al. reported that seven out of 28 patients received systemic treatment before
their first metastasectomy, of which four received an anthracycline combined with an alky-
lating agent regimen, two received a single-agent anthracycline, and one received the oral
tyrosine kinase inhibitor, pazopanib [11]. Chen et al. reported that four out of 11 patients
received perioperative systemic therapy; one patient received adriamycin, dacarbazine, and
etoposide preoperatively, and, postoperatively, one patient received doxorubicin, dacar-
bazine, ifosfamide, and mesna, another received doxorubicin, dacarbazine, and etoposide,
and a third received cytoxan and vincristine [18]. Faraj et al. reported that two out of
five patients with synchronous disease who underwent the simultaneous resection of all
disease received postoperative chemotherapy [19]. One patient received doxorubicin and
ifosfamide and another received doxorubicin alone [19].

Five studies reported whether perioperative radiotherapy was used in patients un-
dergoing metastasectomy for LMS, of which 18 (20%) received perioperative radiother-
apy [11,17,18,20,24]. The details of the radiotherapy’s type, dose, and frequency were not
consistently reported.
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Table 4. Intent and criteria for metastasectomy reported by studies.

Study Intent Criteria

Anraku, 2004 NR NR

Blackmon, 2009 Curative and palliative

Local control of the primary tumor. Immediate metastasectomy was
recommended if there was a single or limited number of pulmonary

metastases and a long DFI (minimum duration not specified) otherwise
chemotherapy was recommended followed by metastasectomy if there

was stable, responding, or slowly progressing disease.

Burt, 2011 Curative Control of all extra-thoracic disease and lack of a better alternative
systemic therapy.

Chen, 1998 NR NR
Chudgar, 2017 NR NR
Deguchi, 2020 Palliative NR
Ercolani, 2005 Curative Metastatic disease limited to the liver.

Faraj, 2015 Curative NR
Farid, 2013 NR NR

Goumard, 2018 NR NR

Kato, 2020 NR

Solitary metastasis of the spine involving three or fewer consecutive
spinal levels, an Eastern Cooperative Oncology Group Performance

Status (ECOG) equal to or less than three, stable disease, and three or
fewer metastases in other organs.

Kim, 2017 NR NR
Lang, 2000 NR NR
Liebl, 2007 NR NR

Lin, 2015 NR

Chemotherapy followed by metastasectomy was preferred in patients
with a short disease-free interval, multiple lesions involving both lungs,

high-grade sarcoma, or when preoperative chemotherapy was
recommended for the primary tumor in synchronous disease.

Marudanayagam, 2010 NR Resectable with enough functional liver remanent, extrahepatic
metastases a preclusion to hepatic resection.

Paramanathan, 2013 Curative Control of the primary tumor and no extra-thoracic disease.
Rao, 2008 NR NR

Smith, 2009 Curative NR
Van Cann, 2018 Curative NR
Zacherl, 2011 NR Resectable with enough functional liver remanent.
Zhang, 2015 Curative Metastatic disease limited to the liver.

Ziewacz, 2012 Palliative
Life expectancy of at least three years and neurological deficits,

refractory pain, radiographic instability, or tumor progression despite
chemotherapy and radiation.

NR: Not reported.

3.4. Post-Metastasectomy Outcomes

For the assessment of overall survival, the median follow-up time ranged from 14 to
60 months across the studies (Supplementary Table S2). All 23 studies reported either a
median overall survival or a one-year, three-year, or five-year overall survival for patients
with LMS undergoing metastasectomy (Supplementary Table S2).

Kaplan–Meier curves or risk tables were available in 14 studies, allowing for in-
dividual patient data to be extracted and pooled yearly survival estimates to be calcu-
lated [13,17–25,28,29,34,36]. Two additional studies reported the median overall survival
and range, from which the standard error could be calculated, and were included in the
pooled median overall survival analysis [11,14].

The pooled median survival was 59.6 (95% CI 33.3 to 66.0) months. The pooled median
overall survival was longest for patients undergoing lung metastasectomy (72.8 months 95%
CI 63.0 to 82.5), followed by liver (34.8 months 95% CI 22.3 to 47.2), spine (14.1 months 95%
CI 8.6 to 19.7), and brain (14 months 95% CI 6.7 to 21.3). The yearly pooled overall survival
estimates are available in Table 5, and the yearly pooled estimates by the site of metastasec-
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tomy are displayed in Figure 1. Patients undergoing lung and liver metastasectomy did
better than those undergoing brain and spine metastasectomy (Figure 1).

Table 5. Pooled overall survival estimates.

1-Year Overall
Survival

2-Year Overall
Survival

3-Year Overall
Survival

4-Year Overall
Survival

5-Year Overall
Survival

Study
Site of

Metastasec-
tomy

Total
#

# At
Risk

Rate
(%)

# At
Risk

Rate
(%)

# At
Risk

Rate
(%)

# At
Risk

Rate
(%)

# At
Risk

Rate
(%)

Anraku, 2003 Lung 11 7 64 5 55 4 38 3 38 2 38
Burt, 2011 Lung 31 29 98 25 87 19 72 16 64 13 52
Chen, 1998 Liver 11 11 100 7 72 4 52 1 35 0 0

Deguchi, 2020 Brain 5 2 80 0 0 0 0 0 0 0 0
Ercolani, 2005 Liver 10 8 80 6 60 6 60 5 50 3 30

Faraj, 2015 Liver 5 3 60 2 40 1 20 0 0 0 0
Farid, 2013 Other 11 11 100 9 100 7 78 7 78 6 67

Goumard, 2018 Liver 55 52 98 36 89 26 69 19 58 17 52
Kato, 2020 Spine 10 9 90 7 70 6 60 5 50 4 40
Kim, 2017 Liver 10 8 100 2 58 2 58 1 58 1 58
Lang, 2000 Liver 23 17 74 13 57 8 35 4 17 3 13

Paramanathan,
2013 Lung 13 12 92 11 92 8 76 6 66 4 66

Zacherl, 2011 Liver 9 5 56 5 56 3 33 1 11 1 11
Ziewacz, 2012 Spine 8 3 57 0 0 0 0 0 0 0 0

Pooled overall survival (95% CI)
86

(78–94)
65

(52–79)
49

(36–62)
38

(24–53)
31

(18–44)

#: Number of patients.

Figure 1. Pooled overall survival by site of metastasectomy.

Two studies compared survival outcomes for patients with metastatic LMS versus
those who did not undergo metastasectomy [11,36]. Both these studies reported metas-
tasectomy was for curative intent; however, neither presented the criteria used to select
patients for metastasectomy. Van Cann et al. found that among patients who underwent
metastasectomy, the median overall survival was 83 months (range 4–127) compared to
16 months (range 0–83) among those who did not undergo metastasectomy (multivariable
analysis HR 0.4 95% CI 0.2–0.8 p = 0.01) [11]. Farid et al. found that among patients who
underwent metastasectomy, the median overall survival was 205 months (range 45–205)
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compared to 40 months (range 5–140) among those who did not [36]. On univariable
analysis, those who did not undergo metastasectomy were at a significantly higher risk
of death compared to those who did (HR 5.30 95% CI 1.52–18.49 p = 0.004), and this risk
was even higher in a subgroup analysis of patients with lung metastases (HR 9.09 95% CI
1.16–100 p = 0.012) [36].

3.5. Prognostic Factors Associated with Post-Metastasectomy Outcomes
3.5.1. Lung

Burt et al. identified that patients with a longer DFI had an improved overall survival
on multivariable analysis (DFI included as a monthly continuous variable, HR 0.97 95% CI
0.94–0.99 p = 0.001) [17]. Paramanathan et al. identified that patients with a more favorable
International Registry of Lung Metastases prognostic group (i.e., those with a completely
resectable single metastasis with a DFI greater than 36 months) had improved survival
(survival outcomes not reported quantitatively by authors) [47].

3.5.2. Liver

Chen et al. identified that patients undergoing an R0 resection had a significantly
longer median overall survival (median overall survival not reached, range 19–55 months)
than those undergoing an R1/2 resection (median overall survival 25 months range 18–39
p = 0.03) [18]. Chen et al. also found no difference in survival between high- versus low-
grade LMS, the number of liver metastases, the size of liver metastases, or the extent of liver
resection [18]. Lang et al. found a prolonged survival among those undergoing first liver
resections for metastatic disease who achieved an R0 resection (median overall survival
32 months range 1–84, five-year overall survival 20%) compared to an R1/2 resection
(median overall survival 21 months range 1–49 p = 0.31, five-year overall survival 0%) [22].
Lang et al. also identified that patients undergoing liver resection for synchronous disease
had a lower median overall survival than those with metachronous disease (22 versus
32 months, respectively, p = 0.61) [22]. Lang et al. did not find the presence of an extra-
hepatic tumor to be associated with worse survival if they were able to achieve an R0
resection [22].

3.5.3. Spine

Kato et al. assessed for various prognostic factors in univariable analyses and found
postoperative Eastern Cooperative Oncology Group (ECOG) status was the only significant
predictor of three-year overall survival after spine metastasectomy [20]. The three-year
overall survival of patients with a postoperative ECOG status greater than three was 0%
compared to 78% among those with an ECOG less than three (p = 0.003) [20].

3.6. Recurrence Post-Metastasectomy

Six studies reported recurrence post-metastasectomy for patients with LMS [17,19–21,23,24].
Of those, including patients who underwent lung metastasectomy, Burt et al. identified that
25 out of 31 patients recurred, of which 11 were managed with repeat metastasectomy [17].
Paramanthan et al. reported that eight out of 13 developed a recurrence [23]. Only one un-
derwent repeat metastasectomy [23]. Of patients undergoing liver metastasectomy for LMS,
Faraj et al. reported that all patients included in their study died of metastatic disease; the
site of recurrence and management of recurrence was not specified [19]. Kim et al. reported
that five out of 10 patients developed a recurrence. Two of these patients were managed
with additional surgery. Among patients who underwent spine metastasectomy, Kato et al.
reported that all patients included in their study died of metastatic disease, but the site
of recurrence and the management of recurrence was not specified [20]. Ziewacz et al.
reported that five out of eight patients recurred in their spine, of which, four underwent
additional surgery and experienced improvement in their symptoms [24].

The outcomes of patients undergoing repeat metastasectomy were only reported by
Lang et al.; the five-year overall survival was 0% and the median overall survival was
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31 months (range 5–51) among the nine patients undergoing a second and third liver
metastasectomy [22].

3.7. Risk of Bias and Certainty of Evidence

The risk of bias assessments are available in the supplementary material
(Supplementary Tables S3 and S4). All included studies were at risk of bias. Based on the
risk of bias assessments and review of the studies, the certainty of the bias was deemed
very low (Supplementary Table S5).

4. Discussion

The role of metastasectomy in LMS is not currently well described in the literature.
This study is the first to systematically synthesize and critique the available literature on
this topic, thereby providing specific data that clinicians can generalize to LMS patients
with metastases. We identified only two studies comparing the survival outcomes between
patients who did, versus who did not undergo metastasectomy, which suggested an
improved survival associated with surgery. In the absence of randomized studies, it is
impossible to determine whether these findings are due to careful patient selection and
favorable biology rather than a surgical advantage, as limited data was included in the
publications about patient selection. However, most metastatic LMS are caused by high-
grade tumors that are not indolent in their clinical behavior, and patients with metastatic
LMS often have a poor prognosis without treatment.

Among patients undergoing metastasectomy for LMS, we found a pooled five-year
overall survival of 31% (95% CI 18–44%) and a median overall survival of 59.6 months
(95% CI 33.3 to 66.0). Before our study, the survival outcomes of patients undergoing
metastasectomy for LMS were derived from large retrospective cohort studies with diverse
histologies and were mostly limited to lung metastasectomy [27,48,49]. In these studies,
the five-year overall survival post-lung metastasectomy ranged between 34 and 40%, with
a median overall survival of 33 months. Compared to other histologic types of STSs, lung
metastasectomy for LMS is suggested to be associated with a more favorable prognosis,
and our results confirm this [27]. We estimated the pooled five-year overall survival
among patients undergoing lung metastasectomy was 53% (95% CI 39–67%) and the
median overall was 72.8 months (95% CI 63.0 to 82.5). Considerably less evidence exists
describing the outcomes of patients undergoing metastasectomy for LMS at other sites.
Our results suggest that patients with liver metastasectomy may also experience acceptable
survival post-metastasectomy. In contrast, spine and brain metastasectomy may be more
appropriately considered in palliative situations to improve quality of life.

We aimed to identify criteria that could be used to guide clinicians in the selection
of patients with LMS appropriate for metastasectomy. The criteria used to select patients
and the intent of metastasectomy were not uniformly reported by all studies. It was
often not detailed enough to be used or replicated in clinical practice when reported. For
example, the authors most commonly described selecting patients for metastasectomy if
they had a long DFI, limited sites of metastatic disease, and demonstrated disease stability
on chemotherapy. Additional considerations were noted to guide the selection of patients
undergoing spine and brain metastasectomy, including their estimated prognosis, current
performance status, and symptom burden. However, the specific details of how these
criteria were evaluated or defined were not available, limiting the ability of clinicians to
use these meaningfully in their clinical practice.

We identified that some patients undergoing liver (13, 34%), spine (1, 10%), and brain
(2, 40%) metastasectomy had synchronous disease compared to none undergoing lung
metastasectomy. In addition, patients undergoing liver (DFI range 16–50 months) and
brain (DFI range 9–89 months) metastasectomy had a shorter median DFI compared to
those undergoing lung (DFI range 26–48 months) and spine (DFI range 32–50 months)
metastasectomies. Patients with brain and spine metastases are more prone to experience
symptoms that impair their quality of life and could be eased by metastasectomy. For
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these reasons, patients with unfavorable prognostic characteristics, such as a short DFI
and a synchronous presentation, may be more likely to be evaluated for metastasectomy
if the treatment can improve their quality of life. However, it is unclear why there are
more patients with synchronous disease and a shorter DFI undergoing liver compared
to lung metastasectomies. It may be to decrease the systemic tumor burden, which may
be associated with improved survival when resection of the primary tumor site is also
performed. This difference in patient characteristics for those undergoing liver versus lung
metastasectomy may partly explain why patients with lung metastasectomy had the most
prolonged survival on pooled analysis. Developing more rigorous criteria for selecting
patients who can benefit from metastasectomy is a priority for future research.

We found that few prognostic factors were evaluated quantitatively. Metachronous
disease, a longer DFI, and R0 metastasectomy were favorable prognostic factors among
lung and liver metastasectomy patients. The study by Paramanathan et al. was the
only one to define a long DFI (i.e., 36 months) based on the International Registry of
Lung Metastases prognostic group [23]. Patients undergoing lung metastasectomy were
less likely to have additional sites of metastases compared to those undergoing liver
metastasectomy. Interestingly, patients undergoing liver metastasectomy with extrahepatic
disease who achieved complete resection of all disease had comparable survival to those
without extrahepatic disease. This is an important finding, as patients with multiple sites
of metastatic disease are often less likely to be considered for metastasectomy. For patients
undergoing spine metastasectomy, post-metastasectomy performance status was the only
significant prognostic factor. This has limited clinical utility as it is often difficult to predict
how patients will respond to surgery. Additional research is required to determine which
patients should be selected and who are most likely to benefit from metastasectomy.

We found that perioperative systemic and radiotherapy were infrequently utilized
among patients undergoing metastasectomy for LMS. There is currently no evidence to
support these treatment modalities in the perioperative metastatic setting. On the other
hand, in the context of unresectable, metastatic STS, there is evidence to support cytotoxic
chemotherapy. Anthracyclines, with or without ifosfamide, are regarded as an acceptable
first-line treatment in this setting [50–53]. Many of the patients included in this systematic
review were treated when our understanding of the various histologic types of STS was
limited and before the practice of histology-driven treatment [10,53,54]. LMS has moderate
sensitivity to ifosfamide-based regimens. As single therapies, doxorubicin and ifosfamide
have demonstrated response rates of between 10% and 25% in LMS [10]. Dacarbazine had
an overall response rate of 16% as a single agent, and retrospective data indicate overall re-
sponse rates of nearly 37% when used in combination with doxorubicin [55,56]. In addition,
gemcitabine and docetaxel also have demonstrated activity in LMS and this combination is
used as a first-line therapy in the metastatic setting in some jurisdictions [57,58]. Newer
treatments, including trabectedin, pazopanib and eribulin, have shown promising results
in metastatic, unresectable LMS in later line settings [59–71]. It is imperative to evaluate
the role of metastasectomy in the era of these modern systemic therapy regimens, even
for all STS. Furthermore, because the majority of patients undergoing metastasectomy for
LMS experience disease recurrence within a short interval, it is imperative to apply new
treatment modalities for these metastases.

There is increasing evidence to support the feasibility and effectiveness of local inter-
ventional treatments, such as radiofrequency ablation, cryoablation, and stereotactic body
radiation therapy [72–76]. Hepatic artery embolization with or without chemotherapy
and radioembolization are further interventional treatments for liver metastases that can
now be used in conjunction with other treatments. None of the studies included in this
systematic review compared these local treatments to metastasectomy. As with many
other rare diseases, retrospective data constitute the strongest available evidence, and
decision-making around the management of these complex patients should be based on
patient preferences in the context of multidisciplinary management.

98



Cancers 2022, 14, 3055

Despite the promising survival outcomes, our results show that patients undergoing
metastasectomy for LMS experienced high recurrence rates. For example, the five-year
disease-free survival of patients undergoing lung metastasectomy was 9%, and the median
disease-free survival was reported to be between 6 and 40 months. The five-year disease-
free survival of patients undergoing liver metastasectomy was 22%, with a median disease-
free survival between 13 and 16 months. The disease-free survival was not reported for
patients undergoing spine and brain metastasectomies. Some patients who experienced
recurrences underwent additional metastasectomies; this was performed for patients with
lung, liver, and spine metastases. Currently, repeat metastasectomy is most well described
and accepted for patients with lung metastases from various STS histologies, with the
median overall survival after repeat metastasectomy reported to range between 25 and
65 months [77–80]. Prognostic factors associated with an improved median overall survival
after repeat lung metastasectomy in these studies include achieving R0 margins, low-grade
tumors, one or two sites of metastatic nodules, and the largest size of metastases less than
2 cm. Our results suggest that repeat liver metastasectomy results in comparable survival
to repeat lung metastasectomy, and repeat spine metastasectomy may be warranted to
improve symptoms [22]. Additional information on the criteria used to select patients for
repeat metastasectomy and more data on survival outcomes are required to understand
the feasibility.

Limitations

Limitations of the evidence in this review include the retrospective nature of the
existing case series and cohort studies. These non-randomized studies introduce potential
biases due to careful patient selection. Most of the survival outcomes reported were not
stratified or adjusted based on important prognostic factors. Given the small sample size of
many included, it is unlikely such a stratified analysis would have been possible. Being
limited to small study samples also increases the risk of the “small-study effects,” where
smaller studies are more likely to be published if they report larger or more significant
effects [81]. This is particularly important if unadjusted or unstratified estimates are
reported. Another important limitation is that some studies included patients before the
widespread use of the c-kit receptor for differentiation of gastrointestinal stromal tumors
(GIST) versus LMS, which can otherwise have similarities on histopathology [82,83]. This
is important as the outcomes for patients with GISTs are much better compared to LMS,
which may have biased the results, particularly for the cohort of LMS arising from the
gastrointestinal tract undergoing liver metastasectomy, as this is commonly the presentation
of GISTs [84].

5. Conclusions

Surgery is currently being utilized to manage LMS metastases to the lung, liver, spine,
and brain. Although low quality, comparative studies support a survival benefit, but patient
selection and tumor biology are likely to have influenced these results. Recommendations
regarding which patients should be considered for metastasectomy are limited by the
variability in the criteria used to select patients for metastasectomy across studies and
the sites of metastases. The majority of patients undergoing metastasectomy experience
disease recurrence within a short interval. Additional research is required to establish the
role of metastasectomy in the era of modern systemic therapy regimens and local ablative
techniques. Leveraging international collaborations and registry data is one way to move
forward with more robust and nuanced patient assessments in this rare disease [85].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14133055/s1, Figure S1: PRISMA Flow Diagram, Table S1:
Total Patients Included in Each Study, Table S2: Post-Metastasectomy LMS-Specific Outcomes,
Table S3: JBI Critical Appraisal Checklist for Case Series, Table S4: NOS for Cohort Studies, Table S5:

99



Cancers 2022, 14, 3055

Components of GRADE (Grading of Recommendation, Assessment, Development and Evaluation)
to Assess the Certainty of Evidence.
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ASPS Alveolar soft part sarcoma
CI Confidence interval
CSS Cancer specific survival
DFI Disease free interval
ECOG Eastern Cooperative Oncology Group
GI Gastrointestinal
GIST Gastrointestinal stromal tumor
GTR Gross total removal
GU Genitourinary
IQR Interquartile range
JBI Joanna Briggs Institute
LMS Leiomyosarcoma
LPS Liposarcoma
MFH Malignant fibrous histiocytoma
MPNST Malignant peripheral nerve sheath tumor
NOS Newcastle-Ottawa Quality Assessment Scale
NR Not reported
OS Overall survival
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SS Synovial sarcoma
STR Subtotal removal
STS Soft tissue sarcoma
UPS Undifferentiated pleomorphic sarcoma
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Simple Summary: Gastrointestinal stromal tumors are considered to be insensitive to radiotherapy.
However, with the development of radiation techniques and the accumulation of cases, some studies
have indicated that radiotherapy could help achieve objective response in advanced or metastatic
gastrointestinal stromal tumors. Therefore, it is necessary to conduct a systematic review to reassess
the role of radiotherapy in gastrointestinal stromal tumors. The purpose of this study was to draw
the attention of scholars and clinicians to radiotherapy and promote further research on radiotherapy
in gastrointestinal stromal tumors.

Abstract: Gastrointestinal stromal tumors (GISTs) are considered insensitive to radiotherapy. How-
ever, a growing number of case reports and case series have shown that some lesions treated by
radiotherapy achieved an objective response. The aim of the study was to perform a systematic
review of all reported cases, case series, and clinical studies of GISTs treated with radiotherapy to
reevaluate the role of radiotherapy in GISTs. A systematic search of the English-written literature
was conducted using PubMed, Web of Science, and Embase databases. Overall, 41 articles describing
112 patients were retrieved. The included articles were of low to moderate quality. Bone was the most
common site treated by radiotherapy, followed by the abdomen. In order to exclude the influence
of effective tyrosine kinase inhibitors (TKIs), a subgroup analysis was conducted on whether and
which TKIs were concurrently applied with radiotherapy. Results showed that radiotherapy alone
or combined with resistant TKIs could help achieve objective response in selected patients with
advanced or metastatic GISTs; however, survival benefits were not observed in the included studies.
Pain was the most common symptom in symptomatic GISTs, followed by neurological dysfunction
and bleeding. The symptom palliation rate was 78.6% after excluding the influence of effective TKIs.
The adverse reactions were mainly graded 1–2. Radiotherapy was generally well-tolerated. Overall,
radiotherapy may relieve symptoms for GIST patients with advanced or metastatic lesions and even
help achieve objective response in selected patients without significantly reducing the quality of life.
In addition to bone metastases, fixed abdominal lesions may be treated by radiotherapy. Publication
bias and insufficient quality of included studies were the main limitations in this review. Further
clinical studies are needed and justified.

Keywords: gastrointestinal stromal tumor; GIST; management; radiotherapy; radiation therapy;
symptom palliation; adverse events

Cancers 2022, 14, 3169. https://doi.org/10.3390/cancers14133169 https://www.mdpi.com/journal/cancers
105



Cancers 2022, 14, 3169

1. Introduction

Gastrointestinal stromal tumor (GIST) is the most common mesenchymal tumor in
the gastrointestinal tract [1], with significant variations in reported incidence (from 0.4 to
2 cases per 100,000 per year [2,3]. The most common site of GISTs is the stomach, followed
by the small intestine, which is now thought to originate from interstitial cells of Cajal
(ICC) [4]. Functional mutations in the KIT gene and PDGFRA gene drive approximately
90% of GISTs [5]. At present, complete surgical resection is the standard treatment for
locoregional lesions. Adjuvant 3-year imatinib therapy is given after surgery for GISTs,
with significant recurrence risk. In contrast, the standard treatment for advanced, inoper-
able, and metastatic disease is tyrosine kinase inhibitors (TKIs) [2]. Although the use of
molecularly targeted drugs such as imatinib significantly prolonged the overall survival
of patients with GISTs [6,7], local treatment, such as surgery, radiofrequency ablation, and
hepatic artery embolization, may be recommended for selected patients with advanced or
metastatic GISTs [8]. In the past, GISTs were considered insensitive to radiotherapy [9],
which is recommended for palliative intent in patients with advanced lesions or metastatic
disease [2]. However, with the development of radiotherapy technology, some published
cases and case series have shown that radiotherapy may be used for therapeutic pur-
poses [10,11]. Radiotherapy is rarely used in GISTs, and the literature is limited to case
reports and a few clinical studies with a limited number of cases. Therefore, a systematic
review of the literature synthesizing these reports helps physicians by providing the best
evidence for reassessing radiotherapy in the management of GISTs. The aim of the present
study was to perform a systematic review of all reported radiation-treated cases.

2. Methods and Data Management

2.1. Protocol

This systematic review was reported according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) checklist [12] (Table S1). This protocol
was prospectively registered in the Open Science Framework Registry (https://osf.io/qba6j,
accessed on 22 June 2022).

2.2. Study Design

A systematic review was performed that analyzed radiotherapy in the management
of GISTs to answer the following question: “What is the potential value of radiotherapy
in GISTs”?

2.3. Eligibility Criteria
2.3.1. Inclusion Criteria

Articles in which patients with confirmed GISTs were treated with radiotherapy
combined with/without TKIs and/or surgery were included, irrespective of what type of
treatment the patients previously had. Case series were defined as reports on treatment
outcomes in more than 2 patients. In addition, at least one of the following was obtained
from the included articles: (1) patient response to radiotherapy; (2) duration of disease
control (time to progression, time to recurrence, and survival); (3) symptom palliation;
(4) adverse events.

2.3.2. Exclusion Criteria

Studies written in non-English languages, cases with synchronous or heterochronous
tumors, case series with other types of tumors and reviews, and unavailable full texts
were excluded.

2.4. Information Sources and Search Strategy

A systematic review of the English-written literature was conducted using PubMed,
Web of Science, and Embase databases, with individual search strategies for each database.
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A comprehensive search was undertaken to retrieve original studies using the keywords
gastrointestinal stromal tumor, GIST, radiotherapy, and their variations. No time limit
was imposed on publication dates. The last search was performed on 18 May 2022. The
reference lists of all relevant articles were scanned to identify any possible related studies
to be included [13].

2.5. Study Selection

The selection was completed in two phases. In phase one, all retrieved abstracts were
screened by two authors (H.Z. and T.J.). For each one that met the inclusion criteria, the
full text was obtained. In phase two, full-text reading was performed independently by
the same two authors. They had discussions to reach a consensus when disagreements
arose. When a consensus was not reached, a third author (Y.Y.) was involved in making a
final decision.

2.6. Methodological Quality Assessment of Included Studies

The Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Case Reports and
Case series and the CARE Checklist were adapted and applied for the methodological
quality assessment [14,15]. Regarding JBI quality appraisal, two reviewers (H.Z. and T.J.)
scored 9 items, including whether to report according to the CARE Checklist, as “yes”,
“no”, “unclear”, and “not applicable” for case reports, and 10 items for case series. Any
disagreement was resolved by consensus or the decision of a third author (Y.Y.). The quality
evaluation results were divided into three grades: low, moderate, and high. In case reports,
we attached more importance to the details of diagnosis, treatment procedures, and effects.
Therefore, “low quality” was defined as not all of items 4, 5, and 6 receiving a “yes” response.
“Moderate quality” was defined as all items 4, 5, and 6 receiving “yes” while not all other
nine items receiving a “yes” score. “High quality” was defined as all nine items receiving
“yes”. For item 1, we gave “yes” to case reports in which the age and sex could at least
be obtained. In addition, the histological results—namely, immunohistochemical analysis
for item 4; radiation dose and fractions for item 5; and symptom palliation, response to
radiotherapy, or recurrence for item 6—could also at least be retrieved. In addition, in case
series, we attached more importance to inclusion criteria, diagnosis, consistent inclusion,
treatment procedure, and outcomes or follow-up. Therefore, “low quality” was defined as
not all items 1, 3, 4, 7, and 8 receiving a “yes” response. “Moderate quality” was defined as
all items 1, 3, 4, 7, and 8 receiving a “yes” score while not 10 items receiving “yes”. “High
quality” was defined as all 10 items receiving a “yes” response (Table S2).

2.7. Data Collection Process and Data Items

Age, sex, sites treated by radiotherapy, dose and fractions, previous and concomitant
TKIs, symptom palliation, adverse events, disease response, time to progression, time to
recurrence, and survival time were recorded by one author (H.Z.). A second author (T.J.)
cross-checked all the collected information. Again, any disagreement was resolved by
consensus or the decision of a third author (Y.Y.). The results of response to radiotherapy
and recurrence should be supported by objective images (pre- and post-treatment images)
or based on definite criteria that were presented in articles. Regarding response, we defined
articles in which definite criteria and objective images were not presented as “not available”.
When the authors evaluated a response according to specific criteria or images presented in
studies, we accepted it. When the articles presented images and did not evaluate responses
to radiotherapy, we evaluated the responses based on the images according to Response
Evaluation Criteria in Solid Tumors (RECIST criteria).

2.8. Outcomes of Interest

The included studies were synthesized in qualitative and quantitative descriptions. Re-
sponse and symptom palliation after radiotherapy were the primary outcomes. In addition,
we defined the initiation of radiotherapy as the starting point for follow-up. Overall sur-
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vival (OS) was calculated from the date of radiotherapy initiation to the date of death. Time
to progression and recurrence were calculated from radiotherapy initiation to progression
and recurrence, respectively. Local progression and recurrence were defined as any clinical
or radiographic evidence of tumor growth. Local progression-free survival (PFS), local
recurrence-free survival (RFS), and OS were estimated using the Kaplan–Meier method.
OS, PFS, RFS, and adverse events related to radiotherapy were the secondary outcomes.

3. Results

3.1. Study Selection

Finally, 412 studies were retrieved from the 3 electronic databases, and 2 were obtained
from reference lists. Then, duplicate articles were removed, resulting in 315 remaining
studies. Then, a comprehensive evaluation of the abstracts was conducted, and 265 articles
were excluded. Therefore, 50 manuscripts were selected for full-text review. Later, four
case reports were excluded due to reporting GISTs with synchronous or heterochronous
tumors, and five case series were excluded due to reporting GISTs with other types of
tumors. There were a total of 41 retrieved articles describing 112 patients [10,11,16–54] for
qualitative analysis (Figure 1). Among them, 35 articles were case reports (Table 1), and 6
were case series (Table 2). According to the quality assessment, there were 20 low-quality
and 15 moderate-quality case reports. There were five low-quality and one moderate-
quality case series. There were no high-quality studies in either case reports or case series
(Table S2). These patients consisted of 36 females (32.1%) and 76 males (67.9%), with ages
ranging from 19.7 to 86.5 years.

Figure 1. Flow diagram of the literature search and selection criteria.
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3.2. Patient Response to Radiation and Follow-Up

There were 34 case reports and 2 case series, covering 70 lesions in 55 patients, which
clearly described the patients’ responses to radiotherapy and the specific scenarios of
radiotherapy combined with TKIs [10,11,16–46,50–52]. The total doses of radiation ranged
from 15 Gy to 85 Gy. The most common pattern was 30 Gy in 10 fractions. We divided the
70 lesions into 2 parts: 53 defined irradiated lesions in 41 patients (specific lesions in images
or macroscopic incompletely resected lesions) and 17 undefined lesions in 17 patients
(macroscopic completely resected lesions; radiotherapy was used as adjuvant therapy after
complete resection).

We divided the 53 defined irradiated lesions into 4 groups according to radiotherapy
with/without concomitant TKIs: radiotherapy (R), radiotherapy with new TKIs (R + nT,
radiotherapy with further lines of TKIs after resistance), radiotherapy with resistant TKIs
(R + rT, radiotherapy with previous resistant TKIs), and radiotherapy with sensitive TKIs
(R + sT, radiotherapy with imatinib in cases in which no TKIs have been used before). The
responses of the lesions are presented in Table 3. There were a total of 32 evaluable lesions.
In particular, in the “R” group, partial response (PR) was observed in six lesions, and stable
disease (SD) was observed in six lesions. In addition, in the “R + rT” group, complete
response (CR) was seen in one lesion, PR in four, and SD in five. We further analyzed
the locations of these 53 lesions, and the results are presented in Table 4. Bone and joints
(26/53) were the most common sites treated by radiotherapy, followed by the abdomen
(14/53).

Table 3. Response to radiotherapy with/without concomitant TKIs in the definite irradiated lesions.

Response R R + nT R + rT R + sT

CR 0 1 1 1
PR 6 1 4 2
SD 6 3 5 0
PD 2 0 0 0
NA 5 1 12 3
N 19 6 22 6

Abbreviations: CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NA,
not available; N, number; R, radiotherapy; R + nT, radiotherapy with new TKIs (radiotherapy with further
lines of TKIs after resistance); R + rT, radiotherapy with resistant TKIs (radiotherapy with previously resistant
TKIs); R + sT, radiotherapy with sensitive TKIs (radiotherapy with imatinib in cases in which no TKIs have been
used before).

Table 4. Response of GIST at different locations to radiotherapy.

Response Brain Neck Chest Abdomen Pelvis Bone and Joint N

CR 1 1 1 3
PR 1 6 1 5 13
SD 3 1 5 1 4 14
PD 2 2
NA 4 3 14 21
N 5 3 2 14 3 26 53

Abbreviations: GISTs, gastrointestinal stromal tumors; CR, complete response; PR, partial response; SD, stable
disease; PD, progressive disease; N, number.

Among the 41 patients who had defined lesions treated by radiotherapy, Cuaron
et al. reported 15 patients with locally advanced or metastatic GISTs [11]. There were
12 deaths, with a median follow-up of 5.1 months (range, 1.4–28.3). The estimated 6-month
local progression-free survival was 57.0%. The median survival was 6.6 months, and the
estimated 6-month overall survival was 57.8%. Among the remaining 26 patients who
were from 24 case reports [10,17–23,26,28–32,34,35,37,39,41,43,46,50–52], 22 patients had
clear follow-up information (progressive or dead outcomes and duration). Among the
22 patients, 8 patients were not resistant to TKIs before radiotherapy, 6 patients were
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resistant to 1 line of TKIs (all were imatinib-resistant), 7 patients were resistant to 2 lines
of TKIs (all were imatinib- and sunitinib-resistant) and 1 patient was resistant to 3 lines.
Since the role of radiotherapy in GISTs should be discussed after excluding the influence
of effective TKIs, we analyzed the cases in which radiotherapy was used alone, as well
as those in which radiotherapy was used with previously resistant TKIs. There were six
patients treated by radiotherapy without any continued TKIs and eight patients treated by
radiotherapy with previously resistant TKIs (Table 5). For the six patients with advanced
or metastatic GISTs in the abdomen (three), brain (two), and bone (one), there were four
patients not resistant to TKIs, one patient resistant to imatinib and sunitinib, and one
patient resistant to three lines of TKIs. The median follow-up was 11.5 months (range,
3–72), and there were three deaths (one of the three deaths had a definite progression of
irradiated lesions during follow-up). The estimated median PFS was 9 months (Figure 2A).
Regarding the eight patients with advanced or metastatic GISTs in the bone (five), brain
(one), liver (one), and pararenal and supraclavicular regions (one) treated by radiotherapy
with previously resistant TKIs, four patients were imatinib-resistant, and four patients
were imatinib- and sunitinib-resistant. There were five deaths, with a median follow-up of
4.5 months (range, 1.5–19). The estimated PFS was 5 months (Figure 2B).

Table 5. Application of TKIs in 22 patients with defined lesions before and after radiotherapy.

Continued TKIs
Resistant to 0

TKIs
Resistant to 1

TKI
Resistant to 2

TKIs
Resistant to
≥3TKIs

None 4 1 1
rTKI - 4 4
nTKI - 2 2
sTKI 4 - - -
NA
N 8 6 7 1

Abbreviations: TKIs: tyrosine kinase Inhibitors; rTKI, previously resistant TKIs; nTKI, further lines of TKIs after
resistance; sTKI, imatinib in cases in which no TKIs were previously used; NA, not available; N, number.

Figure 2. Kaplan–Meier estimates of survival: (A) progression-free survival in the 6 patients treated
by radiotherapy without any continued TKIs; (B) progression-free survival in the 8 patients treated
by radiotherapy with previously resistant TKIs; (C) recurrence-free survival in the 7 patients treated
by radiotherapy without continued TKIs after surgery; (D) overall survival in the 7 patients treated
by radiotherapy without continued TKIs after surgery.
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Regarding the 17 undefined irradiated lesions in 17 patients, 13 patients were from
13 case reports [16,18,19,24,25,27,33,36,38–40,42,44], and the other 4 patients were from
one case series [45]. The four patients with rectal GISTs treated by adjuvant radiotherapy
without TKIs after surgery were all alive and had no recurrence during a follow-up of
21–75 months. The remaining 13 lesions in 13 patients included 1 lesion in the rectum,
1 in the stomach, 3 in the bone (1 in the skull and the other 2 in the spine), and 8 in the
brain. Among the 13 patients, 8 patients were not resistant to TKIs before radiotherapy,
3 were resistant to 1 line of TKIs (all were imatinib-resistant), 1 was resistant to 2 lines
of TKIs (imatinib- and sunitinib-resistant), and 1 was resistant to 4 lines of TKIs. There
were 9 patients treated by radiotherapy without continued TKIs after surgery in these
13 patients (Table 6). Two of the nine patients received radiotherapy for the primary lesion
areas (rectum and stomach), while the other seven patients received radiotherapy for the
brain (five) and spine (two) metastases. Given that metastatic GISTs had a profound impact
on prognosis, we performed survival analysis on the seven patients. Among the seven
patients, there were four patients not resistant to TKIs, one patient resistant to imatinib, one
patient resistant to imatinib and sunitinib, and one patient resistant to imatinib, sunitinib,
regorafenib, and dasatinib. There were three deaths (one of the three deaths had definite
recurrence during follow-up), with a median follow-up of 6 months (range, 2–24). The
estimated median RFS was 20 months (Figure 2C), and the estimated OS was 20 months
(Figure 2D).

Table 6. Application of TKIs in 13 patients with undefined lesions before and after radiotherapy.

Continued TKIs
Resistant to 0

TKIs
Resistant to 1

TKI
Resistant to 2

TKIs
Resistant to ≥3

TKIs

None 6 1 1 1
rTKI - 2
nTKI -
sTKI 1 - - -
NA 1
N 8 3 1 1

Abbreviations: TKIs: tyrosine kinase Inhibitors; rTKI, previously resistant TKIs; nTKI, further lines of TKIs after
resistance; sTKI, imatinib in cases in which no TKIs were previously used; NA, not available; N, number.

In addition, there were three other case series, which did not clearly describe the
specific scenarios of radiotherapy combined with TKIs [47–49]. Joensuu et al. reported
25 patients with advanced or metastatic GISTs receiving radiotherapy, which was a prospec-
tive clinical study [47]. PR was seen in 2 patients, and SD was seen in 20. In total, 20 patients
progressed, and 18 died, with a median follow-up of 9 months (range, 2–74). The estimated
median time to target lesion progression was 16 months, and the median OS was 19 months.

Both interstitial brachytherapy (iBT) and radioembolization are internal irradiation.
Omari et al. reported that among 10 imatinib-resistant metastatic GISTs treated with
iBT (TKIs continued in 7 patients), 1 recurred, and 6 died during follow-up (range,
2.3–92.9 months), with a median PFS of 6.8 months (range, 3.0–20.2) and a median OS
of 37.3 months (range, 11.4–89.7); local tumor control was 97.5% [48]. Rathmann et al.
reported nine patients who received radioembolization for liver metastases [49]. CR was
seen in three patients, PR in five patients, and SD in one. Eight patients progressed at the
end of the study, with a median progression time of 15.9 months (range, 4–29). There were
four deaths, and the median OS was 29.8 months (range, 10–72).

3.3. Symptom Palliation

We considered symptom palliation in defined lesions treated by radiotherapy alone
or radiotherapy with previously resistant TKIs. Among the 41 patients who had defined
lesions, 30 patients received radiotherapy alone or radiotherapy with previously resistant
TKIs. There were 28 patients with symptomatic GISTs. Local pain, which occurred in
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17 patients, was the most common symptom, followed by neurological dysfunction (4)
and bleeding (3). There were 22 patients achieving partial or complete palliation. Two
patients did not achieve palliation, and the other four patients were not available. The
symptom palliation rate was 78.6% (22/28).In addition, the other case series reported symp-
tom palliation in 12 patients with advanced or metastatic GISTs treated by radiotherapy
with concomitant TKIs [53]. Pain, spinal cord compression, and bleeding were the main
symptoms. There were nine patients who had at least partial palliation.

3.4. Adverse Events

There were five case reports and four case series reporting adverse events [11,20,22,25,
47–49,52,54]. Adverse reactions were reported in 14 patients from 5 case reports and 1 case
series with nausea in 3 patients (grade 1), diarrhea in 3 (grade 1–3), fatigue in 3 (grade 1–2),
esophagitis in 2 (grade 2), proctitis in 1 (grade 2), chest pain in 1 (grade 1), urinary urgency
in 1 (grade 1), dysgeusia in 1 (grade 1), mucositis in 1 (grade 2), dermatitis in 2 (grade 1),
and moist desquamation in 1 (grade 2) [11,20,22,25,52,54]. Al-Jarani et al. first reported
pericardial cutaneous fistula after radiotherapy in a metastatic GIST patient [54]. In addition,
Rathmann et al. reported that among nine GIST patients who received radioembolization
for liver metastasis, laboratory findings increased from grade 0 to grade 1 toxicity in
seven cases, and stomach ulceration was grade E in one patient according to the Society
of Interventional Radiology (SIR) guidelines [49]. Joensuu et al. reported that transient
diarrhea was the most common adverse event (52%), followed by pain (44%), nausea (36%),
and fatigue (32%) in 25 patients. The adverse events were mainly mild to moderate (grade 1
or 2), and only a few were severe (grade 3). Only one patient developed grade 4 biliary tract
necrosis [47]. Omari et al. reported that of 10 patients with imatinib-resistant metastatic
GISTs who received iBT, 3 had elevated inflammatory parameters (grade 1), and 2 had local
hepatic hemorrhage and pneumothorax (grade 3) [48].

4. Discussion

In the era of TKIs, the management of GISTs has undergone revolutionary changes [55,56].
The effectiveness and safety of TKIs have been demonstrated in basic and clinical studies
and benefit most GIST patients [57–59]. However, we still have to address the problems
of secondary resistant mutations. The accurately molecular analysis is the gold standard
of GIST diagnosis and also helps patients choose the optimal treatment [60]. wild-type
KIT/PDGFRA and some special mutation sites in GISTs such as PDGFRA D842 V result in
a limited response to imatinib [61–63]. According to the guidelines, the standard treatment
for multiple systemic metastases is TKIs [2]. However, there are a considerable number of
patients with advanced or metastatic GISTs who need further effective treatment. Therefore,
multimodal management of GIST patients (including surgery, radiotherapy, radiofrequency
ablation, etc.) has been examined in advanced GISTs [22,64–66]. In the past, GISTs were
thought to be resistant to radiation therapy [10]. However, some studies have shown that
radiotherapy may have some effect on selected GIST patients. Therefore, the effectiveness
and role of radiotherapy should be reevaluated.

According to the current systematic review, the quality of most case reports and case
series included was low. High-quality research on radiotherapy in GISTs is needed in the
future. Compared with many other malignant tumors, GISTs have a better prognosis, and
patients are expected to live longer. In many published clinical studies, outcome events
often require an extended follow-up [67,68], but most of the patients included in this study
had advanced GISTs. Therefore, it is possible to observe the outcome events in a relatively
short follow-up period.

We analyzed the defined irradiated lesions, which are presented in Table 3. We divided
the lesions into four groups. Two of the four groups were “R” and “R + rT”, in which some
lesions achieved objective response when treated by radiotherapy. This may indicate that
radiotherapy had some effect on selected patients. The previous view that GISTs were
insensitive to radiotherapy may need to be reevaluated.
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The latest NCCN guidelines recommend radiotherapy for the palliative treatment
of bone metastases [69]. We further analyzed the sites of these defined irradiated lesions
and found that bone was the most common site, followed by the abdomen. There were
some lesions in the abdomen that achieved objective response and disease stabilization.
This indicated that, in addition to bone, abdominal lesions may be treated by radiotherapy,
especially if the tumor is relatively fixed in the abdominal cavity [51]. Even in the past, there
were concerns about the adverse effects of radiation on the abdominal organs. Furthermore,
radiotherapy combined with imatinib should be considered, especially for GISTs at high
risk of local recurrence, where surgery is often demolitive, such as rectal and esophageal
GISTs [11,22].

According to our study, there were six patients (four patients not resistant to TKIs) with
advanced or metastatic GISTs treated by radiotherapy alone. PR was seen in three patients,
with an estimated median PFS of 9 months in the six patients. Compared with patients
with advanced GISTs treated initially with imatinib [70], radiotherapy may not benefit the
survival of patients with advanced GISTs. In addition, eight patients (four patients were
imatinib-resistant and four were imatinib- and sunitinib-resistant) received radiotherapy
with previously resistant TKIs. CR was seen in one patient, and SD was seen in one patient,
with an estimated median PFS of 5 months in the eight patients. Compared with patients
treated by further lines of TKIs after imatinib or imatinib and sunitinib failure [71,72],
radiotherapy with continuous use of previously resistant TKIs may not benefit survival for
patients with advanced GISTs. Thus, TKIs are still the mainstay for advanced or metastatic
GISTs. However, radiotherapy may help achieve objective response in selected patients.
Therefore, when TKIs are not available, radiotherapy may be an option for some patients.
Nevertheless, it may not benefit survival in patients with systematic metastases. In addition,
the survival of the “R + rT” group was inferior to that of the “R” group, which may be
because all eight patients were drug-resistant. Joensuu et al. reported that 25 patients
who were progressive during or after TKIs were treated by radiotherapy. There were
19 patients treated with concomitant TKIs. The study did not further analyze the efficacy of
radiotherapy alone or radiotherapy with concomitant previously resistant TKIs. Therefore,
the results of the study failed to demonstrate the effectiveness of radiotherapy in GISTs.

There were seven patients with undefined irradiated lesions mainly located in the
brain treated by radiotherapy alone. The estimated median RFS was 20 months. Sym et al.
reported that compared with imatinib-resistant patients after surgery, patients responsive
to imatinib had better survival after surgery [73]. The results should be interpreted with
caution. Among the seven patients in our study, four patients were not resistant to TKIs and
may benefit from the surgery. In addition, some patients might have been contaminated by
TKIs after surgery, which was not reported. Meanwhile, previous studies have indicated
that surgery should be chosen with greater caution in patients with multiple systemic
metastases [48]. In cases of limited disease progression after TKIs, a more aggressive
approach can be chosen [74,75], but the risks of surgical complications and potential
benefits cannot be quantified [76,77]. Some studies have also pointed out that complete
surgical resection has a significant impact on the survival of GIST patients. In contrast,
adjuvant radiotherapy has no apparent benefit except for controlling the target area [78,79].
For locally advanced GISTs, previous studies have evaluated the effectiveness of TKIs in
neoadjuvant settings [80]. However, there have been a few case reports about neoadjuvant
radiotherapy in GISTs, which may need further investigation.

In addition, relatively high disease control has been achieved in radioembolization
and iBT [48,49], which suggests that the two special radiation means may be superior to
others for local tumor control. However, hepatopulmonary shunt and radiation pneumonia
may limit the use of radioembolization [81].

Through the analysis of symptomatic GISTs, we found that the symptom palliation rate
of radiotherapy alone and radiotherapy with concomitant previously resistant TKIs reached
78.6% (22/28), which supports the application of radiotherapy in GISTs for palliative
purposes recommended by the guidelines [2]. In addition to pain, radiotherapy may
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also be used to relieve the symptoms of bleeding and spinal cord compression [51,53].
Patterson et al. reported that among 12 patients with advanced or metastatic GISTs treated
by radiotherapy, 9 had improvement in symptoms to varying degrees [53]. However, all
12 patients received TKIs during radiotherapy. It was not clear whether further lines of
TKIs after resistance or sensitive or resistant TKIs were used. Thus, the role of radiotherapy
in symptom palliation was not clearly explained.

Radiotherapy with concomitant TKIs was well-tolerated. Most adverse events were
grade 1–2. However, some adverse reactions suggested that we need to be cautious in
simultaneous treatment. TKIs that inhibit VEGF receptors may be associated with local
dermal toxicity and hepatotoxicity at irradiated sites [82–85].

Regarding the modes of radiotherapy, Joensuu et al. reported radiotherapy for liver
and abdominal tumors, for which three-dimensional (3D) conformational radiotherapy and
intensity-modulated radiotherapy (IMRT) were mainly used [47]. These methods belong
to the category of stereotactic radiotherapy. Stereotactic radiotherapy has the advantages
of precise localization, the concentration of dose, minor impact on the surrounding tissue
of tumors, and a high ablative dose. Radioembolization and iBT have also shown good
efficacy and safety in treating liver metastases [48,49]. These radiotherapy methods can
deliver a relatively high dose to target lesions and can protect the important surrounding
structures, ultimately achieving a better response [11,86–88].

5. Limitations

We must acknowledge that this study has several limitations.
Most importantly, publication bias was present in the current study. Because GISTs

were considered insensitive to radiotherapy in the past, positive results of radiotherapy
treatment had a tendency to be published, which may overstate our findings. Furthermore,
with the wide application of TKIs, radiotherapy was rarely considered in GISTs, resulting
in few publications reporting radiotherapy in GISTs. However, to discuss the application
of radiotherapy in GISTs more comprehensively, we conducted an extensive literature
search and included almost all the positive and negative cases of radiotherapy that could
be retrieved. A considerable number of patients were not responsive to radiotherapy in our
study. However, there were still many negative cases that could not be obtained through
the literature search. Further research is, therefore, necessary on radiotherapy in GISTs.

Second, the articles included were low- to moderate-quality case reports and case
series. In addition, there was data heterogeneity in these studies. Thus, in the future, we
need to design high-quality randomized controlled studies to evaluate the efficacy and
safety of radiotherapy in GISTs.

Third, in the era of TKIs, radiotherapy with concomitant TKIs has been more common,
which may mean that the effects of radiotherapy cannot be effectively evaluated. Thus, it is
necessary to strictly design research to assess the value of radiotherapy in GISTs from an
ethical point of view.

6. Conclusions

Overall, radiotherapy may relieve symptoms for some GIST patients with advanced
or metastatic lesions and even help achieve objective response in selected patients without
significantly reducing the quality of life. In addition to bone metastases, fixed abdominal
lesions may be treated by radiotherapy.

Nevertheless, the efficacy and safety of radiotherapy in GIST patients warrant further
investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers14133169/s1, Table S1: PRISMA 2020 item checklist [12], Table S2:
Methodological quality of included studies (adapted from the Joanna Briggs Institute (JBI) Critical
Appraisal Checklist for Case Reports and Case series).
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Simple Summary: Soft tissue sarcoma (STS) of the axilla, with its proximity to vital neurovascular
bundles and occasional involvement, is a challenge for surgeons. Conventionally, surgeons need
to build the whole tumour model with its adjacent anatomical structures by absorbing necessary
information from each separate preoperative 2D and 3D image, which is very experience-demanding
and potentially inaccurate. Therefore, a computer-generated 3D tumour model revealing tumour and
adjacent key anatomical structures from multimodal images was developed, and we attempted to
explore whether this digital model could facilitate surgical planning and outcomes for axillary STS.
This study suggested significantly better performance in reducing surgical blood loss, operative time,
and length of hospital stay. Considering that the surgeries were performed by two specialists with
15 years of experience, the real-world benefit might be even greater, especially for less-experienced
STS surgeons. Therefore, this technology might change how preoperative planning is performed for
complex STS in the future.

Abstract: Axillary soft tissue sarcoma (STS) is challenging due to its proximity to vital neurovascular
bundles. We conducted a prospective observational pilot study to explore whether 3D multimodality
imaging (3DMMI) can improve preoperative planning for and surgical outcomes of patients with
axillary STS. Twenty-one patients with STS (diameter > 5 cm) of the axilla were allocated, at their
discretion, to either a control group undergoing traditional preoperative planning with separate com-
puted tomography angiography, magnetic resonance imaging, and magnetic resonance neurography,
or an intervention group where 3DMMI, digitally created based on these images, revealed the tumour
and adjacent skeletomuscular and neurovascular structures in three dimensions. Primary outcome
measures were surgical margins and surgical complications. Secondary outcomes included operative
time, blood loss, serum C-reactive protein and interleukin-6, length of hospital stay, and limb function.
The 3DMMI group had a lower, although not significantly different, inadvertent positive margin
rate (1/12 vs. 3/9, p = 0.272), a significantly shorter operative time (p = 0.048), reduced blood loss
(p = 0.038), and reduced length of hospital stay (p = 0.046). This endorses larger trials to improve
complex surgical procedures and study how preoperative planning could be performed in the future.

Keywords: axilla; soft tissue sarcoma; magnetic resonance neurography; surgical margin
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1. Introduction

Soft tissue sarcomas (STS) encompass over 100 histologic subtypes, accounting for 1%
of all adult malignancies [1]. In 2018, approximately 13,040 individuals were diagnosed
with STS in the USA, with an estimated 5150 deaths [2]. The most common subtypes
are leiomyosarcoma, liposarcoma, and undifferentiated pleomorphic sarcoma, whereas
the most common primary sites are extremities (43%), trunk (13%), and retroperitoneum
(7%) [3]. Despite a multidisciplinary approach, the cornerstone treatment is surgical
resection, in which en bloc resection with wide surgical margins is standard procedure [4,5].

Axillary STS has unique management challenges due to its proximity to important
neurovascular structures. This makes wide surgical margins almost impossible and in-
creases the risk of functional morbidity. Appropriate preoperative planning by experienced
surgeons may reduce the risk of margin contamination and neurovascular injury. However,
only a few studies have reported surgical improvement from the perspective of preop-
erative planning through imaging modalities [6–9]. Magnetic resonance imaging (MRI)
and magnetic resonance neurography (MRN) are used for local staging and preoperative
planning, especially regarding tumour location and its adjacent neural structures, usually
in two dimensions (2D), whereas computed tomography (CT) plays a role in revealing
vascular structures and calcified lesions in three dimensions (3D). In conventional surgical
planning, the surgeon relies on these mixed 2D and 3D images to construct the tumour and
its adjacent anatomical structures in the brain, which might be inaccurate, requires a high
cognitive load, and demands very high experience.

3D multimodality imaging (3DMMI) is generated by radiologists using image registra-
tion and segmentation algorithms based on each imaging modality, where different images
synergistically contribute to a more reliable computer-generated objective tumour build-
ing. Currently, 3DMMI is applied in neurosurgery, radiation therapy, and bone oncology
surgery, where is demonstrates promising efficacy in clinical practice [10–13]. However, no
relevant STS studies have been performed. This study aimed to report a pilot real-world
experience with 3DMMI for the surgical treatment of axillary STS.

2. Materials and Methods

2.1. Study Design and Eligibility

This prospective observational study compared preoperative planning based on
3DMMI to traditional images for the surgical treatment of axillary STS. The ethical commit-
tee of our institution approved the study protocol (No. 2019-1062). This study followed the
Strengthening the Reporting of Observational Studies in Epidemiology reporting guidelines
(Figure 1) and was conducted in compliance with the ethical standards of our hospital and
the Helsinki Declaration.

Eligibility requirements included biopsy-proven, resectable axillary STS, tumour di-
ameter > 5 cm, age > 14 years, and a clinical course aimed at curative limb salvage surgery.
The exclusion criteria were severe systemic disease and intolerance to surgery. Informed
consent was obtained from all participants or their guardians.

2.2. Allocation and Management

The patients were allocated to two cohorts (3DMMI and non-3DMMI groups) at their
own discretion. Each patient was evaluated by a multidisciplinary team of pathologists,
radiologists, orthopaedic oncologists, radiation oncologists, and medical oncologists. Based
on the biopsy histotypes, preoperative chemotherapy was administered in selected cases.
Preoperative radiation therapy was indicated if an oncologically appropriate surgical
margin was difficult to obtain [14].

Preoperative local imaging, including contrast-enhanced CT angiography and MRI, and
MRN, was performed for all patients. For contrast-enhanced CT angiography, a multi-slice
helical CT (SOMATOM Definition Flash, Siemens Healthcare, Erlangen, Germany) scan was
performed with a slice thickness of 1 mm to generate plain scan images and artery and venous
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phase images. For contrast-enhanced MRI, using a 3.0-T MR scanner (MAGNETOM Skyra,
Siemens Healthcare, Erlangen, Germany) with an 8-channel receive coil, a conventional
T1 VIBE enhanced sequence was performed to generate T1 enhanced images to assist the
registration process. Then, a T2W turbo spin echo (TSE) sampling perfection with application-
optimised contrasts using different flip angle evolution (SPACE) sequences in the same MR
device was prescribed for MRN in a coronal plane with the following parameters: echo time
(TE) 195 ms; repetition time (TR) 3500 ms; inversion time 220 ms; flip angle 120; matrix size
512 × 512; field of view (FOV) 384 mm; slice thickness 1 mm.

Figure 1. Flow of participants in the study of preoperative planning using 3D-multimodality imaging
for soft tissue sarcoma of the axilla.

Preoperative planning and the definitive surgery were conducted by one of two
surgeons (H.D. and C.T.) with over 15 years of experience in STS. In the 3DMMI group,
the planning was conducted based on 3DMMI, whereas in the non-3DMMI group, it was
conducted based on conventional planning using separate 2D or 3D images.

The intra- and postoperative treatment protocols were similar between groups. Gross
dissection was conducted through normal tissue planes without tumour contamination,
with reference to the preoperative planning. For tumours adjacent to bone, the periosteum
was removed. For cortical or medullary invasion, the affected bone segment was resected
or reimplanted after sterilisation. For tumours close to major vessels, the vessels were
not resected if the underlying structures were grossly intact after adventitia removal [14].
Otherwise, major vessels were replaced with a great saphenous vein graft or artificial
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vessels. The major nerves were always retained, and the perineurium was removed if the
nerves were immediately adjacent to the tumour.

Postoperative radiation therapy was indicated and recommended for patients with
all positive surgical margins and stage II, IIIA, and IIIB extremity STS, according to the
American Joint Committee on Cancer (AJCC) [14]. Chemotherapy was also considered for
specific STS histotypes. The patients were followed up at two weeks and 1, 3, 6, and every
3 to 6 months thereafter in the outpatient department. Chest CT and axillary MRI were
performed to detect lung metastasis and local recurrence, respectively.

2.3. Model Preparation and Use

In the 3DMMI group, MRI and MRN were mapped to CT in register using affine
and diffeomorphic registration algorithms in advanced normalisation tools [11]. The
tumour and adjacent critical structures were segmented with level-set, region-grow, and
threshold control in 3D Slicer 4.11 (www.slicer.org, accessed on 20 March 2022) [15]. Quality
assurance and manual correction were performed to achieve registration accuracy > 95%
and a maximum segmentation error < 2 mm compared with the original DICOM data. The
time spent on model preparation was recorded.

The model included the bones (scapula, clavicle, humerus, and ribs), tumour, major
neurovascular structures (at least those adjacent to the tumour), muscles (segmented as
much as possible), enlarged lymph nodes (if any), and bone oedema (if any), which were
reviewed by surgeons using smartphones or computers (Figures 2 and 3).

 

Figure 2. Classic images and their 3D reconstructions in a patient with axillary Ewing’s sarcoma.
(A) MR hydrography image; (B) CT angiography image; (C) T1-weighted MRI; (D) T2-weighted MRI;
(E) multimodality 3D reconstruction image with similar axial views as (A–D); (F) coronary view of MR
hydrography image; (G) anterior view image of multimodality 3D reconstruction. Traditional surgical
planning (control group) relies on classic images (A–D, F) alone, whereas the 3D multimodality image
group has additional 3D reconstructions based on these classic images. Abbreviations: AV, axillary
vein; BA, brachial artery; AA, axillary artery; BP, brachial plexus; Tu, tumour.

2.4. Data Collection and End-Point Selection

The patient enrolment period was between November 2019 and December 2020,
whereas data collection was from November 2019 to June 2021. Clinical baseline data
included sex, age, tumour size, histology type, Fédération Nationale des Centres de Lutte
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Contre le Cancer (FNCLCC) grading, stage, and neurovascular involvement [16]. Tumour
size was recorded as the maximum diameter according to the preoperative cross-sectional
images. Neurovascular involvement was defined as >1/2 complete encasement as a
preoperative image finding, whereas simple microvascular or perineural invasion identified
in the final pathological specimen was excluded.

 

Figure 3. Classic images and their 3D reconstructions in a patient with liposarcoma. (A) MR
hydrography image; (B) CT angiography image; (C) T1-weighted MRI; (D) T2-weighted MRI;
(E) multimodality 3D reconstruction image with similar axial views as (A–D); (F) coronary view of
MR hydrography image; (G) anterior view image of multimodality 3D reconstruction. Abbreviations:
BA, brachial artery; BaV, basilic vein; BV, brachial vein; BP, brachial plexus; Tu, tumour.

The primary endpoints were the surgical margins and complications. The surgical
margins were first documented by surgeons and later confirmed by an expert sarcoma
pathologist using the Toronto Margin Context Classification (TMCC) [17–19]. The margins
were classified into four categories: negative margins (R0 according to AJCC residual
tumour classification); inadvertent positive margins (IPMs); planned close, but with an
ultimately positive microscopic margin along a major bone or neurovascular structure;
and positive margins after a second resection for patients treated initially elsewhere with
inadequate margins. Surgical complications included injury to neurovascular structures
and wound complications. Vascular injury was defined as an intraoperative inadvertent
major vessel injury necessitating suture repair, and nerve injury as new postoperative limb
function morbidity.

The secondary endpoints were operative time, blood loss, serum index of systemic
inflammation, length of hospital stay, and limb function. Operative time and blood loss
were dichotomised as less or more than the 75th percentile in both. The serum index of
systemic inflammation encompassed C-reactive protein (CRP) and interleukin–6 (IL–6)
levels recorded preoperatively and two days postoperatively to reflect the magnitude of
surgical trauma [20,21]. Limb function was assessed using the Musculoskeletal Tumour
Society (MSTS) and the Disabilities of the Arm, Shoulder, and Hand (DASH) scores both
preoperatively and at six months postoperatively [22,23].

2.5. Statistical Analysis

Sample size calculation was not performed due to the limited availability of previ-
ously published data. Continuous variables were tested for normality using the Shapiro–
Wilks test and presented as means (standard deviation) if normally distributed and were
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otherwise expressed as medians (interquartile range). Categorical variables were pre-
sented as proportions (percentage). Between-group comparisons were assessed using the
independent-sample t-test for continuous variables and the Mann–Whitney U test and
Fisher’s exact test for categorical variables. R version 3.5.3 (R Foundation for Statistical
Computing, Vienna, Austria) was used for the analyses; a two-sided p < 0.05 indicated
statistical significance

2.6. Protocol Updates

This study was initially registered involving all bone and soft tissue tumours. Patients
aiming for palliative surgery or amputation procedures were excluded to reduce hetero-
geneity in this report. The secondary indicator, tumour volume, was updated to the tumour
size recorded at the maximum diameter during the first enrolment of the patient, since it
was difficult to measure the volume in the non-3DMMI group. Performance status, another
secondary indicator, was removed after the fifth enrolled case due to its low relevance.

3. Results

Between November 2019 and December 2020, 24 patients with axillary STS were iden-
tified, of which three were excluded (one had severe chronic pulmonary disease intolerant
to anaesthesia and the other two underwent amputation after admission). Twenty-one
patients (nine male, mean [standard deviation] age, 43.8 [16.0] years) were enrolled in this
analysis, with nine in the non-3DMMI group and 12 in the 3DMMI group. The baseline
characteristics indicating no statistical differences between groups are listed in Table 1.

Table 1. Baseline characteristics between groups who underwent limb salvage surgery with and
without 3DMMI-based preoperative planning.

Characteristic
Participants, No. (%) p Value

Non-3DMMl (n = 9) 3DMMI (n = 12)

Age, mean (SD), y 45.2 (18.8) 42.8 (14.3) 0.736 d

Male >0.999 e

Male 4 (44) 5 (42)
Female 5 (56) 7(58)

Histological type 0.885 e

Synovial sarcoma 2 (22) 3 (25)
Liposarcoma 2 (22) 3 (25)
Rhabdomyosarcoma 2 (22) 2 (17)
Undifferentiated pleomorphic sarcoma 1 (11) 2 (17)
Angiosarcoma 1 (11) 0
Ewing 0 1 (8)
Malignant fibrous histiocytoma 1 (11) 1 (8)

FNCLCC grade 0.904 f

1 1 (11) 1 (8)
2 3 (33) 4 (33)
3 5 (56) 7 (58)

Tumour Size a, median (interquartile range), cm 8 (5.0) 8 (4.8) 0.902 f

Neurovascular Involvement
Vessel 4 b (44) 4 c (33) 0.673 e

Nerve 5 b (56) 5 c (42) 0.670 e

Tumour Stage 0.864 f

IB 1 (11) 1 (8)
IIIA 6 (67) 8 (67)
IIIB 2 (22) 3 (25)

a Tumour size was recorded at maximum diameter; b three patients had both vessel and neural involvement;
c three patients had both vessel and neural involvement; d Student’s T-test; e Fisher’s exact test; f Wilcoxon rank
sum test.
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There were no statistically significant differences in the overall surgical margins
(p = 0.379), IPM (1/12 vs. 3/9, p = 0.272), intraoperative complications (p = 0.429), and post-
operative wound complications (p = 0.788). Moreover, there were no significant differences
≥75th percentile vs. <75th operative time percentile (p = 0.331) and blood loss (p = 0.159),
or second postoperative day serum CRP (p = 0.586) and IL-6 levels (p = 0.367) between the
groups. Further, MSTS and DASH showed no statistically significant differences (p = 0.416,
and p = 0.517, respectively) at six months postoperatively. There were significant differ-
ences in operative time (p = 0.048), blood loss (p = 0.038), and length of stay (p = 0.046)
(Table 2). One patient in each group underwent major vessel replacement for underlying
gross tumour involvement, and no clavicle osteotomies were performed. The median time
spent on model preparation was 3.5 h (range, 3.0–4.0 h) per patient.

Table 2. Comparative outcomes between groups who underwent limb salvage surgery with and
without 3DMMI-based preoperative planning.

Outcome Non-3DMMl (n = 9) 3DMMI (n = 12) p Value

Surgical margin, No. (%) 0.379 a

Negative 3 (33) 5 (42)
Planned close 3 (33) 6 (50)
IPM 3 (33) 1 (8) 0.272 b

Surgical complications
Intraoperative, vascular injury 3 1 0.429 b

Intraoperative, nerves injury 0 0
Postoperative, wound complication 0 1 0.788 b

Operative time, mean (SD), min
Mean (SD) 134.4 (35.75) 101.7 (34.60) 0.048 c

Median (IQR) 120 (60) 95 (37.5)
≥75th percentile, participants, No. (%) d 4 (44) 2 (17) 0.331 b

Blood loss (mL)
Mean (SD) 338.9 (89.4) 258.3 (76.4) 0.038 c

Median (IQR) 350 (150) 250 (100)
≥75th percentile, participants, No. (%) d 5 (56) 2 (17) 0.159 b

Serum index of systemic inflammation
CRP, preoperative, median (IQR), mg/L 3.77 (2.00) 3.99 (1.52) 0.602 a

IL-6, preoperative, median (IQR), pg/mL 2.56 (1.49) 2.86 (1.67) 0.754 a

CRP, at 2nd day, mean (SD), mg/L 40.11 (13.97) 37.63 (6.05) 0.586 c

IL-6, at 2nd day, mean (SD), pg/mL 36.56 (11.98) 32.89 (5.98) 0.367 c

Length of in-hospital stay, median (IQR) 8(1.5) 7(1) 0.046 a

Limb function
MSTS, preoperative, median (IQR) 90 (13) 93 (9.3) 0.270 a

DASH, preoperative, median (IQR) 8 (18) 7.5 (10) 0.430 a

MSTS, at 6th month, median (IQR) 93 (8.5) 95 (7.0) 0.416 a

DASH, at 6th month, median (IQR) 8 (9) 5.5 (8.75) 0.517 a

a Wilcoxon rank sum test; b Fisher exact test; c Student’s T-test; d 75th percentiles are defined as 150 min for
operative time and 350 mL for blood loss. Abbreviations: IPM, inadvertent positive margins; CRP, C-reactive
protein; IL-6, interleukin–6.

The median follow-up duration was 10 months (range, 6–18 months). One patient in
the non-3DMMI group was lost to follow-up at six months postoperatively. No statistical
differences were observed in MSTS (preoperative vs at six months) for the non-3DMMI
(p = 0.063), 3DMMI group (p = 0.063), and DASH (p = 0.156, and p = 0.055).

4. Discussion

Axillary STS is challenging to resect because of its proximity to vital neurovascular
bundles and occasional involvement. The literature related to axillary STS is limited since
most studies have reported small cohorts of patients with STS in the axilla grouped with
other locations [24–28]. Moreover, most of these studies emphasised patient demographics
and treatment outcomes. However, this study explored ways to improve surgical outcomes
from the perspective of preoperative planning based on multimodal images, which revealed
these critical anatomical structures in 3D. The study found that 3DMMI can improve
preoperative planning and surgical outcome for patients with axillary STS by reducing
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operative time, blood loss, and length of hospital stay and alleviating the risk of inadvertent
residuals. Therefore, surgeons should consider 3D reconstruction from multimodal images
when dealing with complicated STS, especially with neurovascular involvement.

A successful surgery depends mainly on the surgeon’s skills and knowledge of
anatomy. While the skills may remain constant, the anatomy varies owing to innate
or tumour-related variations. Although sarcoma specialists may accomplish a limb salvage
STS surgery well, even with large unexpected intraoperative anatomical variations, less
experienced surgeons are more likely to injure the nerves and vessels or have prolonged
operative time, especially in highly complicated cases. Therefore, preoperative images are
used to detect these potential unexpected variations and tumour surroundings. In standard
preoperative planning, surgeons need to recognise key anatomical structures from each
image and roughly form an image of the tumour in the brain, and if necessary, communi-
cate with radiologists in words, which is the usual method of so-called transdisciplinary
collaboration. Despite being technically more capable of reading images than surgeons,
especially young ones, radiologists cannot describe the image in complete detail, since
words are always less intuitive and informative than a 3D representation. Hence, in a
conventional setting when relying on the rough classic tumour image, surgeons may still
face significant uncertainty, with unexpected details uncovered intraoperatively. However,
most potential challenges can be resolved preoperatively rather than as an unexpected
intraoperative encounter, based on improved preoperative planning using 3DMMI pro-
cessed by a radiologist. This 3D image serves as the best tool for connecting surgeons and
radiologists and facilitates better transdisciplinary teamwork. Surgeons may easily devise
an improved surgical approach with a more detailed knowledge of patient-specific 3D
anatomy, including the tumour and all adjacent critical structures, resulting in a minimised
risk of major neurovascular injury and less time spent in dissection.

Apart from providing comprehensive knowledge of patient-specific anatomy, 3DMMI
could also help with tailored individualised preoperative planning that can hardly be
done with conventional separate images or which can be done in only a very rough
manner. While surgeons have been trained to mentally integrate anatomical structures
from different imaging modalities, a fused digital display of multimodal images is far more
informative and diagnostically reliable [29]. Surgeons could design a detailed 3D surgical
approach with this digital 3DMMI, including through which layer of anatomical structure
the dissection/resection should be performed, in which plane the dissection should be
performed with an involved major nerve or vessels, whether to perform an osteotomy to
help the resection, and the exact position for the osteotomy. A recent study by Sambri et al.
observed an increased local recurrence risk for STS close to major vessels immediately
adjacent to or surrounded by the tumour, as compared with indirect vascular proximity
to the tumour, indicating individualised limb salvage procedures [30]. To provide better
local control and limit unnecessary trauma, 3DMMI can intuitively and easily help identify
the surgical needs of patients, that is, whether to preserve or resect a major vessel and
the appropriate site/length of resection, if necessary. The aforementioned preoperative
planning can be difficult even for some experienced STS specialists, whereas, in most
cases, especially among young and inexperienced surgeons, the surgical plan is designed
after visualising the tumour surroundings intraoperatively. Therefore, with 3DMMI, the
incidence of local recurrence associated with poor preoperative planning and operative
time can be decreased, particularly for less experienced surgeons.

To evaluate outcomes related to surgical planning, TMCC was used to assess the
resection margin, as it has a unique role in IPM residuals [18]. In this study, the percentage
of IPMs in the 3DMMI group was a quarter of that in the non-3DMMI group (1/12 vs. 3/9);
however, the difference was not statistically significant. We presumed that this was due to
the small sample size. Nevertheless, this pilot study provides a rational basis for future
multi-centre trials.

Achieving local control cannot not solely define a successful limb salvage STS opera-
tion; surgical metrics are also important. Despite similarities in intraoperative complica-
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tions, inflammation index, and limb function between the two groups, operative time and
blood loss were significantly improved in the 3DMMI group. Since it was impossible to
limit bleeding in the axillary region by a tourniquet, faster surgery with a clear surgical
field was necessary. By revealing critical anatomical structures and their relationships in 3D,
3DMMI facilitated preoperative decisions may help minimise surgical challenges related
to uncertain anatomical parameters, especially in highly complicated cases, resulting in
reduced operative time and intraoperative blood loss. Additionally, a shorter length of
hospital stay was also observed, which may limit various potential in-hospital complica-
tions and additional costs, and may save healthcare resources [31]. Therefore, preoperative
planning based on 3DMMI is promising for successful STS surgery in this setting.

In addition to the potential benefits previously mentioned for patients and hospi-
tals, 3DMMI-based preoperative planning may also facilitate a reduced cognitive load on
surgeons by simply decreasing the amount of information processing required for both
experienced and young surgeons [32]. Cross-sectional images, such as CT and MRI, depict
almost every element of the subject’s anatomical information in grayscale, including struc-
tures irrelevant to surgical decision-making. Extraneous information may affect surgeons’
cognition when interpreting imaging. Conversely, redundant structures that are less rel-
evant to surgery are excluded from the 3DMMI representation. The vital structures and
their spatial relationships are highlighted and visualised in 3D and colour. Thus, surgeons
can focus on devising a personalised surgical plan with ease.

Even though 3DMMI features the advantages discussed above, the deviation between
the medical images and the real anatomy of the human body should not be overlooked.
Although 3D images may conform to the preoperative images, the different patient’s
positioning between preoperative imaging and surgery results in a 3D shift of all anatomical
structures, especially in the lower limbs. The mean femoral artery shift is 3.28 mm for
repeated supine positions and 14.72 mm for supine vs. right lateral decubitus position in
the thigh, whereas the displacement of the tibial nerve is much less in the lower leg, ranging
from 0.9 to 3.02 mm for all positions [7]. Although the sarcoma-involved neurovascular
structures may stay in a relatively constant spatial location with the tumour, it is still
recommended to capture preoperative images in the same position as the surgery to reduce
the variability, especially when using 3DMMI images for surgical planning for STS from
less rigid compartments.

Another issue that should be addressed is the time spent in 3D imaging processing.
In this study, the median time was 3.5 h per patient even with semi-automatic algorithms
including level-set, region-grow, and threshold control, which is much longer than writ-
ing a conventional medical image diagnostic report. However, it was conducted in the
image post-processing Centre in our hospital instead of by a single radiologist from the
conventional radiology department. We believe that the time spent was highly accept-
able considering its benefits to patients, and potential value to personalised radiotherapy
planning, rehabilitation procedures, and doctor–patient communication. Nevertheless,
automatic algorithms are needed to reduce the time spent for 3D processing in the future.

Our study had some limitations. First, the sample size was small and uncalculated
due to limited previously published data, and groups were heterogeneous with different
histologies and grades. However, this was a prospective preliminary pilot study exploring
the potential of a novel imaging technique for preoperative planning for a group of rare
tumours encompassing over 100 histologic subtypes in unusual and challenging locations,
which may lay the foundation for our future large-scale trials. Second, the follow-up period
was relatively short. Nevertheless, the outcome measures were intraoperative findings and
early clinical outcomes, which required a limited follow-up duration. However, follow-
up on these patients will be continued and a standard survival analysis with special
attention to local recurrence will be performed in the future. Third, the surgical margin
was used to assess local control in this study, whereas the correlation between margin and
local recurrence remains controversial, particularly in some specific STS histotypes with
infiltrative growth patterns, such as myxofibrosarcoma and undifferentiated pleomorphic
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sarcoma [33–36]. Additionally, the “optimal” margin and its width have been debated
in the literature [37]. However, the principal purpose of this preliminary study is to
present a potentially useful 3D image-based tool. This may facilitate preoperative planning
procedures and minimise unexpected surgical challenges related to neurovascular injury
and IPM by giving comprehensive knowledge of patient-specific anatomy. This pilot
study did not aim to directly establish correlations between 3DMMI and local recurrence.
Nevertheless, our future large-scale trial will focus on local recurrence rather than on
surgical margins only. Four, since the surgeries in this study were performed by 15-year-
experience experts, the outcome measures and strength of 3DMMI might be underestimated
when used by less experienced surgeons.

5. Conclusions

In summary, this study reported a real-world institutional experience of 3DMMI-based
preoperative planning for patients with axillary STS, where different images synergistically
contributed to more comprehensive guidance for surgical planning in three dimensions,
especially for less experienced surgeons. These findings, while still preliminary, may affect
the performance of preoperative planning for axillary STS. Furthermore, this planning
may benefit patients, surgeons and hospitals in various ways. Improved outcomes for the
patients were found, such as less intraoperative blood loss, shorter operative time, and a
potentially lower risk of inadvertent residuals. The use of 3DMMI may also provide an
intuitive and easy approach to improving surgical planning for surgeons, and hospitals
would benefit from a shorter operative time and length of hospital stay. Overall, this pilot
study yielded promising results that will support further studies in the future.
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Simple Summary: Preoperative radiotherapy increases the risk of postoperative wound complication
in the treatment of soft tissue sarcoma. This retrospective study evaluated risk factors and aimed
to develop a nomogram for predicting major wound complication requiring secondary surgical
intervention. We found that age, tumour size, and metastasis at presentation were independent risk
factors of major wound complication. The nomogram constructed in the study effectively predicts
and quantifies the risk of major wound complication.

Abstract: Preoperative radiotherapy increases the risk of postoperative wound complication in the
treatment of soft tissue sarcoma (STS). This study aims to develop a nomogram for predicting major
wound complication (MaWC) after surgery. Using the Oxford University Hospital (OUH) database,
a total of 126 STS patients treated with preoperative radiotherapy and surgical resection between
2007 and 2021 were retrospectively reviewed. MaWC was defined as a wound complication that
required secondary surgical intervention. Univariate and multivariate regression analyses on the
association between MaWC and risk factors were performed. A nomogram was formulated and
the areas under the Receiver Operating Characteristic Curves (AUC) were adopted to measure the
predictive value of MaWC. A decision curve analysis (DCA) determined the model with the best
discriminative ability. The incidence of MaWC was 19%. Age, tumour size, diabetes mellitus and
metastasis at presentation were associated with MaWC in the univariate analysis. Age, tumour
size, and metastasis at presentation were independent risk factors in the multivariate analysis. The
sensitivity and specificity of the predictive model is 0.90 and 0.76, respectively. The AUC value was
0.86. The nomogram constructed in the study effectively predicts the risk of MaWC after preoperative
radiotherapy and surgery for STS patients.

Keywords: soft tissue sarcoma; wound complication; preoperative radiotherapy; nomogram; limb
preservation

1. Introduction

Radiotherapy (RT) combined with surgery can reduce the risk of recurrent disease
in high-grade soft tissue sarcoma (STS) and is the standard recommended treatment [1,2].
With the timing of RT, preoperative RT has several potential advantages over postoperative
RT in reducing long-term function impairment (fibrosis, joint stiffness, fracture) with lower
radiation dose and field, the ability to evaluate tumour response, and without treatment
delay or cancellation [3,4]. While preserving the maximal function of the limb with pre-
operative RT, postoperative acute wound complications occur in 9–35% of cases, which is
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much lower in postoperative RT [5], and remain a major concern in the management of
STS patients [6,7].

With the improvement of orthopaedic wound care techniques, the management of
most postoperative wounds no longer requires surgical intervention, which has facilitated
the use of preoperative RT [5,8]. Wound complications requiring repeat surgery attributed
to preoperative RT is a significant concern for surgeons and one that significantly affects
patients’ quality of life. Thus, with an increasing demand for accurate and personalized
risk assessment in major wound complication (MaWC), doctors require comprehensive
and disease-specific knowledge. In this study, we aim to investigate the preoperative risk
factors that relate to MaWC in patients with STS after preoperative RT, and to construct a
nomogram to identify patients who are at a particularly high risk of MaWC and, ultimately,
require reoperation and prolonged wound management.

2. Materials and Methods

A retrospective review of STS cases was carried out using the database of Oxford
University Hospitals (OUH). After obtaining approval from our institutional review board
and written informed consent from all patients, clinical, imaging and pathological data
from 126 patients who underwent preoperative RT and resection of high-grade STS in the
limb and trunk at Nuffield Orthopaedic Centre between 2007 and 2021 were collected. A
total of 224 patients treated with postoperative RT, without surgery, or with retroperitoneal
sarcoma were excluded. Positron emission tomography with fluorodeoxyglucose integrated
with computed tomography (PET/CT) was used for disease staging preoperatively. All
patients received preoperative RT with a total dose of 50 gray (Gy) in 25 daily fractions
of 2 Gy each, five days a week. Surgery was performed between 3 and 6 weeks after the
completion of preoperative RT. Following surgery, the patients were evaluated weekly until
the wound was completely healed, then reviewed every 3 months for 2 years and every six
months thereafter.

The data collected included patient gender, body mass index (BMI), smoking status,
use of alcohol, mental status (depression and anxiety) and comorbidities (diabetes), as well
as tumour site, size, volume, depth, histological subtype, maximum standardized uptake
value (SUVmax) of PET/CT, metastasis at presentation and surgery type. Depression and
anxiety were diagnosed by a GP (General Practitioner) before admission and recorded by
nurses (the measurement of depression and anxiety self-assessment quiz is provided in
the Supplementary File S1). Smoking and alcohol consumption data were collected by
trained nurses and roughly classified as smoker or non-smoker and alcohol drinker or
non-drinker if the patients had any historical smoking or drinking records. The tumour
size was determined by the measurement of the maximal cross-sectional diameter obtained
on axial magnetic resonance imaging (MRI). The tumour site was subdivided into upper
extremity, proximal lower extremity, distal lower extremity and trunk. The tumour depth
was evaluated as deep or superficial to fascia. The tumour volume was measured on
planning three-dimensioned imaging before RT. Wound complication such as haematoma,
seroma, erythema, infection, wound dehiscence and lymphoedema that ultimately required
secondary surgery necessitating general anaesthesia, drainage of hematoma, wound de-
bridement, drainage of seroma, secondary wound closure or orthoplastic composite flap
repair were considered MaWC.

The characteristics of patients were displayed as counts (percentage) for categorical
variables and mean (standard deviation) for continuous variables, and the p values were de-
rived using the chi-square test and t-test, respectively. A univariate and multivariate logistic
regression analysis was applied to find the significant risk variables for MaWC. Variables
with p value < 0.05 in the univariate analysis were included in the multivariable analysis.
The diagnostic odds ratio (OR) and 95% confidence interval (CI) of each independent factor
were calculated. All variables were included for building the nomogram for predicting
MaWC. A bootstrapping approach was used for internal validation on the original study
sample. A receiver operating characteristic (ROC) curve was applied to evaluate model
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discrimination and tested using bootstrap resampling (500 times). A calibration curve was
employed to assess the calibration of the nomogram [9]. All analyses were performed using
Empower (R) (http://www.empowerstats.com (accessed on 28 May 2022), X&Y solutions,
Inc., Boston, MA, USA) and R (http://www.R-project.org, accessed on 21 August 2022) [9].
Statistical tests with p value < 0.05 were considered significant.

3. Results

Patients were followed postoperatively for an average of 71.82 months (range,
10–186 months). Among the 126 patients, 24 cases had MaWC after preoperative RT
and surgery, and the incidence of MaWC was 19% (24/126). The mean age was 62 years
with 68.5 in the MaWC group and 57.9 in the non-MaWC group. The mean BMI was 28.7
with 27.4 in the MaWC group and 28.9 in the non-MaWC group. The most common tumour
site was the proximal lower limb in both groups. Most tumours were located deep in the
tissue (80.2%) with 80.4% in the non-MaWC group and 79.2% in the MaWC group. With
respect to the mean tumour volume and SUVmax, it appears that they were much higher
in the MaWC group than in the non-MaWC group (710.1 cm3 vs. 434.6 cm3, 19.6 vs. 13.9);
however, they showed non-significance after the univariate analysis. The tumour size in the
MaWC group was larger than in the non-MaWC group (13 vs. 9.5 cm). The most common
histology subtype was unclassified pleomorphic sarcoma in both groups. There were 8.7%
patients with metastasis at presentation, and this proportion was higher in the MaWC
group compared with the non-MaWC group (20.8% vs. 5.9%). Most patients experienced
primary closure (92.9%). It seems that more patients in the MaWC group experienced
plastic surgery closure compared with the non-MaWC group (16.7% vs. 4.9%), but without
significance after the univariate analysis. There were four patients who experienced R1
resection, but no significant difference could be seen in the comparison between the two
groups (4.2% vs. 2.9%). Table 1 summarizes the clinical and pathological characteristics of
the patients.

Table 1. Baseline characteristic of patients.

Category Total, n Non-MaWC n, % MaWC, n, % p-Value

Number of patients 126 102(81.0%) 24 (19.0%)
Gender 0.741
Female 51 (40.5%) 42 (41.2%) 9 (37.5%)
Male 75 (59.5%) 60 (58.8%) 15 (62.5%)

Mean age (year) 62.0 57.9 ± 17.1 68.5 ± 15.4 0.009
Mean BMI 28.7 28.9 ± 7.2 27.4 ± 5.9 0.361
Diabetes 0.048

Non-diabetes 110 (87.3%) 92 (90.2%) 18 (75.0%)
Diabetes 16 (12.7%) 10 (9.8%) 6 (25.0%)
Smoking 0.127

Non-smoking 80 (63.5%) 68(66.7%) 12 (50.0%)
Smoking 46 (36.5%) 34 (33.3%) 12 (50.0%)
Alcohol 0.179

Non-alcohol 43 (34.1%) 32 (31.4%) 11 (45.8%)
Alcohol 83 (65.9%) 70 (68.6%) 13 (54.2%)

Depression or anxiety 0.467
Non-depression or anxiety 115 (91.3%) 94 (92.2%) 21 (87.5%)

Depression or anxiety 11 (8.7%) 8 (7.8%) 3 (12.5%)
Tumour site 0.181
Upper limb 11 (8.7%) 11 (10.8%) 0 (0.0%)

Proximal lower limb 75 (59.5%) 60 (58.8%) 15 (62.5%)
Distal lower limb 19 (15.1%) 13 (12.8%) 6 (25.0%)

Trunk 21 (16.7%) 18(17.6%) 3 (12.5%)
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Table 1. Cont.

Category Total, n Non-MaWC n, % MaWC, n, % p-Value

Tumour depth 0.892
Deep 101 (80.2%) 82 (80.4%) 19 (79.2%)

Superficial 25 (19.8%) 20 (19.6%) 5 (20.8%)
Mean tumour volume (mean ± SD, cm3) 434.6 376.1 ± 173.7 710.1 ± 240.2 0.065

Mean tumour size (mean ± SD, cm) 10.2 ± 6.0 9.5 ± 5.3 13.0 ± 7.9 0.018
PETCT SUVmax (Mean ± SD) 15.0 ±13.8 13.9 ± 9.7 19.6 ± 16.7 0.090

Histology type 0.686
Myxoid liposarcoma 23 (18.3%) 19 (18.6%) 4 (16.7%)
Other liposarcoma 8 (6.4%) 5 (4.9%) 3 (12.5%)

Myxoidfibrosarcoma 19 (15.1%) 16 (15.7%) 3 (12.5%)
Synovial sarcoma 11 (8.7%) 10 (9.8%) 1 (4.2%)

Undifferentiated pleomorphic sarcoma 13 (10.3%) 11 (10.8%) 2 (8.3%)
Leiomyosarcoma 12 (9.5%) 11 (10.8%) 1 (4.2%)

Unclassified pleomorphic sarcoma 25 (19.8%) 20 (19.6%) 5 (20.8%)
Unclassified spindle-cell sarcoma 6 (4.8%) 4 (3.9%) 2 (8.3%)

Others 9 (7.1%) 6 (5.9%) 3 (12.5%)
Metastasis at presentation 0.028

Non-metastasis 115 (91.3%) 96 (94.1%) 19 (79.2%)
Metastasis 11 (8.7%) 6 (5.9%) 5 (20.8%)

Type of surgery 0.066
Primary closure 117 (92.9%) 97 (95.1%) 20 (83.3%)

Plastic surgery closure 9 (7.1%) 5 (4.9%) 4 (16.7%)
Surgery margin 0.758

R0 122 (96.8%) 99 (97.1%) 23 (95.8%)
R1 4 (3.2%) 3 (2.9%) 1 (4.2%)

Others including rhabdomyosarcoma, malignant peripheral nerve sheath tumour, angiosarcoma.

After univariate and multivariate study, we found that age (OR: 1.04, 95%CI: 1.01–1.08,
p = 0.009); diabetes (OR: 3.07, 95%CI: 1.01–9.71, p = 0.048); metastasis at presentation (OR:
4.21, 95%CI:1.17–15.22, p = 0.028); and tumour size (OR: 1.09, 95% CI: 1.01–1.17, p = 0.018)
are risk factors in the univariate analysis. Age (OR: 1.08, 95%CI: 1.02–1.13, p = 0.004);
metastasis at presentation (OR: 9.12, 95%CI: 1.21–68.67, p = 0.032); and tumour size (OR:
1.12, 95%CI: 1.01–1.24, p = 0.032) are independent risk factors of MaWC in the multivariate
study. The variables for the univariate and multivariate study are summarized in Table 2.
All the variates that could be evaluated preoperatively (age, gender, tumour site, SUVmax,
metastasis at presentation, BMI, diabetes, smoking, alcohol, type of surgery, tumour size
and tumour depth) were included in the predictive model and were incorporated into the
nomogram. Due to the limited number of cases, when we set the tumour site according
to four locations as we previously analysed, the nomogram could not be modelled. Thus,
the tumour site was set as the lower limb vs. other location in nomogram 1, and proximal
lower limb vs. other location in nomogram 2. As PETCT is not uniformly used worldwide
and factors such as smoking, use of alcohol, anxiety and depression are not quantitatively
defined, we built a simplified nomogram 3 without PETCT and these parameters.

Table 2. Univariate and multivariate analysis of significant predictors of wound complications.

Risk Factor
Univariate Analysis Multivariable Analysis

OR 95%CI p-Value OR 95%CI p-Value

Age 1.04 1.01–1.08 0.009 1.08 1.02–1.13 0.004
Diabetes 3.07 1.01–9.71 0.048 2.46 0.57–10.42 0.226

Metastasis at presentation 4.21 1.17–15.22 0.028 9.12 1.21–68.67 0.032
Tumour size (cm) 1.09 1.01–1.17 0.018 1.12 1.01–1.24 0.032
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The ROC curve for the predictive nomograms 1 and 2 are presented in Figure 1.
The area under the ROC curve (AUC) and the corresponding 95% CI were estimated by
bootstrap resampling (times = 500). It was 0.855 (95% CI: 0.770–0.917) with a sensitivity
and specificity of 0.905 and 0.750 in nomogram 1 and 0.831 (95% CI: 0.742–0.898) with
a sensitivity and specificity of 0.762 and 0.794 in nomogram 2, respectively. To further
evaluate the discriminative ability and net benefits of the two models, a decision curve
analysis (DCA) was performed. The DCA results of the two nomograms are shown in
Figure 2. In general, nomogram 1 showed the highest net benefit. Therefore, nomogram 1
exhibited the best accuracy for risk prediction and the highest net benefit. Based on model 1
(Figure 3), the predictive model formula was as follows:

Logit (MaWC) = −10.32344 − 0.75211 × gender + 0.07223 × age + 2.01095 × site + 0.04656 × SUVmax +
2.60662 × metastasis at presentation − 0.00630 × BMI + 0.88274 × smoking + 0.40016 × diabetes + 1.86011 ×
depression or anxiety − 0.16794 × alcohol + 1.37350 × type of surgery + 0.08594 × tumour size − 0.29359 ×

tumour depth

(1)

Figure 1. The ROC curve for the predictive model 1 and 2 using bootstrap resampling (times = 500).
Shading shows the bootstrap estimated 95% CI with the AUC. ROC, receiver operating characteristic;
AUC, area under the curve; CI, confidence interval.

138



Cancers 2022, 14, 4096

Figure 2. Decision curve analysis results of the nomograms. Net benefit curves of two predictive models.
“None” line means net benefit when no participant is considered as having the outcome (major wound
complication); “All” line means net benefit when all participants are considered as having the outcome.
The preferred model is the model with the highest net benefit at any given threshold.

Figure 3. Nomogram 1 for prediction of postoperative major wound complication after preoperative
radiotherapy and surgery. The point of each predictor could be assessed at the first line (Points) and
the total points then could be calculated by summing up the points of each predictor and identified
on the penultimate line. At last, the rate of MaWC could be assessed by the corresponding total
points at the last line. BMI, body mass index.
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The ROC curve for the predictive nomograms 3 are presented in Figure 4 and the
area under the ROC curve (AUC) and the corresponding 95% CI were 0.822 (95% CI:
0.732–0.893) with a sensitivity and specificity of 0.917 and 0.637, respectively. Based on
model 3 (Figure 5), the predictive model formula was as follows:

Logit (MaWC) = −7.23569 − 0.19839 × gender + 0.04977 × age + 1.91307 × site + 2.27947 × metastasis at
presentation − 0.01091 × BMI + 0.40016 × diabetes + 1.92471 × type of surgery + 0.07427 × tumour size −

0.35312 × tumour depth
(2)

Figure 4. The ROC curve for the nomogram 3 using bootstrap resampling (times = 500). Shading
shows the bootstrap estimated 95% CI with the AUC. ROC, receiver operating characteristic; AUC,
area under the curve; CI, confidence interval.

140



Cancers 2022, 14, 4096

Figure 5. Nomogram 3 (without smoking, use of alcohol, anxiety and depression, SUVmax of
PET-CT) for prediction of postoperative major wound complication after preoperative radiotherapy
and surgery.

4. Discussion

Previous studies showed that RT combined with surgery could significantly reduce
the rate of local recurrence in high-grade STS [4,5], meaning that the completion of the local
treatment of STS is of utmost importance. In postoperative RT studies, it is reported that
15% of patients did not complete the combination treatment as planned due to MaWC [3].
A 12-week delay rate in receiving postoperative RT is 26% reported by Casabianca et al. [10]
and 15% reported by Miller et al. [11]. In respect of oncological prognosis, preoperative
RT would be preferable for the completion of local treatment without interruption from
wound complication. However, the high risk of postoperative wound complication in
preoperative RT compared with postoperative RT remains a substantial challenge [7,12,13].
With respect to the quality of life, function and oncologic outcomes, it is believed that MaWC
needing a secondary procedure should be assessed separately. As with the development
of integrated wound care, most wound complications have little effect on patients’ daily
life. In this study, the rate of MaWC is 19%, which is consistent with the rate of 18%
reported by Hui et al. [14], and is slightly higher than reported by Rosenberg et al. [15] and
O’Sullivan et al. [5]. In these studies, the rate of secondary surgery considered as “a
true clinically significant major complication” is 16%. The difference might be due to the
different study group, as we only included patients with a high-grade tumour located in the
trunk and limb, and they only included limb STS of both high and low grade. Studies also
reported the rate of 11% of the secondary operation, in which only patients with a tumour
located in the upper limb and who received a lower RT volume were included. Thus, the
rate of 19% might be more accurate, according to the guideline which recommended RT
application in high-grade sarcoma [1,2].

Given the complex and multifactorial nature of wound complications, recent studies
examined whether specific clinical predictors could better identify patients at the greatest
risk. Rosenberg et al. reported female gender, radiation outside their institution and low
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grade as independent risk factors for a secondary operation [15]. In this study, age, diabetes,
tumour size and metastasis at presentation are risk factors for MaWC in the univariate
analysis. In the multivariate regression analysis, age, metastasis at presentation and tumour
size are independent risk factors. It is widely accepted that larger tumours were associated
with a higher rate of complications, but there was wide variation in how tumour size was
defined, which resulted in a high degree of heterogeneity [6,16]. Thus, tumour volume that
was calculated by an oncologist before RT could consider more information than tumour
size was also analysed in this study. However, we did not find it a risk factor for MaWC
and it was not included in the nomogram, as we tested and found that the nomogram
including the tumour volume had a lower AUC compared with the current one. This might
because of the limitation of case numbers and the wide range of tumour volume.

To avoid MaWC, studies also suggested the important effect of immediate flap re-
construction on the postoperative wound [16–18], while others found the difference with
or without plastic surgery to be non-significant [15,19,20]. Consistent with the latter, we
did not find that the type of surgery was a significant risk factor for MaWC. However, for
patients with a high risk of MaWC, Moor et al. reported that a substitution of irradiated
soft tissue for healthy and well-vascularized soft tissue would be reasonable, especially
with a tumour located in the adductor compartment of the thigh [16].

Adam et al. reported that patients with tumours located in the lower extremity with
vascular involvement should be considered for immediate vascularized tissue transfer [8],
which confirms the important effect of tumour site on MaWC. We did not find that tumour
site was a significant risk factor for MaWC. This might be largely due to the stratification
method, in which we divided tumour site into four groups according to guidelines, and
made some adjustments to the recent literature that considers the proximal lower limb to
be the most important risk factor [3,8,16]. As it is difficult to construct a nomogram with
such stratification, a two categories method was applied in this study. Both lower limb vs.
other location and proximal lower limb vs. other location were applied in the nomogram,
and a better AUC was observed in nomogram 1 with the classification of tumour location
by lower limb vs. other location.

Metastasis at presentation is an independent risk factor for MaWC. Though it is
recommended in guideline [1] that with metastatic disease, surgery and chemotherapy are
first-line management, selected patients were treated with preoperative RT and surgery
in this study. It is sometimes difficult to confirm whether the suspected lung or other
site lesion is metastatic with staging and PETCT. Thus, for patients in which suspected
metastatic disease cannot be excluded, caution should be made on MaWC.

With these results, we developed a prediction model to evaluate the MaWC risk in
STS patients treated with preoperative RT and resection. Gender, age, smoking, alcohol,
BMI, diabetes, depression and anxiety, tumour site, size and depth, SUVmax, metastasis
at presentation and type of surgery, which were considered significant risk predictors in
previous studies, were included in the model [6]. The AUC of the model is 0.855, indicating
a good predictive value for MaWC. To our knowledge, this is the first study describing a
nomogram for the prediction of MaWC based on preoperative factors.

This study had limitations. Some data (smoking and the use of alcohol, anxiety and
depression) were not clearly and quantitatively defined, and PET-CT is not routinely used
in the diagnostic work-up for all STS; thus, we developed a nomogram 3 without these
parameters with lower AUC (0.822) for wider application. The data presented may be
underpowered to detect a significant association of the variables with MaWC due to the
potential for selection bias, particularly with respect to tumour type and for the indication
of radiation. As noted previously, patients who underwent preoperative RT were those who
were thought to be at a high risk for local recurrence. This was a single-centre multivariate
prediction model development study, which may affect the accuracy and generalizability
of the results. However, we used bootstrap resampling (time = 500) to estimate the AUC
and the corresponding 95% CI to improve the accuracy of the model’s predictive value. In
future studies, this established model should be applied in a multicentre study to validate
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its generalizability. The methodology in this study may be practical in clinical research and
can be applied in different populations.

5. Conclusions

In conclusion, this study focuses on the impact of multiple personal variables and
the synergistic interaction between variables that can increase the rate of postoperative
MaWC. Age, tumour size and metastasis at presentation are independent risk factors. The
nomogram showing a good predictive value for MaWC is an intuitive tool that provides
clinicians with a graphical calculation of each predictor to assess the risk of MaWC. Clin-
icians can use this model easily and rapidly to clinically evaluate the risk of MaWC and
administer an individualized strategy for STS patients.
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Abstract: (1) Background: The management of gastrointestinal stromal tumors (GIST) has signifi-
cantly evolved over the last two decades, with the introduction of tyrosine kinase inhibitors (TKI).
We aim to report 10 years of experience of GIST management at a regional cancer center in Canada.
(2) Methods: We retrospectively analyzed the records of 248 consecutive patients diagnosed with GIST
between 2011 and 2021. We describe the clinical and pathological data, management, and outcome,
including survival. (3) Results: The most common GIST sites were the stomach 63% (156), followed
by the small bowel 29% (73). At diagnosis, 83% (206) of patients had localized disease (stage I–III).
According to the modified National Institutes of Health consensus criteria (NIH) for GIST, around
45% (90) had intermediate or high-risk disease. Most patients, 86% (213), underwent curative surgical
resection. Forty-nine patients received adjuvant imatinib, while forty-three patients had advanced
disease and received at least one line of TKI. With a median follow-up of 47 months, the 5-year
recurrence-free survival (RFS) rates for very low and low risk were 100% and 94%, respectively, while
those for intermediate and high risk were 84% and 51%, respectively. The 5-year overall survival (OS)
rates for very low and low risk were 100% and 94%, while intermediate, high risk, and advanced
were 91%, 88%, and 65%, respectively. Using the Kaplan–Meier method, there were statistically
significant differences in RFS and OS between NIH risk groups, p < 0.0005. In univariate analysis,
ECOG, site, mitosis, secondary malignancy, and size were predictors for OS. High mitosis and large
size (>5 cm) were associated with worse RFS. (4) Conclusions: Curative surgical resection remains the
gold standard management of GIST. Our results are comparable to the reported literature. Further
research is needed to explore histology’s role in risk stratification and initiating adjuvant TKI.

Keywords: gastrointestinal stromal tumors; GIST; C-Kit; imatinib mesylate; survival

1. Introduction

Gastrointestinal stromal tumors (GIST) are rare non-epithelial tumors derived from
mesenchymal tissues. They originate from interstitial Cajal cells or the stem cell precur-
sors of these cells, located around the myenteric plexus throughout the gastrointestinal
tract [1,2]. GIST account for 1–3% of all GI tumors. In 1983, two pathologists, Mazur
and Clark, introduced the term GIST. Subsequently, further research led to a considerable
understanding of the pathogenesis and biology of this type of tumor [3]. Identifying c-KIT
mutation was a breakthrough that allowed for better characterization and identification of
GIST, based on molecular studies. Further studies of the c-KIT pathway identified many
important mutations with clinical and therapeutic significance, including exons 11, 9, 13,
and 17 and platelet-derived growth factor receptor alpha gene (PDGFRA) [4,5].
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Surgical resection is the standard treatment for localized GIST, while debulking surgery
may be considered for symptomatic advanced bulky tumors. For small asymptomatic GIST,
watchful waiting may be a reasonable option. The introduction of imatinib, a selective
inhibitor of the KIT protein tyrosine kinase, in the management of GIST, revolutionized the
treatment approaches [6,7]. Adjuvant imatinib has substantially improved recurrence-free
survival in many phase III trials, particularly in the intermediate and high-risk groups [8].

In advanced GIST, many TKIs are shown to improve PFS and OS. In KIT-positive GISTs,
imatinib is considered the standard first-line treatment [9]. Resistance due to secondary
KIT mutations is expected despite the remarkable responses achieved with imatinib [10].
Sunitinib is an appropriate second-line option for patients who progressed on imatinib or
had intolerance or resistance to imatinib [11]. Regorafenib improved PFS, when used after
imatinib, and sunitinib failure, based on the phase III GRID trial result [12]. Ripretinib, as
a fourth-line therapy, showed improvement in PFS over a placebo in the INVICTUS trial.
Many evolving options have improved PFS, based on phase II trials, such as Sorafenib,
nilotinib, avapritinib, and dasatinib [13–17].

The management of GIST has had a significant evolution over the last two decades.
The data from real world practice from Canada on GIST are limited. Our study aims to
report a 10-year experience in the management of GISTs in a regional cancer Centre in
Canada- The Ottawa Hospital (TOH).

2. Materials and Methods

This is an observational retrospective cohort study. We identified GIST cases by
searching hospital databases using ICD 10 codes. We examined records of all GIST cases
referred to/or diagnosed in TOH between 1 January 2011 and 31 December 2021. Only
patients with biopsy-proven and immunohistochemistry-confirmed diagnoses of GIST were
included in the study. Details of the tumor site, risk assessments, and clinical, pathological,
management, and outcomes data were recorded.

Risk assessment was estimated according to modified NIH and Miettinen risk criteria.
Data were collected from the electronic medical records (Epic) on the access database.
Results were analyzed using MS Excel and SPSS 25.0 software. Descriptive statistics are
used to summarize data and synthesize and report patients’ demographic and clinico-
pathological data. Qualitative variables were analyzed by χ2 test and Fisher’s exact test.
Survival data (RFS, PFS, OS) were analyzed using Kaplan–Meier methods and compared
by log-rank test. OS was calculated from the date of tissue diagnosis to the date of death
or last follow-up. Recurrence-free survival (RFS) was calculated from the date of surgical
intervention to the date of recurrence or death or last follow-up. PFS for imatinib was
calculated from the date of starting imatinib to the date of confirmed progressive disease
(including escalated dose) or death or last follow-up. Potential prognostic factors were
analyzed using the Cox proportional hazard model for multivariate analysis. Two-tailed
p-values were reported and were considered to be statistically significant when p < 0.05.

3. Results

3.1. Patient Characteristics

The patient’s’ characteristics are shown in Table 1. In total, 248 patients were identified
with a median age of 64 (range 28–90); males and females were a 1:1 ratio. An average of
23 cases were diagnosed per year (range 16–32).

Table 1. Baseline patients’ characteristics.

Total n = 248 (Percentage %)

Age Median 64 (Range 28–90)

Gender
Male 124 50%

Female 124 50%
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Table 1. Cont.

Total n = 248 (Percentage %)

Comorbidities

HTN 103 41.5%

DM 49 19.8%

DLP 75 30.2%

GERD 25 10%

IHD 28 11.3%

Neurofibromatosis 4 1.6%

Other 104 42%

Clinical presentation

Incidental 87 * 35%

Abdominal pain 84 34%

GI bleeding 59 24%

Anemia 48 19%

Bowel obstruction 7 2.8%

Perforation 3 1.2%

Other 56 23%

Duration of symptom **

<14 days 41 16.5%

>14 day 32 12.9%

>2 months 38 15.3%

>6 months 32 12.9%

NA 24 9.7%

ECOG

0 100 40.3%

1 77 31%

2 7 2.8%

3 4 1.6%

NA 22 8.9%

Mode of initial diagnosis

CT 123 49.5%

Endoscopy 63 25%

Surgical exploration 14 5.6%

EUS 13 5.2%

MRI 10 4%

Other 11 4%

Curative surgical resection 213 85.9%
* Eighty-one patients were lacking symptoms, while six patients presented with non-specific abdominal pain (e.g.,
flank pain). ** not including incidental diagnosis. HTN: hypertension, DM: diabetes mellitus, DLP: dyslipidemia,
GERD: gastroesophageal reflux disease, IHD: ischemic heart disease, ECOG: Eastern Cooperative Oncology Group
performance status, CT: computed tomography, EUS: endoscopic ultrasound, MRI: magnetic resonance imaging.

3.2. Sites

Sites and pathology data are shown in Table 2. The most common GIST sites were
the stomach (156 patients, 63%), followed by the small bowel (73 patients, 29%). Other
sites, including the esophagus, appendix, colon and rectum, and mesentery, collectively
comprise 8% (19). The duodenum and jejunum represent around 52% of small bowel GIST
(n = 19, 26% for each), while the ileum represents 17% (13).

147



Curr. Oncol. 2022, 29

Table 2. GIST sites and the pathology data.

Total n = 248 (Percentage %)

Site

Esophagus 1 0.4%

Stomach 156 62.9%

Small bowel 73 29.4%

Duodenum 19 7.7%

Jejunum 19 7.7%

Ileum 13 5.2%

Unspecified 22 8.9%

Appendix 1 0.4%

Colon 2 0.8%

Rectum 5 2%

Diffuse/overlapping 8 3.2%

Mesentery 2 0.8%

Miettinenrisk class

None 23 11%

None–rare ** 5 2%

Very low 44 22%

Low 68 33%

Moderate 39 19%

High 24 12%

Modified NIH risk class

Very low 29 14%

Not defined ** 5 2%

Low 78 38%

Intermediate 48 24%

High 42 21%

Histology

Spindle cell 159 64.1%

Epithelioid 18 7.3%

Mixed 39 15.7%

NA * 32 12.9%

Size

<2 cm 37 14.9%

2–5 91 36.7%

5–10 70 28.2%

>10 31 12.5%

NA 19 7.7%

Mitosis

≤5 hpf 177 71.4%

>5 hpf 45 18.1%

NA 26 10.5%

Grade

1 159 64.1%

2 36 14.5%

3 5 2%

Unknown 48 19.4%
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Table 2. Cont.

Total n = 248 (Percentage %)

Mutation

No study 237 95.6%

Study 11 4.4%

KIT Exon 11 3 1.2%

PDGFR Exon 18 4 1.6%

PDGFR c.2525A 1 0.4%

SDHB 2 0.8%

Other 1 0.4%

TNM stage

I 131 52.8%

II 50 20.2%

III 25 10.1%

IV 32 12.9%

NA 10 4%
* NA: no available data. ** This category not defined clearly in Miettinen or NIH criteria (size ≤ 2 cm, and mitotic
rate > 5 per 50 HPFs).

3.3. Clinical Presentation

The most common presentation was an incidental finding during workup for another
clinical problem, followed by abdominal pain, representing 35% (87) and 34% (84), respec-
tively. GI bleeding and anemia were the main presenting symptoms, representing 24% (59)
and 19% (48), respectively. Only 4% (10) of patients presented with bowel obstruction or
perforation. Among those presenting with symptoms, 13% (32) had symptoms for more
than six months. Around 17% (41) had acute symptoms (less than 14 days). In addition, 71%
(177) of patients had an excellent performance status, ECOG 0 to 1. Three cases had familial
GIST. A CT scan made the provisional diagnosis in around half of the cases. Moreover,
30% (76) were diagnosed by either endoscopy or EUS. Nearly 53% (131) had TNM stage
I disease at presentation, while 13% (32) had stage IV disease. Using a chi-squared test,
there was a statistically significant association between gender* TNM stage (χ2(4) = 10.4,
p = 0.034) and gender* NIH risk class (χ2(6) = 13.5, p = 0.036). Males had more advanced
and higher-risk disease compared to females.

3.4. Pathology Data

The majority, 64% (159), had spindle cell histology, followed by mixed and epithelioid
histology, 16% (39) and 7% (18), respectively. Very small tumors (less than 2 cm) were found
in 15% (37). At the same time, larger tumors of more than 10 cm were seen in 13% (31). The
majority has a low mitosis rate—less than five mitoses per HPF, 71% (177).

3.5. Risk Assessment

According to NIH criteria for nonmetastatic GIST, 24% (48) and 21% (42) had interme-
diate or high-risk diseases. While using the Miettinen criteria, 19% (39) and 12% (24) had
moderate or high-risk diseases.

3.6. Molecular Data

Mutation testing is not routinely done. Only 11 patients had mutational analysis.
Among them, four have PDGFR mutation, and three have KIT exon 11 mutation.

3.7. Management Data and TKI Use

The OS based on management approach is shown in Figure 1. In total, 86% (n = 213)
underwent curative surgical resection, including eight patients with advanced/metastatic
disease. Forty-nine patients received adjuvant imatinib. Among the NIH intermediate
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and high-risk groups (90 patients), only 40 patients (44%) received adjuvant imatinib, and
only 15/40 (38%) completed three years of adjuvant imatinib. Seventeen patients (7%) had
recurrence after curative treatment, including adjuvant TKI. Thirteen patients were treated
with neoadjuvant imatinib. Forty-three patients (17%) received at least one line of palliative
TKI. Seven patients received three lines of TKI. TKI use is shown in Table 3.

Figure 1. Overall survival based on management approach using Kaplan–Meier curve.

Table 3. Utilization of TKI in the study population.

Total n = 248 (Percentage %)

Adjuvant Imatinib 49 * 19.8

Neoadjuvant Imatinib 13 5.2%

Palliative TKI

Imatinib 41 16.5%

Sunitinib 13 5.2%

Regorafenib 7 2.8%

Ripertinib 3 1.2%

TKI alone (no surgery) 22 8.9%
* Forty patients had intermediate or high-risk disease, while three patients had low risk. Four patients had resected
metastatic disease and two patients had unknown risk.

3.8. Survival

The median follow-up was 47 months (range 1–137). The OS, by TNM stage, is shown
in Figure 2. In the entire study cohort, death was documented in 18 cases (8%). The
5-yearsrecurrence-free survival (RFS) rates for very low and low risk were 100% and 94%,
respectively, while those for intermediate and high risks were 84% and 51%, respectively, as
shown in Figure 3. Among the intermediate/high-risk group, patients who did not receive
adjuvant imatinib had longer RFS than those who received adjuvant IM with 5-year RFS
rates of 89% and 54%, respectively, p = 0.059, HR = 0.34 (95% CI, 0.11–1.04). The median PFS
of first-line imatinib was 40 months (95% CI, 12 to 69 months). The 2- and 5-year PFS rates
were 51% and 39%, respectively. The 5-year overall survival (OS) rate was 100%, that of
very low and low risk was 94%, while those of intermediate, high risk, and advanced were
91%, 88%, and 65%, respectively. Using the Kaplan–Meier method, there were statistically
significant differences in RFS and OS between NIH risk groups, both p < 0.0005.
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Figure 2. Overall survival by TNM stage using Kaplan–Meier curve.

Figure 3. Recurrence-free survival by NIH risk class using Kaplan–Meier curve.

In univariate analysis, ECOG at diagnosis, site, mitosis, secondary malignancy, and
size were significant predictors for OS. By multivariate analysis, poor performance status
(ECOG 3) was a predictor for shorter OS (p < 0.005). The other factors analyzed (patient
gender, site, histology, size, mitosis, and presence of secondary malignancy) were insignif-
icant. In univariate and multivariate analysis, high mitosis and large size (>5 cm) were
associated with worse RFS, for both p < 0.002 and p < 0.016, respectively.

4. Discussion

Although many clinical trials evaluate the various treatment options for GIST, available
documentation of the outcomes in the real-world data from Canada is limited. The present
study explores the outcomes and clinicopathological features of 248 GIST cases treated at the
Ottawa Hospital over the past 10 years. In our study, the most common GIST locations were
the stomach (63%) and small bowel (29%). Nearly 35% of patients were asymptomatic at
the time of diagnosis, and their tumors were found incidentally. This finding is comparable
to other reports and could be explained by the small size of the tumors, less than 5 cm,
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and the indolent course of these tumors [18]. Although males and females were equally
distributed, males have a more aggressive and higher-risk disease. In contrast, an Asian
study reported higher recurrence or metastasis in females than males [19]. Around 13%
presented with de novo metastasis, similar to a study from British Columbia [20].

Unlike solid organ tumors, the behavior of GIST is variable, though it is always
malignant if it measures more than 2 cm. Therefore, risk assessment tools were developed
to predict malignant potential [21]. Modified NIH and Miettinen criteria are commonly
used assessment tools. In this study, nearly 68% and 54% had no or low-risk disease,
respectively, using Miettinen and NIH criteria. This is comparable with the described risk
classes in other studies [22,23]. There are limited data about the optimal risk assessment tool;
however, we observed overlapping between low and moderate risk using Miettinen criteria,
while NIH appeared more accurate in predicting the outcome. Epithelioid histology looked
to have a more favorable prognosis than spindle cell or mixed histology. However, there
is no statistically significant association between type of histology and risk of recurrence
(p = 0.41).

Surgical resection remains the only curative intervention for localized GIST tumors.
Patients with bulky or limited metastases could benefit from surgical management. In this
study, around 86% had curative surgical resection with a 5-year survival rate of 94%. This
is significantly better than the outcome of surgery in the pre-imatinib era (5-year OS of
~54%) and comparable to reported data in the imatinib era [23,24].

Adjuvant imatinib has substantially improved recurrence-free survival in many phase
III trials, particularly in intermediate and high-risk groups. The Scandinavian Sarcoma
Group (SSG XVIII/AIO) trial is a phase III trial that compared 36 vs. 12 months of adjuvant
imatinib and showed significant improvement in the 5-year RFS and OS rates in patients
who received 36 months of adjuvant imatinib compared to 12 months. The 5-year RFS rates
were 71.1% vs. 52.3%, respectively; p < 0.001; the 5-year OS rates were 91.9% vs. 85.3%,
respectively; p = 0.036. A recent update showed that the 10-year RFS rates were 52.5% vs.
41.8%, respectively. Further exploratory analysis showed that patients with KIT exon 11
deletion mutations benefit most from the longer duration of adjuvant imatinib [7,8,25,26].

In our study, the 5-year RFS rate for intermediate and high risk were 84% and 51%,
respectively, comparable to the clinical trials. However, 56% (50/90) did not receive
adjuvant imatinib. Interestingly, by comparing subgroups, we found that patients who
received adjuvant IM had a trend toward shorter RFS; however, HR was not significant.
Although there is no clear explanation, possible reasons could be the relatively small sample
size; shorter adjuvant duration, as only 15/40 (38%) completed three years of adjuvant
imatinib; and more inclusion of intermediate risk (35%, 14) in the adjuvant group. At the
same time, the no-adjuvant group has a predominantly intermediate risk (68%, 34), a lack
of mutational testing, and more deaths than the adjuvant group. Moreover, there was no
statistically significant difference in OS between those who did or did not receive adjuvant
imatinib, with a p-value of 0.151. This is also similar to the COSOG Z9001 study, a phase III
trial that evaluated imatinib 400 mg vs. a placebo for one year, as adjuvant treatment, which
did not show OS benefit. Moreover, this emphasizes the importance of 3 years of adjuvant
imatinib. Less than three years of adjuvant imatinib were evaluated in the EORTC-62024
study: the 5-year imatinib failure-free survival (IFFS) rate did not reach significance, at
87% vs. 84% (HR, 0.79; 98.5% CI, 0.50–1.25; p = 0.21).

Unresectable or metastatic KIT-positive GISTs are common, and imatinib is considered
the standard first-line treatment. The Intergroup S0033 study evaluated two doses of
imatinib (400 mg daily) vs. a high dose (800 mg) and found that the median OS rates were
55 and 51 months, respectively, after a median follow-up of 4.5 years. The high-dose arm
had more grade 3, 4, and 5 toxicities [9]. In this study, the median PFS of first-line imatinib
was 40 months (95%CI, 12 to 69 months). The 2- and 5-year PFS rates were 51% and 39%,
respectively. These are slightly better than the data reported in the Intergroup S0033 study.
Blanke CD et al. reported a 5-year survival rate of 55%, in patients with advanced GIST
who were treated with imatinib, regardless of a 400 or 600 mg/d starting dose [27]. In
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contrast, this study showed that the 5-year overall survival (OS) rate was 65% for the same
group of patients; this could be explained by the availability of other TKI options after
imatinib failure.

Treatment options for GIST are expanding with evolving sequencing technology.
There is growing evidence of the cost-effectiveness of precision-medicine-assisted imatinib
treatment, compared with empirical treatment. T. Patterson et al. conducted a population-
based study in British Columbia. They found that mutational analysis (MA) was ordered in
41% of patients and MA use increased after 2015, especially in the metastatic setting. In our
hospital, MA is not routinely performed; however, despite limited use of MA, OS remains
comparable to the reported literature [20,28].

Our study has limitations, including the retrospective design and lack of MA data. It
could not collect the complete toxicity data of TKI. Other limitations include the relatively
limited sample size, especially for patients who received TKI.

5. Conclusions

Curative surgical resection remains the gold standard management of GIST. Our
results are comparable to the reported literature. Further research is needed to explore
histology’s role in risk stratification and initiating adjuvant TKI.
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Simple Summary: Active therapeutic options in advanced soft tissue sarcoma (STS), able to induce
durable objective responses, are limited beyond first-line chemotherapy. Although results obtained
in clinical trials suggest there is a high probability for patients with STS to benefit from treatment
with trabectedin (Yondelis®), there is still a paucity of robust real-life data in more diverse patient
populations. The prospective, non-interventional phase IV YON-SAR trial (NCT02367924) was
designed to evaluate treatment effects of trabectedin in patients with advanced STS in real-life clinical
practice across Germany. The efficacy results of this trial, conducted in 128 patients from 19 sites across
Germany, further support trabectedin as a standard of care for a second- or further-line treatment of
patients with advanced STS in routine clinical practice (median progression-free survival: 5.2 months;
median overall survival: 15.2 months). The safety profile of trabectedin was manageable and in line
with those observed in previous studies.

Abstract: This non-interventional, prospective phase IV trial evaluated trabectedin in patients
with soft tissue sarcoma (STS) in real-life clinical practice across Germany. The primary endpoints
were progression-free survival (PFS) rates at 3 and 6 months, as defined by investigators. Overall,
128 patients from 19 German sites were evaluated for efficacy and 130 for safety. Median age was
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58.5 years (range: 23–84) and leiomyosarcoma was the most frequent histotype (n = 45; 35.2%). Tra-
bectedin was mostly used as second/third-line treatment (n = 91; 71.1%). Median PFS was 5.2 months
(95% CI: 3.3–6.7), with 60.7% and 44.5% of patients free from progression at 3 and 6 months, re-
spectively. Median overall survival was 15.2 months (95% CI: 9.6–21.4). One patient achieved a
complete and 14 patients a partial response, conferring an objective response rate of 11.7%. Decreases
in white blood cells (27.0% of patients), platelets (16.2%) and neutrophils (13.1%) and increased
alanine aminotransferase (10.8%) were the most common trabectedin-related grade 3/4 adverse drug
reactions. Two deaths due to pneumonia and sepsis were considered trabectedin-related. Trabectedin
confers clinically meaningful activity in patients with multiple STS histotypes, comparable to that
previously observed in clinical trials and other non-interventional studies, and with a manageable
safety profile.

Keywords: trabectedin; STS; sarcoma; non-interventional; prospective

1. Introduction

Soft tissue sarcomas (STS) are a heterogeneous group of rare malignancies with mes-
enchymal origin that comprise approximately 1% of adult and 7% of pediatric malignan-
cies [1–3]. Once metastatic or unresectable, prognosis for advanced STS is poor, and patients
are not considered curable. For patients with advanced STS, systemic chemotherapy has
been a cornerstone of treatment, although local therapies such as surgery and radiation
therapy may achieve prolonged survival in selected patients [4].

Trabectedin (Yondelis®) is an alkylating agent with a multifaceted mechanism of
action, which, apart from being a DNA-binding agent, also has selective anti-inflammatory,
immunomodulatory and anti-angiogenic properties [5–7]. In 2007, trabectedin was the
first marine-derived antineoplastic drug approved in the European Union for treatment
of patients with advanced STS after failure of anthracyclines and ifosfamide, or who
are unsuited to receive these agents [8]. Since 2015, following the analysis of a pivotal,
active-controlled, randomized phase III trial in patients with advanced liposarcoma or
leiomyosarcoma (commonly abbreviated as L-sarcomas) after failure of prior anthracycline-
containing chemotherapy, trabectedin was also approved by the U.S. Food and Drug
Administration [9]. Trabectedin was reported to be active in non-L-sarcomas as well since
it has demonstrated efficacy in patients with a variety of sarcoma histotypes [10–13]. In
a clinical trial setting, the efficacy of trabectedin compared to best supportive care is also
supported by the results of trials conducted in patients with histologically different sarcoma
subtypes [14,15]. In addition, trabectedin has a manageable safety profile and is without
cumulative toxicities, including those in patients treated for prolonged periods [16].

Although results obtained in clinical trials suggest there is a high probability for
patients with STS to benefit from treatment with trabectedin, at the time this study was
launched, there was a paucity of robust real-life data on a more diverse patient population
than that recruited in clinical trials. Indeed, such observational studies can provide useful
insights into the real-life efficacy, safety and management of patients who may be underrep-
resented in clinical trials due to more restrictive eligibility criteria. Recently, one European
and two national observational studies on the real-life use of trabectedin in patients with
advanced STS reported clinically meaningful long-term benefits in patients with multiple
STS histotypes, largely comparable to those previously reported in selected populations
from clinical trials, and with a manageable safety profile [17–19].

Currently, data on the real-life use of trabectedin for STS in Germany are limited [20].
The constant change in patient selection and novel therapies applied in advanced STS
mandate re-evaluation of real-life management in this evolving treatment landscape. There-
fore, the prospective, non-interventional YON-SAR trial (http://www.ClinicalTrials.gov
Identifier: NCT02367924) was designed with the aim of evaluating treatment effects of
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trabectedin in patients with advanced STS across a contemporary treatment landscape
in Germany.

2. Materials and Methods

This non-interventional, prospective, multicenter phase IV study evaluated trabectedin
in routine clinical practice in patients with advanced STS in Germany [21]. Treatment
decisions, dosing, monitoring as well as diagnostic or therapeutic procedures were at the
discretion of the investigator, were performed according to routine care and were not
mandated by the observational plan.

Eligible participants included adults (≥18 years old) with histologically diagnosed ad-
vanced STS and who signed an informed consent document. All eligible patients had either
progressive disease following therapy with anthracyclines and ifosfamide or were unsuited
to receive these agents, and were suitable to undergo treatment with trabectedin according
to the Summary of Product Characteristics (SmPC). Patients with contraindications for
treatment with trabectedin according to SmPC were excluded.

Trabectedin was administered in agreement with the marketing authorization, stan-
dard local clinical practice, and the treating clinician’s discretion. The recommended dose
of trabectedin for the treatment of STS is 1.5 mg/m2 body surface area, given intravenously
over 24 h every 3 weeks. There were no predefined limits of administered trabectedin cycles,
and treatment could continue until disease progression, intolerance or consent withdrawal.

The observational period for each patient enrolled in this study consisted of the
treatment period and the follow-up period. The treatment period began from the date
of the first administration of trabectedin until progressive disease, death or treatment
termination (whichever occurred first). After the end of treatment, patients were followed
up for at least 12 months. After trabectedin treatment discontinuation, patients could have
been treated with subsequent anticancer therapies or supportive care as per the treating
clinician’s clinical judgment.

All study procedures were conducted in accordance with the ethical standards as
laid down in the 1964 Declaration of Helsinki and its later amendments, guidelines for
Good Clinical Practice and local regulations on clinical trials, and were approved by the
independent ethics committee.

The primary endpoint of this study was to assess the number of patients free from
progression at 3 and 6 months after treatment (i.e., progression-free survival [PFS] rate at
3 and 6 months) as measured by institutional routine clinical standards. Secondary efficacy
endpoints included unconfirmed disease control rate (DCR), defined as the percentage
of patients with a complete response (CR) or partial response (PR) and/or stable disease
(SD), PFS, overall survival (OS) and OS rates at 3 and 6 months after treatment. Secondary
endpoints also included an assessment of the treatment with trabectedin and employed
doses, treatment duration, causes for treatment discontinuation, and safety profile. The
PFS was defined as the time interval from the first administration of trabectedin to the date
of disease progression or death, regardless of cause (whichever occurred first), whereas OS
was defined as the time between the start of trabectedin and patient death from any cause.
Patients not experiencing an event or death or considered lost to follow-up were censored
with the date of last contact or with the beginning of the following therapy (whichever
occurred first). Response evaluations (i.e., CR, PR and SD) were measured according to
local institutional standards, being preferred according to Response Evaluation Criteria in
Solid Tumors (RECIST) 1.1 [22] or Choi criteria [23]. Adverse events (AE) were reported
according to CTCAE 4.03 and their relationship to trabectedin. Treatment-related AEs were
followed until resolution or start of new therapy. Documentation of AEs and serious AEs
(SAE) occurred until 30 days after the last dose.

All collected parameters were analyzed in a descriptive manner. Categorical variables
were expressed as absolute and relative frequencies, and continuous variables were de-
scribed by number of observations, median, and range (minimum to maximum). Frequency
tables ware prepared for categorical variables and checked for dependencies by Fisher’s

157



Cancers 2022, 14, 5234

exact test. The exact binomial estimator and its 95% confidence interval (CI) were used in
the analysis of categorical outcome parameters (e.g., tumor control rate). Time-to-event
endpoints (i.e., PFS and OS) and their fixed-time estimations were estimated according to
the Kaplan–Meier method and were compared using the log-rank test, while Cox regression
models were performed for covariate analyses. All p-values were descriptive in nature and
the significance level selected was 0.05. All statistical analyses were performed by means of
SAS version 9.4 software (SAS Institute Inc., Cary, NC, USA). The efficacy analyses were
based on the modified intention-to-treat (mITT) population, defined as all patients who
received at least one dose of trabectedin, signed informed consent, and did not violate
any inclusion or exclusion criterion. The analysis of safety was performed on the Safety
Analysis Set (SAS) that included all enrolled patients who received at least one dose of
trabectedin and provided consent to participate in the study.

3. Results

3.1. Patient Disposition and Characteristics

Between 16 July 2015 and 22 January 2019, a total of 130 patients from 19 medical
centers in Germany were enrolled and received at least one dose of trabectedin (SAS).
Two patients were excluded due to lack of STS diagnosis, and therefore, 128 patients were
included in the mITT (Figure 1).

Figure 1. Description of included patients.

The mITT included 65 females (50.8%) and 63 males (49.2%) with a median age of
58.5 years (range: 23–84) (Table 1). An Eastern Cooperative Oncology Group (ECOG)
performance status score of 0–1 was recorded in 100 (78.2%) patients. The most prevalent
histological type of sarcoma was leiomyosarcoma (n = 45, 35.2%), followed by liposarcoma
(n = 23, 18.0%) and pleomorphic undifferentiated sarcoma (n = 20, 15.6%), mostly being
localized in lower extremity (n = 23, 18.0%), abdomen (retroperitoneal) (n = 20, 15.6%),
upper extremity (n = 17, 13.3%) or uterus (n = 15, 11.7%). The most common tumor grade
was grade 3 both in patients assessed according to FNCLCC (n = 34, 45.3%) and UICC
(n = 23, 42.6%) system grading, and most had stage IV sarcoma as per AJCC staging system
(Table 1). The majority of patients had metastatic disease (n = 79, 61.7%), mostly being
localized in the lung (n = 59, 74.7%), liver (n = 25, 31.7%), or bones (n = 22, 27.9%).

Previous therapies included surgery in 111 (86.7%) patients, while 64 (50%) patients
were treated with radiotherapy. The majority of patients received systemic therapy (n = 101;
78.9%), mostly with doxorubicin (n = 87, 86.1%) and/or ifosfamide (n = 63, 62.4%). Twenty-
seven (21.1%) patients were chemotherapy-naïve (Table 2). Most patients received one or
two lines of prior systemic therapy (n = 91; 71.1%). Overall, 113 patients (88.3%) reported
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relevant concomitant disease, mainly being arterial hypertension (n = 54, 47.8%), other
cardiac diseases (n = 29, 25.7%) or thyropathy (n = 25, 22.1%).

Table 1. Patient and disease characteristics at baseline.

Patients
Modified Intent-to-Treat Set (mITT) 1

n = 128

Age at study entry (years)

Median (range) 58.5 (23–84)

≤60 years 70 (54.7%)

>60 years 58 (45.3%)

≤70 years 99 (77.3%)

>70 years 29 (22.7%)

Gender
Female 65 (50.8%)

Male 63 (49.2%)

Histology

Leiomyosarcoma 45 (35.2%)

Liposarcoma 23 (18.0%)

Pleomorphic undifferentiated
sarcoma 20 (15.6%)

Synovial sarcoma 8 (6.3%)

Fibrosarcoma 8 (6.3%)

Angiosarcoma 1 (0.8%)

Other 23 (18.0%)

Site of primary tumor

Lower extremity 23 (18.0%)

Abdomen (retroperitoneal) 20 (15.6%)

Upper extremity 17 (13.3%)

Uterus 15 (11.7%)

Abdomen (intraperitoneal) 11 (8.6%)

Other 42 (32.8%)

Eastern Cooperative Oncology Group
(ECOG) performance status

0 34 (26.6%)

1 66 (51.6%)

2 10 (7.8%)

3 1 (0.8%)

4 1 (0.8%)

Missing 16 (12.5%)

Tumor grade according to the French
Federation of Cancer Centers Sarcoma
Group grading systems (FNCLCC) 2

Grade 1 13 (17.3%)

Grade 2 21 (28.0%)

Grade 3 34 (45.3%)

Grade X 3 6 (8.0%)

Missing 1 (1.3%)

According to the Union for International
Cancer Control (UICC) 2

Grade 1 5 (9.3%)

Grade 2 9 (16.7%)

Grade 3 23 (42.6%)

Grade 4 3 (5.6%)

Grade X 3 13 (24.1%)

Missing 1 (1.9%)
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Table 1. Cont.

Patients
Modified Intent-to-Treat Set (mITT) 1

n = 128

Tumor stage according to the American
Joint Committee on Cancer (AJCC)

Ia 3 (2.3)

Ib 7 (5.5)

IIa 4 (3.1)

IIb 5 (3.9)

III 15 (11.7)

IV 26 (20.3)

Unknown 68 (53.1)

Time from first diagnosis to first
treatment (months); n = 125 Median (range) 0.4 (0.0–149.7)

Time from diagnosis to last treatment
before trabectedin (months); n = 125 Median (range) 15.9 (0.0–250.2)

Time from last progression to trabectedin
treatment (months); n = 95 Median (range) 0.9 (0.0–2.5)

1 Modified intent-to-treat set (mITT) included all patients who received at least one dose of trabectedin, signed
informed consent and did not violate any inclusion or exclusion criterion. 2 One patient had no documented
grading according to both FNCLCC and UICC and was counted in both grading categories as missing. 3 Tumor
grade could not be assessed.

Table 2. Prior treatments.

Patients Modified Intent-to-Treat Set (mITT); n = 128

Prior treatments

Prior surgery 111 (86.7%)

Prior radiotherapy 64 (50.0%)

Prior chemotherapy/
targeted treatments 101 (78.9%)

No. of lines of prior chemotherapy/targeted
treatments, n = 128

0 lines 27 (21.1%)

1 line 66 (51.6%)

2 lines 25 (19.5%)

≥3 lines (3 to 6 lines) 10 (7.8%)

Types of prior chemotherapy/targeted
treatments, n = 101
(≥4% of patients)

Doxorubicin 87 (86.1%)

Ifosfamide 63 (62.4%)

Dacarbazine (DTIC) 18 (17.8%)

Trophosphamide 16 (15.8%)

Gemcitabine 13 (12.9%)

Docetaxel 12 (11.9%)

Epirubicin 12 (11.9%)

Olaratumab 10 (9.9%)

Pazopanib 8 (7.9%)

Best response to last prior
chemotherapy/targeted treatments, n = 101

Complete response (CR) 2 (2.0%)

Partial response (PR) 22 (21.8%)

Stable disease (SD) 39 (38.6%)

Progressive disease (PD) 22 (21.8%)

Non evaluated (NE) 16 (15.8%)
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Subsequent antineoplastic therapies were given to 78 (60.8%) patients, which consisted
of gemcitabine (n = 34, 43.6%), pazopanib (n = 31, 39.7%), dacarbazine (n = 24, 30.8%) or
other treatments (n = 33, 42.3%).

3.2. Extent of Exposure

Although all patients were suitable to undergo treatment with trabectedin according
to SmPC, therapy deviated from the approved label in 67 patients (52.3%), commonly due
to a reduced starting dose lower than 1.5 mg/m2 (n = 53, 41.4%), use of aprepitant as
premedication at first cycle (n = 14, 10.9%), and lack of baseline biochemistry or hematology
in 10 (7.8%) and 5 patients (3.9%), respectively.

Patients received a median of four trabectedin cycles, with 52 (40.6%) patients receiving
≥6 cycles and up to a maximum of 44 cycles (Table 3). Of note, four patients received
>24 cycles of treatment (approximately 18 months), one of whom reached 44 cycles of
treatment with trabectedin (Table S1). Patients received a median cumulative total dose of
10.7 mg/m2 (range: 1.8–110.9) over a median infusion duration of 24 h (range: 3.0–24.2).
Premedication consisted of corticosteroids in 96.7% and antiemetics in 75.0% or more
patients in each trabectedin cycle. The use of aprepitant was registered in 4.4% to 20.0% of
patients during the study.

Table 3. Trabectedin exposure.

Treatment Delivery Modified Intent-to-Treat Set (mITT); n = 128

Number of cycles received
per patient

Median (range) 4 (1–44)

<6 cycles 76 (59.4%)

≥6 cycles 52 (40.6%)

Dose reductions (per patient)

0 cycle 62 (48.4%)

1 cycle 17 (13.3%)

2 cycles 21 (16.4%)

>2 cycles 18 (14.1%)

Unknown 1 10 (7.8%)

Cycle delays (per patient)

0 cycle 49 (38.3%)

1 cycle 22 (17.2%)

2 cycles 8 (6.3%)

>2 cycles 44 (34.4%)

Unknown 1 5 (3.9%)

Data shown are numbers and percentages of patients or median and range values with available data. 1 Patients
who started the treatment with trabectedin before the signed informed consents and with unknown starting dose.

Dose reductions occurred in 61 patients (47.7%), and dose delays in 76 patients (59.4%).
Among 125 (97.7%) patients who discontinued trabectedin, the most frequent reason for
treatment discontinuation was progression (n = 77, 60.2%), followed by death or other
reason (n = 12, 9.4% each), patient’s wish (n = 10, 7.8%) and trabectedin-related adverse
drug reactions (ADRs) (n = 9, 7.0%).

3.3. Primary Efficacy Endpoint

The analysis of the primary endpoint revealed that 60.7% (95% CI: 51.5–68.8) and
44.5% (95% CI: 35.5–53.1) of patients were free from progression at 3 and 6 months after
treatment, respectively (Figure 2).
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Figure 2. Kaplan–Meier plot of progression-free survival and overall survival.

3.4. Secondary Efficacy Endpoint

In the mITT after a median follow-up of 28.7 months (range 0.07–53.5), a total of
113 progression or death events (88.3% of patients) were recorded, whereas 15 (11.7%)
patients who were alive or not assessed for disease progression at the time of this analysis
were censored. Median PFS was 5.2 months (95% CI: 3.3–6.7) (Figure 2).

Median PFS was similar between patients with reduced dosing during the study (i.e.,
patients who received at least one trabectedin dose <1.5 mg/m2 throughout the study) and
in those with reduced starting dose (7.1 months, 95% CI: 4.8–9.8 vs. 5.4 months, 95% CI:
3.7–9.8), as well as in patients fully treated according to the SmPC and those who had
treatment deviations from the SmPC recommendations (4.6 months, 95% CI: 2.7–7.1 vs.
5.2 months, 95% CI: 3.3–7.3). Similarly, there were no statistically significant differences in
median PFS (p = 0.41) among patients who received trabectedin as first- (6.4 months, 95% CI:
2.7–10.8), second (5.3 months, 95% CI: 2.8–7.7), third (4.0 months, 95% CI: 2.0–6.2) and
≥fourth- (3.4 months, 95% CI: 0.7–9.8) line of treatment. After 87 death events (68.5% of
patients), treatment with trabectedin resulted in a median OS of 15.2 months (95% CI:
9.6–21.4), with 89.3%, 74.5%, and 52.4% of patients alive 3, 6 and 12 months after treatment
(Figure 2), respectively. No statistical difference was detected for OS in patients with
reduced dosing during the study (18.9 months, 95% CI: 11.6–25.1) and in those with reduced
starting dose (13.7 months, 95% CI: 8.3–26.6) and according to trabectedin treatment line
(first-line: 24.0 months, 95% CI: 8.9-not reached; second-line: 15.2 months, 95% CI: 6.9–21.8;
third-line: 11.0 months, 95% CI: 6.1–19.4; and ≥fourth-line: 17.5 months, 95% CI: 3.5-not
reached; p = 0.1558).
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Regarding the overall trabectedin activity, one patient (0.8%) had a CR, and 14 (10.9%)
patients achieved a PR, reaching the ORR of 11.7%. Additionally, 43 (33.6%) patients
had SD as a best result for a DCR of 45.3% (Table 4). Conversely, comparable DCR was
observed between patients treated with trabectedin in different treatment lines, and a
logistic regression analysis also revealed that presence or absence of tumor metastases
at baseline was not statistically associated with DCR outcomes (odds ratio: 0.53, 95% CI:
0.23–1.24, p = 0.1421). The ORR and DCR were similar among patients <70 and ≥70 years
old (ORR: 12.1% in <70 years and 10.3% in ≥70 years; DCR: 45.4% in <70 years and 41.4% in
≥70 years; post-hoc analysis). Regarding histology, CR was observed in one patient with
liposarcoma, and PR was recorded in six patients with liposarcoma, in four patients with
other histologies, and in two patients with leiomyosarcoma and synovial sarcoma, while
stable disease was observed in patients with several histologies (Table S2).

Table 4. Best response rate according to investigator assessment by number of treatment cycles.

Best Response to Trabectedin per
Patient (Unconfirmed)

Modified Intent-to-Treat Set (mITT); n = 128

<6 Cycles
n = 76

≥6 Cycles
n = 52

Total
n = 128

Complete response (CR) - 1 (1.9%) 1 (0.8%)

Partial response (PR) 1 (1.3%) 13 (25.0%) 14 (10.9%)

Stable disease (SD) 10 (13.2%) 33 (63.5%) 43 (33.6%)

Progressive disease (PD) 35 (46.1%) 3 (5.8%) 38 (29.7%)

Not evaluable 4 (5.3%) 2 (3.9%) 6 (4.7%)

Not done 26 (34.2%) - 26 (20.3%)

Objective response rate (ORR; CR + PR) 1 (1.3%) 14 (26.9%) 15 (11.7%)

Disease control rate (DCR; ORR + SD) 11 (14.5%) 47 (89.4%) 58 (45.3%)

Fisher’s exact test (p-value) 1 <0.0001 -
1 Unevaluated patients and those with missing best responses were excluded from the comparison.

Additionally, throughout the study, ECOG performance status improved by 1 in
10 (7.8%) patients, deteriorated by 1 in 38 (29.7%), and remained unchanged in 64 (50.0%) patients.

3.5. Safety

A total of 86 (66.2%) patients had at least one grade ≥3 AE. Most common (≥10% of
patients) grade-3/4 AEs were decreased white blood cell count (n = 35, 26.9% of patients),
decreased platelet count (n = 22, 16.9%), decreased neutrophil count (n = 17, 13.1%),
increased alanine aminotransferase and anemia (n = 14, 10.8% each), and increased gamma-
glutamyl transferase (n = 13, 10%). Nine (6.9%) patients experienced 10 grade-5 AEs,
namely sepsis (n = 4, 3.1%), pneumonia, a combination of pneumonia and other infections
and infestations, acute coronary syndrome, death not otherwise specified, and benign,
malignant and unspecified neoplasm in one patient each (n = 1, 0.8% each). Forty-two
(32.3%) patients had at least one SAE.

A total of 105 (80.8%) patients had at least one trabectedin-related ADR of any grade,
71 (54.6%) of whom experienced grade ≥3 ADRs (Table 5). Forty-four patients (33.8%) have
grade ≥3 ADRs leading to dose modifications. Treatment-emergent serious ADRs (SADR)
were uncommon, as a total of 19 (14.6%) patients presented with at least one SADR. No
new or unexpected safety concerns were identified for trabectedin.
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Table 5. Treatment-related adverse drug reactions (ADRs) in at least ≥3% of patients and all grade-5
ADRs as reported by the investigators (all treated patients).

Treatment-Related ADR as
per NCI-CTC, Worst Grade
per Patient (≥3% of
Patients)

Safety Analysis Set 1,2

n = 130

Grade 1
n = 79

Grade 2
n = 73

Grade 3
n = 67

Grade 4
n = 23

Grade 5
n = 2

Total
n = 105

n % n % n % n % n % n %

ALT increased 9 6.9 11 8.5 14 10.8 - - - - 34 26.2

AP increased 5 3.9 3 2.3 1 0.8 - - - - 9 6.9

Anemia 10 7.7 16 12.3 12 9.2 - - - - 38 29.2

Anorexia 15 11.5 5 3.9 3 2.3 - - - - 23 17.7

Arthralgia 2 1.5 2 1.5 - - - - 4 3.1

AST increased 9 6.9 9 6.9 5 3.9 - - - - 23 17.7

Leukopenia 2 1.5 3 2.3 1 0.8 - - - - 6 4.6

Constipation 16 12.3 2 1.5 - - - - 18 13.9

Diarrhea 4 3.1 4 3.1 2 1.5 - - - - 10 7.69

Dry skin 4 3.1 - - - - - - - - 4 3.1

Dysgeusia 5 3.85 2 1.5 - - - - - - 7 5.4

Dyspnea 3 2.3 2 1.5 - - 1 0.8 - - 6 4.6

Edema limbs 3 2.3 - - 1 0.8 - - - - 4 3.1

Fatigue 24 18.5 19 14.6 3 2.3 - - - - 46 35.4

Febrile neutropenia - - - - 4 3.1 1 0.8 - - 5 3.9

Fever 7 5.4 1 0.8 - - 8 6.2

Night sweating 4 3.1 - - - c - - - - 4 3.1

GGT increased 7 5.4 3 2.3 11 8.5 1 0.8 - - 22 16.9

Headache 5 3.9 1 0.8 - - - - - - 6 4.6

Hypoalbuminemia 3 2.3 1 0.8 - - - - - - 4 3.1

Pneumonia 3 - - - - 2 1.5 1 0.8 3 2.3

Mucositis oral 2 1.5 1 0.8 3 2.3 - - - - 6 4.6

Myalgia 3 2.3 1 0.8 1 0.8 - - - - 5 3.9

Nausea 33 25.4 16 12.3 5 3.9 - - - - 54 41.5

Neutrophil count decreased 2 1.5 5 3.9 10 7.7 7 5.4 - - 24 18.5

Peripheral sensory
neuropathy 3 2.3 1 0.8 1 0.8 - - 5 3.9

Platelet count decreased 14 10.8 5 3.9 13 10.0 8 6.2 - - 40 30.8

Sepsis 3 - - - - - - 2 1.5 1 0.8 3 2.3

Vomiting 16 12.3 7 5.4 3 2.3 - - 26 20.0

White blood cell decreased 7 5.4 12 9.2 27 20.8 8 6.2 - - 54 41.4
1 Safety Analysis Set included all patients who signed informed consent and received at least one dose of
trabectedin. 2 The percentages relate to the number of patients in the Safety Analysis Set. 3 Grade-5 adverse drug
reactions. ADR, adverse drug reactions; ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate
aminotransferase; GGT, Gamma-glutamyltransferase; NCI-CTC, National Cancer Institute Common Toxicity
Criteria.
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4. Discussion

YON-SAR was the first prospective, multicenter, non-interventional, phase IV study
that evaluated trabectedin’s outcomes in routine clinical practice in patients with advanced
STS in Germany. While randomized controlled clinical trials are the cornerstone standard
of medical evidence, their generalizability to daily clinical practice in a diverse and uns-
elected patient populations always should be verified in non-interventional studies [24].
Of note, considering that in our study we included data from 130 patients from 19 sites
across Germany, our data can surely provide a good representation of German real-life
clinical practice.

The results of this study corroborate that trabectedin is an active treatment that of-
fers clinical benefits to patients with multiple STS histotypes. In our study, trabectedin
administration resulted in a median PFS of 5.2 months with 3- and 6-month PFS rates
(primary endpoint) of 60.7% and 44.5%, respectively, which largely exceeded the 3- and
6-month PFS rate thresholds (i.e., 39% and 14%, respectively) established by the EORTC for
active agents for the treatment of unselected STS [25] and are either close to or even exceed
the new benchmarks proposed only for advanced/metastatic liposarcoma (63% and 44%)
and synovial sarcoma (60% and 41%) [26]. However, the nature of our study may limit
the interpretation of these observations. Recognizing that direct comparisons cannot be
established, the efficacy outcomes of the present study are comparable with the reported
median PFS previously reported in phase II (range: 3.3–7.2 months) [8,14,27] and phase III
(range: 3.1–4.2 months) trials [9,15]. Furthermore, the results are in line with other obser-
vational studies investigating trabectedin in STS (Table 6). In TrObs and RetrospectYon
studies, a tendency toward better PFS in patients treated in an early treatment line was
demonstrated [18,19]. Although YON-SAR did not observe significant differences in me-
dian PFS with respect to treatment lines, PFS estimates indicate that higher PFS may be
achieved in earlier lines. Unfortunately, the small sample size of these subgroups is a major
limitation and precludes drawing definite conclusions. Conversely, retrospective data
from 101 German patients with advanced STS revealed a similar finding [20]. A median
PFS of 2.1 months was reported in that study. However, the majority of patients received
trabectedin as third or later line (73%). In the fraction of patients who received trabectedin
as first or second line, the median PFS was 5.7 months.

Table 6. Relevance of the YON-SAR results within the context of trabectedin treatment for recurrent
advanced STS.

Median (95% CI) Advanced Sarcoma
PFS

(Months)
PFS-3/6 (%) OS (Months) ORR (%) SD (%) DCR (%)

Retrospective, Non-Interventional Studies

French RetrospectYon database
Le Cesne et al., 2015 [19]

STS; n = 804 4.4 (3.9–4.9) 59.0/40.0 12.2 (11.0–13.3) 16.5 50.1 66.7

L-sarcoma; n = 481 5.7 (4.9–6.5) 64–69.0/NA 15.0 (13.2–16.8) 18.6 54.0 72.6

TrObs study
Palmerini et al., 2021 [18]

STS; n = 512 5.1 (4.1–6.7) NA/46.0 21.6 (19.3–25.0) 13.7
(11.2–17.2) 33.0 46.7 (43.2–51.9)

L-sarcoma; n = 348 8.3 (6–10.1) NA/55.0 25.9 (22.4–33.4) 16.6 37.4 53.4

non-L-sarcoma; n = 164 2.4 (1.8–3.4) NA/26.0 11.3 (8.1–16.3) 9.0 23.8 32.3

German retrospective study
Hoiczyk M et al., 2013 [20]

STS; n = 101 2.1 NA NA NA NA NA

L-sarcoma; n = 46 3.1 51/38 NA NA NA 55

non-L-sarcoma; n = 55 1.6 36/16 NA NA NA 34

Prospective, Non-Interventional Studies

Y-IMAGE study
Buonadonna et al., 2017 [17] STS; n = 218 5.9 (4.9–7.8) 70.0/49.0 21.3 (18.8–24.3) 26.6 (20.9–33) 39.0 65.6 (58.9–71.9)

YON-SAR study
Grünwald et al., 2022 STS; n = 128 5.2 (3.3–6.7) 60.7/44.5 15.2 (9.6–21.4) 11.7 33.6 45.3

Results of time-to-event endpoints show median and 95% confidence intervals with available data. CI; confidence
intervals; DCR, disease control rate; h, hour; L-sarcoma, liposarcoma or leiomyosarcoma; NA, not available; NR,
not reached; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PFS-3/-6, PFS rate
at 3/6 months; SD, stable disease; STS, soft tissue sarcoma.
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YON-SAR reported a median OS of 15.2 months (95% CI: 9.6–21.4). Median OS
in this observational study tended to be slightly longer than previously reported in
phase II and III trials (12.4–13.9 months) [8,9,15,28] and observational study Retrospec-
tYon (12.2 months) [19]. However, other observational studies reported comparatively
longer median OS of 21.3 months and 21.6 months [17,18] (Table 6). This variance in
survival is likely explained by differences in patient populations. Several studies of tra-
bectedin indicated that median OS is longer in L-sarcoma patients than in those with other
histologies [29]. Conversely, the fraction of liposarcoma patients varied among studies
(YON-SAR: 18.0%; Y-IMAGE: 23.4% [17]; TrObs: 30.3% [18]) and, thus, may contribute to
differences in outcomes.

In our study, treatment duration was an important factor for long-term outcomes.
Patients who received ≥6 trabectedin cycles obtained higher response rates than those
who received <6 cycles (Table 3). This observation has been previously reported, and
protracted trabectedin treatment beyond 6 cycles is supported both in retrospective [19,30]
and prospective series, such as in phase II T-DIS study [26,31]. Clearly, a selection bias
applies in this subgroup of patients, and contributing factors other than treatment duration
cannot be excluded. However, our data indicate that patients who achieve disease control
and tolerate trabectedin treatment can be safely treated beyond 6 cycles, until progression.

Furthermore, in our study nearly 60% of patients reported either improved or un-
changed ECOG performance status during the study period. These data could indicate
a low disease-related worsening during the treatment with trabectedin, and when the
symptoms worsened, this was largely caused by the natural course of disease, since 60% of
patients discontinued the treatment due to disease progression.

Although all enrolled patients were suitable to undergo treatment with trabecte-
din, we observed that therapy deviated from the approved label according to SmPC in
67 patients (52.3%). It is important to note that deviation from SmPC did not affect the
efficacy of trabectedin in term of PFS. As per investigator decision, trabectedin was given
to 53 (41.4%) patients at a lower dose than that recommended (i.e., 1.5 mg/m2). Moreover,
in the present study, median PFS and OS were similar between patients treated with re-
duced starting trabectedin dose and those with reduced dosing during the study; however,
comparison of different trabectedin dosages was not the objective of this study. Although
our data did not indicate major differences in outcomes among patients with reduced tra-
bectedin doses, the putative effectivity of full-dose trabectedin remains unknown in these
patients. This regimen yielded more tumor shrinkage and superior time to progression
compared to a weekly regimen. Although we believe it is imperative to use the recom-
mended starting dose of trabectedin and consider treatment modifications only during
therapy as specified in the SmPC, our data indicated that in selected cases, and always
based on clinical judgment to optimize patient outcomes, reduced doses may be used.

Although aprepitant is not recommended as premedication for trabectedin, 10.9% of
patients received aprepitant prior to the first cycle of trabectedin, and 4.4% to 20.0% of
patients during therapy. Aprepitant was recognized to potentially increase trabectedin
exposure and exert thereby an additional risk of toxicity if given concomitantly [32]. In such
cases, close monitoring is required and appropriate dose adjustments should be applied in
the event of toxicities.

The safety profile of trabectedin was in line with prior experience and reports, charac-
terized by myelosuppression and hepatic toxicities [16]. In our study, trabectedin demon-
strated a favorable safety profile over long-term treatment, as >40% of patients received
≥6 cycles of trabectedin and up to a maximum of 44 cycles of treatment. This is consistent
with previous reports where comparable numbers of patients were treated with ≥6 cycles
(e.g., RetrospectYon: 34.4%; TrObs: 36.5%; Y-IMAGE: 56.9% of patients) [17–19].

According to the non-interventional nature of this study, the exact time points and
method of response assessment were not previously fixed but were determined according to
the clinician’s discretion and with no central radiological review and response confirmation;
thus, our data must be interpreted with caution. Moreover, missing or unavailable data
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can additionally hamper the interpretation of the results. Nevertheless, in spite of these
limitations, our real-life study complements well the findings from the clinical trials with
trabectedin, as it provides information on unselected patient characteristics treated in
routine treatment practices.

5. Conclusions

In conclusion, the findings of this non-interventional and prospective phase IV study
in Germany consistently support that trabectedin is an active treatment in a routine clinical
setting. The overall data observed in our study are in line with those observed in clinical
and non-interventional studies and further support the use of trabectedin for patients with
multiple sarcoma histotypes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14215234/s1, Table S1. Characteristics of patients treated
with prolonged trabectedin treatment (>24 cycles); Table S2. Best responses by patient and disease
characteristics at baseline (post hoc analysis).
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Simple Summary: In this study, the high oncogenic mutation frequency (96%) of small GISTs is
identified by whole-exome sequencing and targeted sanger sequencing in the entire cohort (n = 76) of
a Chinese population. The BRAF-V600E hotspot mutation was present in ~15% small GISTs. Positive
surgical or endoscopic resection should be considered for small GISTs because of their universal
oncogenic mutation and undefined prognosis.

Abstract: Background and Objectives: Small gastrointestinal stromal tumors (GISTs) are defined as
tumors less than 2 cm in diameter, which are often found incidentally during gastroscopy. There
is controversy regarding the management of small GISTs, and a certain percentage of small GISTs
become malignant during follow-up. Previous studies which used Sanger targeted sequencing
have shown that the mutation rate of small GISTs is significantly lower than that of large tumors.
The aim of this study was to investigate the overall mutational profile of small GISTs, including
those of wild-type tumors, using whole-exome sequencing (WES) and Sanger sequencing. Methods:
Thirty-six paired small GIST specimens, which were resected by endoscopy, were analyzed by WES.
Somatic mutations identified by WES were confirmed by Sanger sequencing. Sanger sequencing
was performed in an additional 38 small gastric stromal tumor samples for examining hotspot
mutations in KIT, PDGFRA, and BRAF. Results: Somatic C-KIT/PDGFRA mutations accounted for
81% of the mutations, including three novel mutation sites in C-KIT at exon 11, across the entire
small gastric stromal tumor cohort (n = 74). In addition, 15% of small GISTs harbored previously
undescribed BRAF-V600E hotspot mutations. No significant correlation was observed among the
genotype, pathological features, and clinical classification. Conclusions: Our data revealed a high
overall mutation rate (~96%) in small GISTs, indicating that genetic alterations are common events
in early GIST generation. We also identified a high frequency of oncogenic BRAF-V600E mutations
(15%) in small GISTs, which has not been previously reported.

Keywords: gastrointestinal stromal tumor; next-generation sequencing; small GIST; endoscopic resection

1. Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors
of the gastrointestinal tract and have phenotypic similarities with interstitial cells of Cajal
(ICCs) [1,2]. GISTs are commonly present in the stomach (60%) and small intestine (25%) [1].
GISTs with a diameter <2 cm are defined as small GISTs, which can be subdivided into mini-
(1–2 cm) and micro-GISTs (<1 cm). The annual age-adjusted incidence averaged 6.8 per
1,000,000, and GISTs are more common in males, non-Hispanics, Blacks, and Asians/Pacific
Islanders [3]. Most GISTs are usually asymptomatic and incidentally discovered during
endoscopy or surgery. The diagnosis and classification of small GISTs are currently based
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on pathological features and imaging methods, such as computed tomography and endo-
scopic ultrasound (EUS). The management (endoscopic resection or follow-up) of small
GISTs is controversial, and there are no consensus-based guidelines [1,4–6]. Current clinical
guidelines recommend surgical or endoscopic resection for small GISTs with high-risk
EUS presentations. For other small GISTs, EUS surveillance every 6–12 months is recom-
mended [6,7]. The current prognostic factors and risk indices for GISTs are commonly
based on the modified NIH (M-NIH) classification [8], which focuses on the tumor size (2,
5, or 10 cm), mitotic index, primary tumor sites, and tumor rupture. Low-risk or benign
tumors are defined as those <2 cm with a mitotic index of <5 mitoses per 50 high-power
fields [9]. Most small GISTs are generally considered low risk, but the potential malignancy
of small GISTs should not be ignored. A population-based epidemiological and mortality
investigation illustrated that the 5-year mortality for small GISTs is 12%, and that some of
these tumors might progress and become life-threatening [10].

Large cohort studies have shown that small GISTs have a high incidence in the stom-
ach, with some of these tumors not being benign, as they are associated with worse
gastrointestinal symptoms during regular surveillance [11–13]. Owing to the continuously
increasing rate of small GIST detection and the earlier time of onset, their surveillance
and management have been deemed controversial, with a lack of evidence-based ap-
proaches [14]. Moreover, an explanation of the epidemiology, risk factors, and etiology of
these small tumors is lacking [15]. Previous studies have shown that the overall frequency
of KIT/PDGFRA mutations (<76%) is significantly lower in small GISTs than that in large
GISTs (85–95%) [13,16,17]. However, the Sanger sequencing used in previous studies was
typically based on limited primers, likely leading to an underestimation of the mutation
frequency of driver genes. Therefore, more advanced sequencing methods are required to
profile the mutation status of small GISTs and understand their molecular basis. In this
study, we aimed to investigate potential driver genes in small GISTs using whole-exome
sequencing (WES) and targeted Sanger sequencing, which will contribute to an increase in
the understanding of small GISTs.

2. Patients and Methods

2.1. Clinical Samples

We primary collected 40 paired small GIST samples from the gastric muscularis pro-
pria layer obtained from the lesion sample library (January 2022–June 2022) of the Shengjing
Hospital of China Medical University (Shenyang, China). Paired blood samples were used
as negative controls to differentiate somatic mutations using WES. The selection criteria
included the tumor size (<2 cm), definite pathological diagnosis (according to the Chinese
Society of Clinical Oncology (CSCO) criteria), and endoscopic resection methods (endo-
scopic submucosal dissection (ESD) or endoscopic full-thickness resection (EFTR)). Four
patients with an actual tumor volume >2 cm or those who did not meet the pathological
diagnostic criteria were excluded. For validating the sequencing results of WES, we col-
lected another 60 formalin-fixed, paraffin-embedded (FFPE) small GIST tissue samples
(June 2021–December 2021) from the Department of Pathology of Shengjing Hospital for
targeted Sanger sequencing (Figure 1).

2.2. Ethics Statement

The study and tumor tissues for sequencing and clinical information collected were
reviewed and approved by the Ethics Review Committee of Shengjing Hospital of China
Medical University (No: 2022PS049K).

2.3. Whole-Exome Sequencing

Genomic DNA was extracted and sequenced according to standard protocols for
next-generation sequencing (Novogene Co., Ltd., Beijing, China). Briefly, paired-end DNA
was obtained according to the manufacturer’s instructions (Agilent Technologies). The
adapter-modified gDNA fragments were enriched by polymerase chain reaction (PCR).
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Whole-exome capture was conducted using the Agilent SureSelect Human All Exon V5 Kit.
A total of 60 MB of DNA sequences from 33,4378 exons of 20,965 samples was captured.
After DNA quality evaluation, the samples were sequenced on an Illumina HiSeq PE150
for paired-end 150 bp reads. The average sequencing depth was 224×. The coverage of
the target region was 99.6%, and 96.5% of the target bases were covered to a depth of at
least 20×.

Figure 1. Flow chart of the selection procedure.

2.4. Validation of Variants by Sanger Sequencing

Sanger sequencing was used to verify the suspected somatic variants identified by
WES and further determine the mutation rate in the supplementary FFPE samples. Briefly,
primers were designed using Primer Premier 5, and gDNA was extracted from FFPE tissues
and blood samples (Takara, 9782). The InvitrogenTM PlatinumTM Green Hot Start PCR 2X
Master Mix (Invitrogen, Carlsbad, CA, USA) was used for PCR amplification, and the PCR
products were sent for automatic DNA sequencing (Takara). PCR thermocycling conditions
were as follows: activation at 94 ◦C for 2 min, followed by 35 cycles of denaturation at
94 ◦C for 30 s, annealing at 55 ◦C for 30 s, elongation at 72 ◦C for 1 min, and final elongation
at 72 ◦C for 5 min. The nucleotide sequences of primers used for Sanger sequencing are
shown in Table 1.

Table 1. Nucleotide sequences of primers used for Sanger sequencing.

Primers Sequence

KIT-Exon9-F CCTTTAGATGCTCTGCTTC
KIT-Exon9-R GGTAGACAGAGCCTAAACATC
KIT-Exon11-F GTGCTCTAATGACTGAGACAAT
KIT-Exon11-R AGGAAGCCACTGGAGTTC
KIT-Exon13-F TGCATGCGCTTGACATCAGTTTG
KIT-Exon13-R AGGCAGCTTGGACACGGCTT
KIT-Exon14-F GTCTGATCCACTGAAGCTG
KIT-Exon14-R ACCCCATGAACTGCCTGTC
KIT-Exon17-F TGGTTTTCTTTTCTCCTCCAACC
KIT-Exon17-R GCAGGACTGTCAAGCAGAG
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Table 1. Cont.

Primers Sequence

PDGFRA-Exon12-F TCCAGTCACTGTGCTGCTTC
PDGFRA-Exon 12-R GCAAGGGAAAAGGGAGTCTT
PDGFRA-Exon14-F GGTAGCTCAGCTGGACTGAT
PDGFRA-Exon14-R GGATGGAGAGTGGAGGATTT
PDGFRA-Exon18-F TCAGCTACAGATGGCTTGATC
PDGFRA-Exon18-R TGAAGGAGGATGAGCCTGACC

BRAF Exon15-F CTTCATAATGCTTGCTCTG
BRAF-Exon15-R GTAACTCAGCAGCATCTCAG

2.5. In Silico Analysis

Somatic mutations were evaluated for their predicted pathogenic effects using in silico
tools, including SIFT (http://sift.jcvi.org/, accessed on 1 January 2022) and PolyPhen
(http://genetics.bwh.harvard.edu/pph/, accessed on 1 January 2022).

3. Results

3.1. Clinical Features

A total of 36 paired small GISTs samples were collected for WES (labeled P1–P36),
and 38 FFPE samples were successfully extracted as qualified gDNA for targeted Sanger
sequencing (labeled P36–P74) (Figure 1). The clinical features and mutation information for
the 74 patients are presented in Supplementary Table S1. The age of the patients ranged
from 30 to 75 years, with a median age of 56 years (Table 2). Primary tumor distributions
showed that the fundus of the stomach (51.3%) and gastric body (39.2%) were the most
frequent sites of small GISTs. Micro- and mini-GISTs accounted for 37.8% and 62.2% of
the samples, respectively, most of which were classified as very low or low risk based
on the modified NIH criteria. These small GISTs were diagnosed by endoscopy, EUS,
and pathological presentations involving hematoxylin and eosin staining and positive
immunohistochemical features, such as CD117(+) and CD34(+). All enrolled patients were
predominantly treated with ESD and partly with EFTR.

Table 2. Clinicopathological characteristics of 74 patients with small gastrointestinal stromal tumors.

Clinical Pathological Characteristics Number (%)

Sex
Male 27 (36.5)
Female 47 (63.5)

Age
Median, years 56
Range, years 30–75
30–50 years 22 (29.7)
51–60 years 24 (32.4)
61–75 years 28 (37.9)

Primary site
Fundus 38 (51.3)
Junction of the fundus and body 5 (6.8)
Body 29 (39.2)
Antrum 2 (2.7)

Tumor size
<1 cm (micro-GIST) 28 (37.8)
1–2 cm (mini-GIST) 46 (62.2)

Classification of risk
Very low 58 (78.4)
Low 12 (16.2)
Intermediate 3 (4.1)
High 1 (1.3)
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3.2. Molecular Analysis
Small GISTs with KIT/PDGFRA Mutations

WES was performed to explore the genetic variation in small GISTs. Among the 36 pa-
tients, 30 (83%) KIT mutations and 1 (3%) PDGFRA mutation were identified (Figure 2A).
The most common mutation area of KIT was exon 11 (72%), which encodes the intracellular
juxtamembrane domain, whereas other mutated sites of KIT were related to exon 9 (8%)
and exon 17 (3%). PDGFRA mutations accounted for only 3% (1/36) of the mutations,
occurring in exon 18. Other probable driver genes selected through a comparison with a
public database (Cancer Gene Census513) are shown in Figure 2A. Among the 36 small
GIST samples, the most common form of missense substitutions was C > T/G > A. The
distribution of KIT mutations is shown in the molecular structure diagram (Figure 2B).
The only somatic mutation in the PDGFRA gene was a single nucleotide change in exon
18, c.2523A > T p.D842V, which is mainly involved in the activation loop. Direct Sanger
sequencing was subsequently performed on 38 additional small GIST samples. Among
these samples, 68.4% (26/38) contained missense mutations in KIT and 7.9% (3/38) con-
tained missense mutations in PDGFRA. Most KIT mutations were detected in exons 11
and 9, similar to the results of the WES. Two cases harbored single-nucleotide changes in
PDGFRA at exon 18, including c.2543A > C p.N848T and c.C2544A p.N848K. Another case
harboring a PDGFRA mutation was determined to be c.1698_1712del p. S566E571delinsR
at exon 12. No mutations were detected at exon 14 of the PDGFRA gene. In this study, the
total KIT/PDGFRA mutation rate was 81% (Figure 3).

 
(a) 

(b) 

Figure 2. High frequency of oncogenic mutations in 36 small gastrointestinal stromal tumor (GIST)
samples identified by whole-exome sequencing (WES). (a) Selected driver genes, by comparing somatic
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mutations and known driver genes in the database; (b) mutation distribution in the KIT molecular
structure diagram, with novel mutations marked.

Figure 3. Percentage of classic oncogenic mutations in all 74 samples.

The novel KIT mutations identified in the small GISTs included c.1716_1717insCCAACA
p.(Asp572delins3), c.1502_1503insTGCCTA p.(Ser501delins3), and c.1669_1670insTTC p.(W557
delinsFR), all of which were verified by Sanger sequencing (Figure 3). One patient harbor-
ing double KIT somatic single-nucleotide variants, including C1652G p. (Pro551Arg) and
c.T1679C p. (Val560Ala), was identified (Figure 4a). Furthermore, these two mutations have
been considered tumor-promoting factors (COSM7342419 and COSM36302), whereas P551R,
usually associated with colon carcinoma, has never been reported to be associated with
GIST development.

(a) 

 
(b) 

Figure 4. Mutation alleles based on Sanger sequencing. (a) Validation of KIT novel mutations using
PCR-based Sanger sequencing; (b) validation of BRAF mutations using PCR-based Sanger sequencing.
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3.3. KIT/PDGFRA Wild-Type (WT) Small GISTs

KIT/PDGFRA WT GISTs had no mutations in the hotspot regions of KRAS (codons
12/13/59/61/117/146), PIK3CA (codons 542/545/1047), NRAS (codons 12/13/59/61/117/146),
or AKT1 (codon 17). Nevertheless, we discovered four cases harboring BRAF mutations (V600E)
among these KIT/PDGFRA WT GISTs using WES. Surprisingly, 18.4% (7/38) of the samples
in the expanded FFPE samples were found to harbor the BRAF mutation (V600E), which was
verified by Sanger sequencing (Figure 4b). Seven patients with the V600E mutation had micro-
GISTs, and the remaining patients had mini-GISTs. These tumors had a spindle morphology,
and immunohistochemistry was positive for CD117, CD34, and DOG1 but weakly positive or
negative for Ki67.

3.4. Suspicious Oncogenic Mutations in Small GISTs

We screened samples for other known oncogenic driver genes in KIT/PDGFRA/BRAF
WT tumors to identify whether other potential elements influenced tumorigenesis (P14).
We filtered two oncogenes with somatic mutations that had been reported to be related to
malignant tumors (Table 3). A common mutation site in SIRT6 (c. A956C) and a suspected
mutation in GDF5 (c.A630T) were detected by WES.

Table 3. Probable driver mutations of rare genes in wild-type GISTs.

Gene Size (cm)
Nucleotide Change

(c.Notation)
Amino Acid Change

(p.Notation)
SIFT Polyphen2_HVAR

Malignancy
Potential

SIRT6 2 ×1.5 c.A956C p.K319T 0.007,D 0.987,D Low
GDF5 2 ×1.5 c.A630T p.Q210H 0.248,T 0.395,B Low

SIFT: sorting intolerant from tolerant; Polyphen2_HVAR: polymorphism phenotyping v2 based on Human-
Var database.

4. Discussion

In this study, 74 small GISTs were collected for mutational analysis using WES and
targeted Sanger sequencing. The mean age of the patients was 56 years, lower than the
predominant median age at diagnosis of 65 years [18]. Risk assessment was conducted
according to the modified NIH classification criteria standard, by considering the tumor
size, primary sites, mitotic index, and tumor rupture. One case in this study was evaluated
as high-risk, with a size of 1.5 cm, and three cases were classified as intermediate risk
with sizes of 1.2 × 1.1 cm, 1.8 × 1.3 cm, and 2 × 1.6 cm. All other cases were assessed as
very low or low risk. Therefore, even if the lesion was less than 2 cm, there was still the
possibility of a medium-to-high risk. However, the cutoff size of small GISTs for endoscopic
resection remains controversial. Fang et al. investigated the clinical course of small GISTs
and demonstrated that a cutoff value of 1.4 cm is appropriate for treatment [19], and Wang
et al. proposed that a tumor diameter of 1.45 cm should be the optimal cutoff value for
resection, which were consistent with our other retrospective study [20] which identified
that a smaller tumor diameter cutoff (1.48 cm) might have better efficacy in differentiating
risk grades. Furthermore, a single-institution retrospective study of 69 patients with EUS-
suspected GISTs showed that GISTs > 9.5 mm in diameter are associated with significant
progression and that 23% of these patients show significant changes in size after more
than 3 years of onset [21]. Currently, intensive monitoring with EUS is recommended
for most small GISTs, while this is considered an economic and psychological burden for
patients [22]. For the radical treatment of small GISTs, ESD and EFTR are relatively safe
and effective treatment modalities that can significantly improve patient prognosis [12,22].
With the development of endoscopy, it is also feasible to conduct the genotype diagnosis of
tumor cells via EUS-based biopsy in the early stage of GISTs [23,24]. Therefore, whether the
current criteria for risk classification can be used to comprehensively evaluate or predict
the prognosis of small GISTs needs to be further explored, and more scientific management
of small stromal tumors needs further revision.
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C-KIT and PDGFRA play vital roles in the occurrence and progression of GISTs [25].
Our study strongly indicated that the oncogenic mutation frequency in small GISTs might be
underestimated, since the total mutation rate (96% vs. 74%) was much higher than expected,
which suggested that oncogenic mutations are early molecular events in patients with GISTs.
Among the 74 small GIST samples in this study, sequencing results revealed that the C-KIT
mutation was predominant (76%, 56/74), and exon 11 of KIT was found to be a hotspot
that accounted for 65% of the mutations (48/74). Moreover, the mutations occurring at
exons 9 and 17 comprised 6.8% and 1.4% of all mutations, respectively. PDGFRA mutations
occurring at exons 18 and 12 accounted for 5% of all mutations. The mutation comprising a
substitution at position 842 in the A-loop of an aspartic acid (D) with a valine (V) in exon
18 confers primary resistance to imatinib and sunitinib but sensitivity to avapritinib [26,27].
Somatic mutations in C-KIT are usually found in exon 11, which might confer sensitivity
to imatinib [1,2,28]. The second most common mutational hotspot in KIT is exon 9, which
might confer resistance to imatinib, the first-line targeted therapy for GISTs. The molecular
mechanisms underlying oncogenic mutations, such as KIT mutations concerning the Ras-
ERK and PI3-kinase pathways, are therapeutic targets of GISTs [29,30].

Notably, we found that 11 of 74 cases (15%) (Figure 3) harbored malignant BRAF-
V600E mutations, which had not been detected in previous studies of small GISTs. These
results contradict the previous studies which reported the mutation rate of BRAF ranges
from 1~4% for large GISTs [31], suggesting that BRAF-mutated tumors might represent a
low-risk subtype of small gastric GISTs. A previous study reported that 54.8% of BRAF-
mutated GISTs, which were classified as intermediate or high risk [32], were located in
the small bowel or colorectum, whereas stomach-derived tumors tended to have a low
risk. BRAF mutants generally activate MEK/MAPK and regulate the downstream factor
ETV1, thereby promoting ICC proliferation and transformation into a tumor. Activating
BRAF mutations are also frequently detected in some malignant carcinomas and tumors
such as melanomas, promoting proliferation and drug resistance through the constitutive
activation of the MAPK pathway [33]. Ran et al. demonstrated that the BRAF-V600E
mutation could promote ICC hyperplasia in adult mouse models. However, this was
insufficient to drive the malignant transformation of GIST unless it was coupled with other
dysfunctions in tumor-associated genes, such as TP53 loss [34]. Another study showed
that BRAF mutations along with TP53 disruption could drive smooth-muscle-cell-derived
GISTs, rather than those derived from ICCs [35]. In addition to TP53, the loss of TP16,
another tumor-suppressive gene, promotes the development of and leads to poor outcomes
for GISTs with BRAF mutations [36]. Therefore, considering the high prevalence of gastric
and small intestinal GISTs (60% and 20%, respectively), “secondary hits”, such as epigenetic
regulation, likely participate in the progression of small GISTs to malignant tumors. For
WT GISTs, we analyzed probable oncogenic mutations, namely in SIRT6 and GDF5, which
are thought to play roles in the development of ICC hyperplasia or small GISTs. SIRT6 has
been identified in patients with colon adenocarcinoma and is related to the promotion of
DNA repair in cells with DNA damage [37]. Mutations in GDF5 are usually associated with
skeletal developmental deficiency [38], which was also predicted to be disease-causing via
the SIFT algorithm and Polyphen2_HVAR.

5. Conclusions

In this study, we demonstrated that genetic alterations are prevalent in small gastric
GISTs, suggesting an underestimated risk of these small GISTs. Despite the high frequency
of the BRAF-V600E mutation, these small gastric stromal tumors might be benign and
represent a low-risk subtype of GISTs. Molecular analysis will be helpful to facilitate
personalized medicine and settle disputes related to treatment for small GISTs.
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Simple Summary: Soft tissue sarcoma is a rare entity that accounts for 1% of adult cancers but represents
20% of paediatric solid tumours. Overall prognosis in advanced disease remains poor. MicroRNAs
(miRNAs) are short non-coding RNAs that target mRNAs and control gene expression and may exert
both oncogenic and tumour suppressor functions in cancers. The deregulation of miRNAs in soft tissue
sarcomas may be exploited in the development of miRNA-based strategies for the prognostication of
disease outcomes, identification of treatment resistance and new-generation therapeutics.

Abstract: Soft tissue sarcomas are highly aggressive malignant neoplasms of mesenchymal origin,
accounting for less than 1% of adult cancers, but comprising over 20% of paediatric solid tumours. In
locally advanced, unresectable, or metastatic disease, outcomes from even the first line of systemic
treatment are invariably poor. MicroRNAs (miRNAs), which are short non-coding RNA molecules,
target and modulate multiple dysregulated target genes and/or signalling pathways within cancer
cells. Accordingly, miRNAs demonstrate great promise for their utility in diagnosing, prognosticating
and improving treatment for soft tissue sarcomas. This review aims to provide an updated discussion
on the known roles of specific miRNAs in the pathogenesis of sarcomas, and their potential use in
prognosticating outcomes and prediction of therapeutic resistance.

Keywords: soft tissue sarcomas; microRNA; prognostic biomarkers; predictive biomarkers;
treatment resistance

1. Introduction

Sarcomas are malignant neoplasms of mesenchymal origin with over 70 histologic
subtypes and may be broadly divided into two categories: soft tissue sarcomas (thought to
arise from the muscle, fat, nerve/nerve sheath, blood vessels or other connective tissue)
and bone sarcomas (Figure 1) [1]. They account for 1% of adult cancers, and nearly 21%
of all paediatric solid malignant cancers, with soft tissue sarcomas comprising nearly 90%
of sarcomas [2]. Soft tissue sarcomas may arise anywhere in the body, but most originate
in the extremities, the abdomen, or the head and neck [3,4]. While no formal etiology has
yet been defined, multiple gene rearrangements have been associated with an increased
risk of certain soft tissue sarcoma subtypes, such as in Ewing’s sarcoma (EWSR1–FLI-1
fusion), myxoid liposarcoma (TLS–CHOP fusion), alveolar rhabdomyosarcoma (PAX3–
FHKR fusion) and synovial sarcoma (SSX–SYT fusion) [5].

Traditionally, soft tissue sarcomas are managed by wide excisional surgery for localized
disease. Surgery may also be used as a palliative procedure in metastatic disease [6].
With the exception of gastrointestinal stromal tumours (GIST), adjuvant treatment is not
standard, even in R0 resections. Radiotherapy and chemotherapy are typically reserved for
advanced disease; radiotherapy is usually provided in high-risk tumours that are large,
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deep and/or high grade [7], while adjuvant systemic treatment is controversial, but may be
considered on a case-by-case basis [8]. While a meta-analysis of randomized trials found a
statistically significant—albeit marginal—advantage of adjuvant chemotherapy in terms
of both recurrence-free survival and overall survival [9], a large phase III randomised
controlled trial subsequently demonstrated that adjuvant chemotherapy in resected soft
tissue sarcoma failed to show improved survival [10]. Increasingly, novel targeted therapies
are also used in the management of soft tissue sarcomas following better understanding
of the molecular pathogenesis and genomic profiles of some soft tissue sarcomas, but this
applies only to a minority of subtypes [8]. The median survival in soft tissue sarcoma
patients with metastatic disease is one year [11–13]. Even in patients with localized disease,
up to 50% develop metastases and die despite undergoing definitive therapy [5,14], thus
highlighting the need for earlier diagnosis, appropriate management and novel treatment
approaches in soft tissue sarcomas.

Figure 1. Types of soft tissue sarcomas based on the 2020 WHO classification [15].

MicroRNAs (miRNAs) are short non-coding RNAs of 19–25 nucleotides that regulate
post-transcriptional gene expression. Mature miRNAs bind to complementary sites on
target mRNAs, usually at the 3′ UTR, thereby suppressing mRNA translation or causing
degradation of the mRNA transcript [16]. Because of their ability to target multiple different
mRNAs, miRNAs are able to modulate almost any biological pathway. Accordingly, miR-
NAs are important regulators of various cancer-related processes, such as differentiation,
proliferation, metastasis and apoptosis [17], and are therefore attractive targets for miRNA-
based therapies. They have been found to be generally downregulated in tumours [18] but
can exert both oncogenic and tumour suppressor functions in cancers. Although miRNAs
comprise ~0.01% of the total RNA mass in a given sample, advances in strategies to detect
and target miRNAs have greatly improved, thus making miRNAs attractive biomarkers in
the early diagnosis, staging and monitoring of cancer progression [19], as well as targets
for drug development [20].

The role of miRNAs in the diagnosis of soft tissue sarcomas has been proposed and
discussed elsewhere [21,22]; however, the use of miRNA as biomarkers for predicting patient
outcomes and therapeutic resistance in soft tissue sarcomas is less defined. In this review, we
will first summarise the known roles of specific miRNAs in the pathogenesis of sarcomas, then
discuss their potential use in prognosticating outcomes and prediction of therapeutic resistance.

2. MicroRNAs in the Pathogenesis of Soft Tissue Sarcomas

miRNAs mediate soft tissue sarcoma progression by influencing various pathogenic
processes, thereby acting as oncogenes or tumour suppressors. As the clinical behaviours
underlying pathogenesis and management of soft tissue sarcomas differ between subtypes,
the following discussion will review the roles of relevant miRNAs within each soft tissue
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sarcoma subtype. Table 1 summarises the key miRNAs known to be involved in the
regulation of various soft tissue sarcoma subtypes.

Table 1. Differential expression of miRNAs and their roles in cancer development in soft tissue sarcomas.

Soft Tissue Sarcoma Effect on Cancer Development microRNA

GIST
Inhibit

miR-494 [23,24]
miR-218 [25–27]

miR-221/222 [28–30]
miR-17 [30]
miR-20a [30]

miR-4510 [31]
miR-152 [32]

miR-133b [33]
miR-518a-5p [34]

miR-137 [35]

Promote
miR-374b [36]
miR-196a [37]

Liposarcoma

Inhibit

miR-143 [38,39]
miR-486 [40]

miR-145 [38,41]
miR-451 [39,41]

miR-193b [42,43]
miR-133a [44]
miR-195 [45]

Promote

miR-155 [39,46–48]
miR-26a-2 [38,49,50]

miR-135b [51]
miR-25-3p [52]
miR-92a-3p [52]
miR-3613-3p [53]

Rhabdomyosarcoma

Inhibit

miR-206 [54–61]
miR-1 [55,56,62,63]
miR-29 [56,64,65]
miR-26a [66,67]

miR-7 [68,69]
miR-324-5p [69]

miR-378 family [70]
miR-133a [62]
miR-133b [63]

miR-450b-5p [71]
miR-203 [72]

miR-411-5p [73]
miR-221/222 [74]

miR-214 [75]
miR-101 [76]
miR-874 [77]

miR-410-3p [78]

Promote
miR-27a [79,80]
miR-486-5p [74]

Malignant peripheral nerve sheath tumour

Inhibit

miR-204 [81]
miR-30d [82]
miR-30a [83]

miR-200b [83]
miR-34a [84]

Promote
miR-21 [85]
miR-801 [86]
miR-214 [86]

Leiomyosarcoma
Inhibit

miR-1246 [87]
miR-191-5p [87]

miR-34a [88]
miR-152 [89]

Promote
miR-181b [90]
miR-320a [91]

Synovial sarcoma

Inhibit
miR-494-3p [92]

miR-126 [93]

Promote

Let-7e [94]
miR-99b [94]

miR-92b-3p [95]
miR-214 [96]
miR-9 [97]

miR-17 [98]

Fibrosarcoma
Inhibit

miR-29 [99]
miR-197 [100]

Promote
miR-520c [101]
miR-373 [101]

Angiosarcoma
Inhibit

miR-497-5p [102]
miR-210 [103]
miR-340 [104]

Promote -
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2.1. Gastrointestinal Stromal Tumour

Gastrointestinal stromal tumour (GIST) is the most common mesenchymal tumour
specific to the gastrointestinal tract and is commonly characterized by activating mutations
in the KIT or PDGFRA receptor tyrosine kinases [105]. KIT is an oncogene which has a
gain-of-function mutation in approximately 70% of GISTs [106,107]. Several miRNAs are
shown to inhibit the progression of GIST via the regulation of KIT (Figure 2).

 

Figure 2. miRNAs regulating KIT and downstream pathways in GIST.

Downregulation of miR-494 has been observed in GIST cell lines, and miR-494 overex-
pression in GIST cells triggered apoptosis and inhibited cell growth [23,24]. miR-494 was
found to regulate the expression of KIT and other molecules in its downstream signaling
cascade, including phospho-AKT and phospho-STAT3 [23]. miR-494 was also shown to
target survivin, with downregulation of survivin leading to G2-M phase arrest and apop-
tosis, along with inhibition of cell proliferation and colony formation [24]. Analysis of
survivin/KIT interaction showed that survivin regulated KIT expression at the transcrip-
tion level, thus exerting effects on the PI3K-AKT pathway in GIST as well [24]. Another
miRNA found to be markedly decreased in GIST tissues is miR-218 [25,26], with ectopic
overexpression in GIST cells via chitosan-tocopherol nanoparticle or liposome delivery
demonstrating decreased cell proliferation and increased apoptosis [25,27]. KIT was identi-
fied as a target of miR-218 in both studies [25,27]. The miR-221/222 cluster, dysregulated in
many malignancies [108–110], is also downregulated in GIST [28–30]. KIT-positive GISTs
showed significant repression of miR-221/222 as compared to normal tissues and KIT-
negative GISTs [28]. The role of miR-221/222 in the modulation of KIT and the PI3K/AKT
pathway in GIST was confirmed by Ihle et al. who demonstrated that transient transfection
of miR-221/222 reduced GIST cell viability and induced apoptosis by inhibition of KIT
expression and its downstream signalling cascade [29]. This was corroborated by Gits et al.
who showed the direct regulation of KIT by miR-222 in GIST [30].

Other miRNAs that are downregulated in GIST include miR-17, miR-20a, miR-4510,
miR-133b, miR-152, miR-518-5p and miR-137 [30–34]. These miRNAs play a role in con-
trolling tumour proliferation, migration and invasion, and in inducing apoptosis. miR-17
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and miR-20a act by targeting ETV1 [30], a transcription factor that supports tumorigenesis
and is universally highly expressed in GISTs [111]. miR-4510 demonstrated its tumour
suppressor effects by targeting and inhibiting apolipoprotein C-II (ApoC2) expression, and
also decreased the activity of AKT, ERK1/2, MMP2 and MMP9 [31]. miR-152 was found to
target and suppress the expression of cathepsin L (CTSL) [32], a lysosomal cysteine pro-
tease correlated with metastatic aggressiveness and poor patient prognosis [112]. Epithelial
mesenchymal transition (EMT) was another key process in cancer progression regulated
by miR-137, which was reported to target Twist1 and increase the expression of epithelial
markers E-cadherin and cytokeratin while decreasing the expression of mesenchymal mark-
ers N-cadherin and vimentin in GIST cells. As with the other aforementioned miRNAs,
miR-137 also decreased GIST cell migration, activated G1 cell cycle arrest, and induced cell
apoptosis [35].

On the contrary, oncogenic miRNAs promote the development of GIST. miR-374b was
highly expressed in GIST tissues, and its expression increased the mRNA and protein levels
of various molecules in the PI3K/AKT cell survival pathway in GIST cells [36]. miR-374b
was also found to promote cell viability, migration, invasion and cell cycle progression
in GIST cells, along with inhibition of apoptosis [36]. It was further reported that miR-
196a expression is overexpressed in high-risk GIST samples as compared to the low- or
intermediate-risk GIST tissues, with the upregulation of miR-196a associated with GIST
malignancy [37].

2.2. Liposarcoma

Liposarcoma is one of the most common soft tissue sarcomas, and may be classi-
fied into four subtypes based on its pathological and molecular genetic characteristics:
pleomorphic (PLPS), myxoid/round cell (MLPS/RLPS), dedifferentiated (DDLPS) and
well-differentiated (WDLPS). The round cell component in MLPS/RLPS is thought to be
associated with metastasis and poorer prognosis [113]. The regulation of liposarcoma by
miRNAs occurs through various mechanisms (Figure 3).

Figure 3. microRNAs involved in the regulation of liposarcoma.

miR-155 is known to act as an oncogene in multiple malignant tumours [114]. It has
been found to be the most over-expressed miRNA identified in DDLPS tumour samples
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and cell lines [46] and is also over-expressed in PLPS and MLPS/RLPS [39,47]. miR-155
was further shown to promote tumour cell growth in DDLPS by targeting casein kinase 1α
(CK1α), thereby enhancing β-catenin signalling and cyclin D1 expression [46]. miR-26a-2
has also been found to be overexpressed in WDLPS, DDLPS and MLPS/RLPS [38,49].
Overexpression of miR-26a-2 in LPS cell lines improved sarcoma cell growth and sur-
vival, including faster cell proliferation and migration, enhanced clonogenicity, suppressed
adipocyte differentiation and/or resistance to apoptosis. Overexpression of RCBTB1, a
direct target of miR-26a-2, made LPS cells more susceptible to apoptosis [49]. HOXA5 has
also been demonstrated to be a target of miR-26a-2, with the downregulation of HOXA5
inhibiting the apoptotic response in LPS cells [50].

Other miRNAs which are overexpressed in LPS and play a role in invasion and metas-
tasis include miR-135b, miR-25-3p and miR-92a-3p [51–53]. miR-135b is highly expressed
in the round cell component of MLPS/RLPS and has been found to promote MLPS/RLPS
cell invasion in vitro and metastasis in vivo by targeting the expression of thrombospondin
2 (THBS2). Decreased THBS2 expression increases the amount of matrix metalloproteinase
2 (MMP2) thereby modulating the extracellular matrix structure, resulting in a morphologi-
cal change of the tumour [51]. A study on the extracellular vesicles secreted by LPS cells
showed that they contained miR-25-3p and miR-92a-3p, though they were downregulated
within the liposarcoma tumour itself. The secretion of miR-25-3p and miR-92a-3p then initi-
ated the release of proinflammatory cytokine IL-6 from tumour-associated macrophages,
in turn enhancing LPS cell proliferation, invasion and metastasis [52]. More recently, miR-
1246, miR-4532, miR-4454, miR-619-5p and miR-6126 have been identified to be highly
expressed in human DDLPS cell lines and exosomes and are believed to promote tumour
progression [115].

On the contrary, certain miRNAs have been found to inhibit the progression of LPS
through suppression of proliferation and induction of apoptosis. miR-143 is downregulated
in both WDLPS and DDLPS tumours and cell lines [38,39]. Restoring miR-143 expression
in DDLPS cells decreased the expression of BCL2, topoisomerase 2A, protein regulator of
cytokinesis 1 (PRC1), and polo-like kinase 1 (PLK1). It was further shown that treatment
of LPS cells with a PLK1 inhibitor potently arrested cytokinesis in the G2–M phase and
induced apoptosis [38]. miR-486 expression was also found to be repressed in MLPS tissues,
with the restoration of miR-486 expression resulting in repressed MLPS cell growth [40].
Plasminogen activator inhibitor-1 (PAI-1), shown to promote tumour invasion and angio-
genesis [116], was identified as a target of miR-486. Accordingly, knockdown of PAI-1
inhibited the growth of MLPS cells [40]. Another miRNA that inhibits LPS cell growth and
migration in vitro and suppresses tumour growth in vivo is miR-195. Oxysterol-binding
protein (OSBP) was demonstrated as a direct target of miR-195, with the overexpression of
OSBP reversing the effects of miR-195 on LPS cell growth, migration and apoptosis [45].
miR-145 and miR-451 expression have also been found to be reduced in human LPS samples
of all subtypes [38,39,41], with the reintroduction of miR-145 and miR-451 in LPS cell lines
resulting in impaired cell cycle progression and cellular proliferation and increased cellular
apoptosis [41].

Some miRNAs may also regulate LPS progression by interfering with tumour cell
metabolism and introducing oxidative stress. miR-133a, significantly underexpressed in
DDLPS tissues, has been found to modulate DDLPS cell metabolism, with enforced expres-
sion of miR-133a resulting in decreased glycolysis and increased oxidative phosphorylation.
This was coupled with impaired cell proliferation and cell cycle progression [44]. miR-193b
is found to be underexpressed in DDLPS, with exogenous reintroduction of miR-193b
resulting in LPS cell apoptosis [42]. miR-193b targets CRK-like proto-oncogene (CRKL) and
focal adhesion kinase (FAK); in vivo studies to introduce miR-193b mimetics and an FAK
inhibitor resulted in inhibited LPS xenograft growth in both cases. In addition, miR-193b
also induced oxidative stress in LPS cells by targeting an antioxidant, methionine sulfox-
ide reductase A (MsrA) [42]. Further studies revealed that miR-193b also directly targets
PDGFRβ, SMAD4, and YAP1 [43]. Inhibition of PDGFRβ attenuates the differentiation and

186



Cancers 2023, 15, 577

proliferation of LPS cells, while knockdown of SMAD4 promotes adipogenic differentiation.
Direct inhibition of YAP1 reduces the activity of Wnt/β-catenin signalling. Subsequent
introduction of a PDGFR inhibitor and a Wnt/β-catenin inhibitor demonstrated reduced
cell viability and increased apoptosis in DDLPS and WDLPS cells [43].

2.3. Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in paediatric
patients and young adults. RMS can be classified into two major histological subtypes:
embryonal rhabdomyosarcoma (ERMS) and alveolar rhabdomyosarcoma (ARMS). RMS
may be further classified based on clinical outcome into fusion-positive RMS or fusion-
negative RMS based on the presence or absence of either PAX3-FOXO1 or PAX7-FOXO1
gene fusions. As these gene fusions are absent in ERMS, ERMS patients are all fusion-
negative, while majority of ARMS patients are fusion positive [117–119]. Fusion-positive
RMS tends to have a worse prognosis and overall survival than fusion-negative RMS, thus
ARMS is associated with poorer prognosis [120–122].

In recent studies, miRNAs which have been identified to play a role in skeletal muscle
proliferation and differentiation such as miR-1, miR-133, miR-206 and miR-29 [123,124],
have been investigated for their roles in RMS. miR-206 plays an important role in the
regulation of RMS, with multiple studies demonstrating downregulation of miR-206 in
RMS tissues and cell lines as compared to human myotubes and skeletal muscle [54–61].
Exogenously increasing miR-206 levels in RMS has been shown to promote myogenic
differentiation and block tumour growth in xenografted mice by switching the global
mRNA expression profile to one that resembles mature muscle [54]. This was corroborated
by a separate study showing that the activation of miR-206 resulted in a genetic switch in
RMS cells from a proliferative growth phase to differentiation [57]. In ERMS, the following
regulation pathway of miR-206 was uncovered: PAX3/7-FOXO1 induced oxidative stress
response factor HO-1 expression, which in turn resulted in miR-206 repression. HO-1 inhi-
bition showed reduced RMS tumour growth and vascularisation in vivo, accompanied by
the induction of miR-206 [60]. miR-206 then exerts its anti-tumorigenic effects by targeting
and suppressing the Met receptor tyrosine kinase (c-Met), which is overexpressed in both
ARMS and ERMS [125], and has been implicated in RMS pathogenesis [54,55]. SMYD1
silencing, which occurs with low levels of miR-206 in RMS, impairs differentiation of all
subtypes of RMS. On the contrary, silencing of G6PD, a direct target of miR-206, successfully
suppressed RMS cell proliferation and growth [59]. Furthermore, ectopic expression of
miR-206 in a ERMS fusion-negative RMS cell line showed significant downregulation of
PAX3 protein expression, but this was not observed in ARMS fusion-positive RMS cells as
the formation of a fusion transcript between PAX3 and FOXO1 enabled the cells to evade
miRNA-mediated regulation of PAX3 [56]. In addition, PAX7 downregulation was shown
to be essential for miR-206-induced cell cycle exit and myogenic differentiation in fusion-
negative RMS but not in fusion-positive RMS. Genetic deletion of miR-206 in a mouse
model of fusion-negative RMS promoted tumor development [58]. Interestingly, while
there is much evidence to show that miR-206 is downregulated in RMS tumours and cell
lines, analysis of plasma samples of RMS patients has found significantly increased levels of
miR-206 as compared to healthy individuals and patients with non-RMS tumours [67,126].
This may be because RMS forms within skeletal muscle, and miR-206 is a muscle-specific
miRNA, thus elevated levels of this miRNA may be found in RMS patient serum.

Another notable miRNA in RMS regulation is miR-1 [54,55,63]. Besides downregu-
lating PAX3 expression in ERMS [56], miR-1 was also found to suppress c-Met expression
in RMS [55]. miR-1 was shown to encourage myogenic differentiation in RMS cells, and
ectopic increase in miR-1 expression resulted in growth inhibition of RMS cells, likely due
to G1-S cell cycle arrest [62]. Furthermore, overexpression of miR-1 and miR-133b also
resulted in autophagic cell death through the silencing of polypyrimidine tract-binding
protein 1 (PTBP1), a positive regulator of cancer-specific energy metabolism [63]. PAX3-
FOXO1, which could upregulate the expression of a key kinase involved in glycolysis and
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the Warburg effect through increased expression of PTBP1, was targeted and repressed
by miR-133b [63]. Overexpression of miR-133a in ERMS cells resulted in cell cycle arrest,
suggesting its role as a tumour suppressor [62].

Several miRNAs share similar targets in the regulation of RMS. miR-29 is a key
miRNA that is epigenetically silenced in RMS tissues and cell lines [56,64,65]. It has
been reported that the downregulation of miR-29 occurs via an activated NF-κB-YY1
pathway, in which NF-κB acts through Ying Yang 1 (YY1) [64]. miR-29 was found to
target and repress the expression of cell cycle regulators cyclin D2 and E2F7, resulting
in partial G1 arrest and decreased cell proliferation in RMS [56]. In addition, miR-29
also targets GEFT, which is associated with poor prognosis in patients with RMS [127].
Repression of GEFT activity by miR-29 weakened the effect of GEFT on the migration,
invasion and apoptosis of RMS cells [65] while restoration of miR-29 in mice inhibited
tumour growth and stimulated differentiation [64,65]. GEFT translation and expression
were also found to be inhibited by miR-874, an miRNA downregulated in RMS tissues.
Overexpression of miR-874 in RMS cells inhibited proliferation, invasion and migration
in RMS cells and also induced apoptosis, while GEFT restoration partially reversed the
anti-tumour effects of miR-874 [77]. miR-26a has also been found to be downregulated in
RMS tumours and cell lines. Expression levels of miR-26a were further demonstrated to
be inversely related to EZH2 [66], a histone methyltransferase overexpressed in various
aggressive cancers [128,129]. Circulating levels of miR-26a in RMS patient plasma were
also reduced, and miR-26a plasma levels were associated with fusion status, with PAX3/7-
FOXO1-positive RMS samples displaying lower levels of miR-26a compared to fusion-
negative samples [67]. Separately, EZH2 was found to downregulate miR-101 in ERMS
cells via a negative feedback loop, and overexpression of miR-101 was able to reduce ERMS
tumorigenic potential, impairing colony formation and cell cycle progression [76].

Other miRNAs which are downregulated in RMS cell lines and tissue samples have
also demonstrated anti-tumour effects in RMS by inducing apoptosis and myogenic dif-
ferentiation, as well as impairing cell proliferation, invasion and metastasis. In miR-7
transfected RMS cells, miR-7 acts via its target mitochondrial proteins solute carrier family
25 member 37 (SLC25A37) and translocase of inner mitochondrial membrane 50 (TIMM50)
to promote apoptosis and necroptosis [68], and also impair tumour invasion and lung
metastasis [69]. In addition, miR-7 and miR-324-5p regulate pro-oncogenic protein ITGA9,
and overexpression of the two miRNAs reduced tumour growth in orthotopic mice tumour
models [69]. Insulin-like growth factor receptor 1 (IGF1R), a key signalling molecule in
RMS, was shown to be a target of miR-378a-3p. Upregulation of miR-378a-5p expression
resulted in apoptosis, decreased cell viability and G2 phase cell cycle arrest in RMS cells,
along with upregulation of myogenic proteins such as MyoD and MyHC, demonstrating a
shift towards myogenic differentiation [70]. Similarly, miR-450b-5p, suppressed in RMS by
TGF-β1 through a pathway mediated by Smad3 and Smad4, exerted anti-tumour effects
in tumour implants and cells by arresting RMS growth and upregulating MyoD expres-
sion [71]. An autoregulatory loop between TGF-β1/miR-411-5p/SPRY4 and MAPK in
RMS has also been established, in which it is suggested that miR-411-5p inhibits SPRY4
to activate MAPK, promoting apoptosis and myogenic differentiation in RMS cells [73].
miR-203 was also reported to be downregulated by promoter hypermethylation in RMS
tumour samples and cell lines. Restoration of miR-203 expression in RMS cells was able
to inhibit their migration and proliferation. Furthermore, miR-203 promoted myogenic
differentiation by inhibiting the Notch and JAK1/STAT1/STAT3 pathways via its target
proteins p63 and leukaemia inhibitory factor receptor [72]. miR-214 reintroduction into
RMS cells was able to inhibit tumour cell growth, promote apoptosis and induce myogenic
differentiation. Proto-oncogene N-ras was reported as a conserved target of miR-214 in its
suppression of xenograft tumour growth [75]. Lastly, exogenous expression of miR-410-3p
was shown to inhibit EMT in RMS, with the inhibition of RMS cell invasion, migration and
proliferation [78].
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In contrast, miR-27a and miR-486-5p were discovered to be upregulated in the more
aggressive fusion-positive RMS samples and cell lines [74,79]. miR-27a was further found
to enhance cell cycle progression by targeting the retinoic acid alpha receptor (RARA)
and retinoic X receptor alpha (RXRA), resulting in increased RMS cell proliferation [79].
Regulation of miR-27a via a HDAC3–SMARCA4–miR-27a–PAX3-FOXO1 circuit further
demonstrated the ability of miR-27a to destabilize PAX3-FOXO1 mRNA in ARMS cells [80].

2.4. Malignant Peripheral Nerve Sheath Tumour

Malignant peripheral nerve sheath tumour (MPNST) is an aggressive soft tissue sar-
coma arising from peripheral nerves or deep neurofibromas. It has a poor prognosis due to
its propensity for metastasis and local recurrence. MPNSTs may occur sporadically, but
around half of MPNST cases arise in patients with the autosomal dominant genetic disorder
neurofibromatosis type 1 (NF1) [130,131]. Most NF1-related tumours demonstrate abnor-
mal Ras signalling pathways, with various genes involved in the Ras pathway deregulated
in MPNSTs [132].

miR-204 was found to be downregulated in both NF1 and non-NF1 MPNST tissues
and cell lines [81]. Restoration of miR-204 levels resulted in reduced cellular proliferation,
migration and invasion in vitro, and decreased tumour growth and invasion in vivo. It was
further found that miR-204 modulated Ras signalling and carcinogenesis progression in
MPNSTs via direct inhibition of HMGA2 [81]. Members of the miR-30 family have also been
reported to be downregulated in MPNSTs. The transcription of miR-30d is inhibited by
high levels of enhancer of zeste homolog 2 (EZH2) in MPNST, thereby leading to enhanced
expression of karyopherin beta 1 (KPNB1), a direct target of miR-30d. Exogenous regulation
of the EZH2–miR-30d–KPNB1 signalling pathway was able to induce MPNST cell apoptosis
in vitro and suppress tumorigenesis in vivo [82]. A further study showed that miR-30a
demonstrated similar regulation of expression in MPNSTs via the EZH2–miR-30a–KPNB1
signalling pathway [83]. MiR-200b was found to be suppressed by EZH2, resulting in
EMT in MPNST cells, often thought to be one of the initial steps in metastasis [83]. Finally,
miR-34a expression is downregulated in MPNSTs relative to neurofibromas due to p53
inactivation, with exogenously increased expression of miR-34a demonstrating increased
apoptotic cell death [84].

Likewise, certain miRNAs in MPNSTs are upregulated. miR-21 expression levels
in MPNST clinical samples were significantly higher compared to NF samples [85], con-
gruent to its high levels of expression in multiple other types of cancers and soft tissue
tumours [133]. Inhibition of miR-21 in MPNST cell lines showed suppressed cell growth
and upregulated levels of its target protein, programmed cell death protein 4 (PDCD4),
which is known to act as a tumour suppressor gene and is upregulated during apopto-
sis [134]. It was further found that miR-21 inhibition decreased caspase activity, suggesting
that miR-21 plays a crucial role in modulating programmed cell death in MPNSTs [85].

2.5. Leiomyosarcoma

Leiomyosarcomas (LMS) are highly aggressive malignancies of smooth muscle tissues
which account for approximately 10% of all STS [135]. Uterine leiomyosarcomas (UMLS)
account for the single largest site-specific group of LMS and is also the most common
subtype of uterine sarcomas [135,136].

There are statistically significant differences in the expression of multiple miRNAs
between LMS and smooth muscle samples [137], endometrial stromal sarcomas [138] and
undifferentiated pleomorphic sarcomas [91], pointing towards a unique miRNA signature
which could be used for the detection and diagnosis of LMS. In LMS, high levels of miR-181b
were observed in both ULMS and soft tissue LMS, though to a greater extent in ULMS [90].
On the contrary, miR-152 down regulation was observed in LMS samples [89]. Transfection
of miR-152 into LMS cells resulted in decreased proliferation, increased apoptosis and
S-phase cell cycle arrest. This was coupled with downregulation of proto-oncogenes MET
and KIT mRNA and protein expression, which in turn was associated with a transient

189



Cancers 2023, 15, 577

down-regulation of the PI3K/AKT pathway [89]. In addition, overexpression of maternal
embryonic leucine zipper kinase (MELK), an oncogenic kinase [139,140], in ULMS showed
significant downregulation of miR-34a expression. The IL-6 receptor was identified as the
target gene of miR-34a, such that decreased miR-34a could induce the activation of the
JAK2/STAT3 pathway and a consequent anti-apoptotic mechanism [88].

2.6. Synovial Sarcoma

Synovial sarcoma is a high-grade mesenchymal neoplasm that accounts for 10% to
20% of all soft tissue sarcomas in adolescents and young adults [141,142].

Downregulation of miR-494-3p and miR-126 was discovered in synovial sarcoma
tumours [92,93]. Re-expression of miR-494-3p in synovial sarcoma cells was associated
with a decrease in cell proliferation and migration, along with apoptosis induction. CXCR4,
involved in tumour development and metastatic spread in a variety of cancers [143,144],
as well as synovial sarcoma cell migration and invasion [145], has been identified as a
potential target of miR-494-3p [92]. The long non-coding RNA HOTAIR was shown to
regulate the expression of miR-126 in synovial sarcoma, and miR-126 in turn targeted
SDF-1, a protein that modulates EMT, migration and proliferation in synovial sarcoma [93].

Likewise, oncogenic miRNAs involved in the potentiation of synovial sarcoma were
also reported. Overexpression of let-7e microRNA and miR-99b in synovial sarcoma were
found, and the downregulation of the two miRNAs using miRNA inhibitors resulted in
the suppression of cell proliferation, accompanied by an increased expression of their
putative targets, high mobility group (HMGA2) and SMARCA5 [94], both of which are
associated with the development of tumours [146–149]. miR-214 also played a role in
synovial sarcoma development by enhancing cytokine expression, though there was no
evidence to suggest that it could induce cellular growth, migration or invasion [96]. In
addition, miR-9 was found to induce EMT in synovial sarcoma cell via its target protein
CDH1, thereby activating associated MAPK/ERK and Wnt/β-catenin signalling pathways
and eliciting pro-tumorigenic effects and inhibiting apoptosis [97]. miR-17, expressed and
upregulated in synovial sarcoma, was shown to target p21 [98], a tumour suppressor shown
to induce growth arrest and differentiation in cancers [150]. Knockdown of miR-17 in turn
showed significantly decreased cell growth [98].

2.7. Fibrosarcoma

Fibrosarcomas are defined as a malignant neoplasm composed of fibroblasts with
variable collagen production [151]. miR-197-3p is downregulated in human fibrosarcoma
cells [100]; restoration of miR-197-3p levels inhibits fibrosarcoma cell viability, colony
forming and migration ability, and triggers G2-M phase cell cycle arrest and autophagy.
Ras-related nuclear protein (RAN) which is overexpressed in various cancers [152–154],
has been identified as a direct target of miR-197-3p. Exogenous expression of miR-197-
3p resulted in the suppression of RAN and the consequent attenuation of fibrosarcoma
cell proliferation and migration [100]. The miR-29 family (miR-29s) has also been found
to be under expressed in human fibrosarcoma cells [99]. It was further discovered that
MMP2, a pro-tumorigenic pro-angiogenic enzyme commonly overexpressed in metastatic
cancer [155,156], is a direct target of miR-29s. Ectopic expression of miR-29s resulted in
reduced MMP2 enzyme activity and inhibition of fibrosarcoma cell invasion [99]. Con-
versely, miR-520c and miR-373, overexpressed in fibrosarcoma cells, directly target mTOR
and SIRT1, which are negative regulators of MMP9 expression. An ectopic increase in
miR-520c and miR-373 levels therefore demonstrated a resultant increase in MMP9 activity,
enhancing cell migration and growth [101].

2.8. Angiosarcoma

Angiosarcomas are vascular sarcomas of endothelial cell origin [157]. Three microR-
NAs, miR-497-5p, miR-210 and miR-340 act as tumour suppressors and are downregulated
in angiosarcomas [102–104]. Theintroduction of miR-497-5p mimics in vitro inhibited cell
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proliferation, cell cycle progression, and invasion by downregulating MMP9 and cell cycle
related proteins cyclin D1 and p53. miR-497-5p was also found to target and repress the
calcium-activated potassium channel KCa3.1, such that the use of a KCa3.1 inhibitor or
miR-497-5p mimics in an in vivo angiosarcoma xenograft inhibited tumour growth [102].
miR-210 was shown to target E2F transcription factor 3 and ephrin A3, in which knockdown
of the two proteins resulted in angiosarcoma cell number reduction [103]. Finally, over-
expression of miR-340, an established tumour-suppressor in multiple cancers [158–160],
demonstrated growth inhibition and reduced invasion in angiosarcoma cells. Sirtuin
7 (SIRT7) was identified as a target gene of miR-340, with silencing of SIRT7 resulting in
the inhibition of angiosarcoma cell proliferation and invasion [104].

3. MicroRNAs in Prognostication of Soft Tissue Sarcomas

Recent studies have also reported the correlations between miRNA expression and
metastatic risk, tumour grade, overall survival and recurrence-free survival, indicating the
possible utility of miRNA-guided prognostication of soft tissue sarcomas. A summary of
the miRNAs involved in the prognostication of soft tissue sarcomas is found in Table 2.

Table 2. miRNAs that prognosticate for poor survival and metastasis in soft tissue sarcoma.

GIST

Poor patient survival

miR-494 (downregulation) [24]
miR-133b (downregulation) [33]
miR-1915 (downregulation) [161]
miR-196a (overexpression) [37]
let-7e (downregulation) [162]

Increased metastatic risk

miR-494 (downregulation) [24]
miR-133b (downregulation) [33]
miR-1915 (downregulation) [161]
miR-186 (downregulation) [163]
miR-196a (overexpression) [37]

miR-215-5p (downregulation) [164]

Liposarcoma
Poor patient survival

miR-26a-2 (overexpression) [49]
miR-135b (overexpression) [51]
miR-155 (overexpression) [39]

Increased metastatic risk miR-135b (overexpression) [51]

Rhabdomyosarcoma
Poor patient survival miR-206 (downregulation) [61]

miR-26a (downregulation) [67]

Increased metastatic risk miR-206 (downregulation) [61]
miR-486-5p (overexpression) [74]

Leiomyosarcoma

Poor patient survival miR-181b (downregulation) [90]

Increased metastatic risk
miR-15a (overexpression) [138]
miR-92a (overexpression) [138]
miR-31 (downregulation) [138]

Synovial sarcoma
Poor patient survival miR-214 (overexpression) [96]

Increased metastatic risk miR-494-3p (downregulation) [92]

3.1. Gastrointestinal Stromal Tumour

In GIST, smaller tumour size and a lower mitotic rate correspond with lower metastatic
risk [165]. Negative correlations between miR-494 expression and tumour size, mitotic
index, grade and survival were found. Kaplan–Meier analysis revealed that patients ex-
pressing weak levels of miR-494 had poorer overall survival [24]. miR-133b, downregulated
in GIST, has been found to target and suppress the expression of fascin-1 directly. Ele-
vated levels of fascin-1 expression were significantly correlated with shorter disease-free
survival, and several pathological features associated with a more aggressive phenotype
and metastasis, such as tumour size, mitotic counts, risk grade, blood vessel invasion
and mucosal ulceration [33]. In addition, low expression of miR-1915 has been correlated
with metastasis, shorter disease-free survival and overall survival using Kaplan-Meier
analysis [161]. Low miR-186 levels in GIST are also associated with metastatic recurrence
and a poor prognosis, with the inhibition of miR-186 resulting in the upregulation of a set
of genes implicated in cancer metastasis [163]. Furthermore, under-expression of let-7e
miRNA and the overexpression of its target genes were associated with poorer relapse-free
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survival [162]. miR-215-5p expression and the risk grade of GIST were also negatively
correlated [164]. In contrast, overexpression of miR-196a in GIST was associated with a
high-risk grade, a greater propensity for metastasis and poor survival [37].

3.2. Liposarcoma

Kaplan–Meier survival analysis revealed that overexpression of miR-26a-2 was sig-
nificantly correlated with poor patient survival in WDLPS, DDLPS and MLPS [49]. The
expression levels of miR-135b and THBS2 were associated with a higher risk of metas-
tasis, and accordingly correlated significantly with a poorer prognosis in MLPS/RLPS
patients [51]. Furthermore, miR-155 has been found as an indicator of unfavourable progno-
sis in LPS, with higher miR-155 expression levels associated with a worse overall survival
rate and relapse-free survival [39].

3.3. Rhabdomyosarcoma

In RMS, certain miRNAs are differentially expressed between fusion-negative RMS
and fusion-positive RMS (RMS with either PAX3-FOXO1 or PAX7-FOXO1 fusion onco-
genes) and therefore point toward varied clinical outcomes. Low miR-206 expression was
correlated with poor overall survival and was an independent predictor of shorter survival
in metastatic ERMS and fusion-negative ARMS. Low miR-206 expression also significantly
correlated with high SIOP stage and the presence of metastases at diagnosis [61]. Lower
levels of circulating miR-26a were found to be present in patients with fusion-positive
RMS as compared to fusion-negative RMS, and patients with progressive disease and
poorer overall and progression-free survival showed lower levels of miR-26a as well [67].
Furthermore, the PAX3-FOXO1 fusion protein, present in fusion-positive RMS, repressed
miR-221/222 that exerts anti-tumorigenic effects on RMS through the negative regulation of
cyclin D2, CDK6 and ERBB3. In contrast, PAX3-FOXO1 transcriptionally upregulates miR-
486-5p expression and promotes fusion-positive RMS proliferation, invasion and colony
formation [74].

3.4. Leiomyosarcoma

In LMS, miR-181b-5p was associated with recurrence-free survival, and high miR-181b
levels were found to be an independent predictor of recurrence-free survival regardless
of LMS subtype and tumour size [90]. Furthermore, a comparison between primary
and metastatic ULMS lesions showed relative overexpression of miR-15a and miR-92a
in metastatic ULMS, while miR-31 was relatively overexpressed in primary lesions in-
stead [138]. These three miRNAs control the expression of six different genes that are part
of the Wnt signalling pathway, including the Frizzled-6 precursor (FZD6) gene, which was
found to be of higher levels in metastatic ULMS samples. Subsequent siRNA silencing of
Frizzled-6 inhibited cellular invasion and impaired MMP2 activity in ULMS cells [138].

3.5. Synovial Sarcoma

In metastatic tumour samples of synovial sarcoma, downregulation of miR-494-3p
and increased expression of its potential target CXCR4 were more pronounced than in
non-metastatic tumours and healthy tissues [92]. High expression levels of miR-214 in
synovial sarcoma tumours were also correlated with poor prognosis and shorter overall
survival [96]. Interestingly, the correlation between serum miR-92b-3p levels and tumour
size was observed to be statistically significant, thus suggesting that serum miR-92b-3p
levels could reflect tumour burden in synovial sarcoma patients [95].

4. MicroRNAs in Treatment Resistance

miRNAs have also been shown to play a role in influencing the resistance of soft
tissue sarcomas to various forms of treatment (Figure 4). Reversal of miRNA expression
in resistant tumours has the ability to modulate tumour progression, demonstrating the
potential utility of miRNA-based therapy in the treatment of soft tissue sarcomas.
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Figure 4. Known microRNAs implicated in treatment resistance of soft tissue sarcomas.

Imatinib, a tyrosine kinase inhibitor, works by inhibiting KIT activation, thereby block-
ing the activation of the downstream MAP kinase and PI3K-AKT cell survival pathways.
Due to the prevalence of GISTs harbouring activating mutations in KIT, clinical manage-
ment of metastatic or recurrent GIST usually involves the use of a tyrosine kinase inhibitor
such as imatinib mesylate [166]. However, a number of GISTs may progress during or after
treatment with imatinib, posing a challenge to clinicians [167]. Recent studies show that
miRNAs play a role in modulating imatinib resistance in GIST, which could be useful in
guiding clinical management of imatinib-resistant GISTs, or even using miRNAs as a novel
therapeutic tool in the treatment of GIST.

miR-218 expression was found to be decreased in imatinib-resistant cell lines, but
subsequent ectopic overexpression of miR-218 in imatinib-resistant cells under the effect of
imatinib mesylate resulted in significantly decreased cell viability and increased apoptosis.
It was further suggested that the PI3K/AKT signalling pathways could play a role in this
mechanism [26]. Similarly, miR-21 increased the susceptibility of GIST cells to imatinib, with
miR-21-transfected GIST cells demonstrating increased growth inhibition and apoptosis in
response to imatinib treatment compared to controls [168]. miR-518a-5p, downregulated
in imatinib-resistant GISTs, was able to reduce imatinib-resistant GIST cell proliferation
and increase apoptosis when introduced exogenously. It is suggested that modulation of
PIK3C2A, the direct target of miR-518a-5p, affects the cellular response of GIST to imatinib
mesylate, thereby causing resistance [34]. Lower levels of miR-30a were also detected in
GIST cells with lower sensitivity to imatinib treatment, with imatinib treatment further
reducing miR-30a levels in GIST cells. miR-30a was found to increase susceptibility to
imatinib via Beclin-1 knockdown, which increased imatinib sensitivity in GIST cells. These
results were confirmed in mouse tumour models [169]. miR-130a suppression by the long
non-coding RNA HOTAIR increased autophagy and promoted imatinib-resistance in GIST,
through its target autophagy-related protein 2 homolog B (ATG2B) [170]. Interestingly,
GISTs with lower miR-320a expression showed significantly shorter time to imatinib resis-
tance, though the mechanism through which this was mediated was not indicated in the
study [171].

In contrast, overexpression of miR-125a-5p and miR-107 was associated with imatinib
resistance in GIST specimens. It was further shown that expression of the miR-125a-5p
target PTPN18 was suppressed in imatinib-resistant GIST samples, and that the silencing
of PTPN18 expression increased cell viability in GIST882 cells with a homozygous KIT
mutation subsequent to imatinib treatment. However, miR-125a-5p expression did not
modulate imatinib sensitivity in GIST48 cells with double KIT mutations [161]. It was also
observed that higher expression levels of phosphorylated FAK (pFAK), a downstream target
of PTPN18, were present in a GIST cell line with acquired imatinib resistance as compared
to its imatinib-sensitive parental cells. High FAK and pFAK levels were also associated
with KIT mutation status in clinical GIST samples. Treatment with a FAK inhibitor showed
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that it could reverse the imatinib-resistance effect due to miR-125a-5p overexpression and
cause reduced cell viability and increased apoptosis with imatinib treatment [172].

The use of miRNAs as potential biomarkers of imatinib resistance in GIST was studied
by Kou et al. who found that serum miR-518e-5p could discriminate imatinib-resistant
GIST patients from healthy controls and imatinib-sensitive GIST patients [173]. This could
have potential implications in the way detection and diagnosis of imatinib resistance is
made, thereby influencing clinical management.

In ARMS, the PAX3-FOXO1 fusion oncogene regulates chemotherapy and radio-
therapy tolerance [120]. Repression of the oncogenic miR-27a was found to play a role
in PAX3-FOXO1 mRNA destabilization and increased susceptibility of RMS models to
the chemotherapy drug vincristine. This downregulation of miR-27a could be achieved
through the use of the histone deacetylase inhibitor entinostat, which repressed the activity
of the chromatin remodeling enzyme SMARCA4 by inhibiting HDAC3 expression, thereby
downregulating miR-27a [80].

Higher levels of MELK were associated with doxorubicin chemoresistance in ULMS
cells. MELK overexpression in ULMS could induce M2 macrophage polarization via
the miR-34a/JAK2/STAT3 pathway, contributing to doxorubicin chemoresistance in the
tumour microenvironment [88]. In synovial sarcoma, miR-17 was able to confer doxorubicin
resistance by reversing the effects of doxorubicin in p21 expression [98].

A summary of the miRNAs implicated in treatment resistance in soft tissue sarcomas
may be found in Table 3.

Table 3. miRNAs implicated in treatment resistance in soft tissue sarcomas.

Type of Treatment Soft Tissue Sarcoma microRNA Involvement

Imatinib GIST

miR-218 [26]
miR-518a-5p [34]
miR-130a [170]
miR-320a [171]

miR-21 [168]
miR-30a [169]

miR-125a-5p [161,172]
miR-107 [161]

miR-518e-5p [173]

Vincristine Rhabdomyosarcoma miR-27a [80]

Doxorubicin resistance
Leiomyosarcoma miR-34a [88]

Synovial sarcoma miR-17 [98]

5. Conclusions and Future Directions

The exciting field of miRNA research has seen miRNA-based technology entering
pre-clinical and clinical settings as diagnostic and therapeutic tools for various diseases
in recent years. At present, several miRNA-targeted therapeutics for cancer have reached
clinical development, including the use of an miR-34 mimic (MRX34) encapsulated in
lipid nanoparticles for the treatment of multiple solid tumours and an miR-16 mimic for
the treatment of lung cancer [174]. However, important challenges to the clinical use
of miRNA-based therapies remain. The ability of miRNAs to target multiple different
mRNAs is a double-edged sword—while a single miRNA can regulate multiple cancer-
related pathways, off-target effects in healthy cells remain a significant concern. Thus,
identification of miRNAs specific to cancer cells, and directed delivery of miRNAs to target
sites to eliminate this risk is crucial. Furthermore, the delivery of miRNAs is in itself one of
the biggest hurdles for miRNA advancement into the clinical setting. Delivery associated
toxicity, immune response, and difficulties in transfection and biodistribution are but some
of the barriers facing safe and efficient miRNA delivery [175]. Therefore, the need for
rigorous evaluation of toxicity and target engagement is required to avoid early failure in
clinical trials.

In this review, three key areas in which miRNAs may be utilised in the management
of soft tissue sarcomas have been discussed: (i) prognostication, (ii) prediction of treat-
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ment resistance, and (iii) therapeutics. The use of miRNAs in the prognostication of soft
tissue sarcomas could guide clinical management by identifying patients who have higher
metastatic risk and thus require closer surveillance or a lower threshold for adjuvant treat-
ment. Studying miRNA expression in patient serum could also serve as a biomarker for
the earlier detection of disease relapse. Distinguishing which cancers are more amenable to
treatment options based on their miRNA signature could also increase the overall efficacy of
soft tissue sarcoma therapy. Furthermore, the prediction of treatment resistance to specific
agents can potentially guide systemic treatment choices in advanced soft tissue sarcomas.
Finally, miRNA-based therapies offer an appealing approach to cancer treatment because a
single miRNA can regulate multiple target genes and/or signalling pathways within cancer
cells. While few miRNA-based strategies have reached clinical routine, continuous ad-
vancements in this field offer great promise for their utility in diagnosing, prognosticating
and improving treatment outcomes for soft tissue sarcomas.
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Simple Summary: Therapeutic options for advanced soft tissue sarcoma (STS) are limited. Health-
related quality of life (HRQoL), along with traditional outcome parameters such as tumor control and
toxicity, is one of the most important endpoints for palliative STS treatment. The PazoQoL prospective,
randomized, controlled, multicenter study (EudraCT number 2017-003382-10, ClinicalTrials.gov
Identifier NCT0373575) was designed to assess the impact of treatment on HRQoL and patient-
reported outcomes. Although the study had to be terminated early due to the pandemic, some
valuable results were collected on the continuous recording of symptoms over a 9-week period and
on patient satisfaction with therapy. Our findings could be translated into clinical practice without
much effort and outside of a trial.

Abstract: The PazoQoL prospective, randomized, controlled, multicenter study was designed to
continuously assess global health related quality of life (HRQoL) during treatment with pazopanib
or physician-preferred chemotherapy over a 9-week period. The questionnaires were completed by
the patients at home with great reliability during this time period. Continuous electronic patient
reported outcome (ePRO) enabled early detection of the onset of deterioration and timely initiation of
countermeasures. The Cancer Therapy Satisfaction Questionnaire (CTSQ) showed high interindivid-
ual variability and decline over a 9-week period, whereas the Time Trade-off (TTO) proved to be an
efficient method for assessing individual benefit from cancer therapy. In our cohort, the TTO clearly
demonstrated that the prolongation of life and the side effect profile of continued therapy were not
as satisfactory as expected by patients when starting a new therapy. Although the study had to be
stopped early due to the pandemic, our findings could translate into clinical practice without much
effort and outside of a trial.

Keywords: soft tissue sarcoma; electronic patient reported outcome; health related quality of life;
randomized controlled trial; palliative treatment

1. Introduction

Patient-reported outcome (PRO) measures with the aim to capture health-related qual-
ity of life (HRQoL) from a patient‘s perspective and without the interpretation of caregivers

Cancers 2023, 15, 1233. https://doi.org/10.3390/cancers15041233 https://www.mdpi.com/journal/cancers
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are key outcome instruments in contemporary clinical trials for cancer treatment [1,2]. The
value added from electronic and mobile PRO, hereafter called “ePRO”, includes real-time
monitoring, support of therapy-management, lower administrative burden, fewer missing
data, and the possibility for immediate interactions [3,4]. Nevertheless, ePRO has not yet
been implemented into routine daily practice in soft tissue sarcoma (STS) and oncologists
in general demonstrate little familiarity and lack standardization of PROs [5,6].

Palliative treatment strategies should aim not only to prolong survival but, more impor-
tantly, to control and relieve symptoms, limit disease- and treatment-related morbidity, and
preserve the performance of activities of daily living as far as possible. This is particularly
important for palliative STS therapies, which offer only modest survival benefits.

HRQoL in general is a multidimensional construct that takes into account the impact
of a person’s health status on their life and can identify unmet needs during treatment
and in the follow-up period. It has been previously shown that HRQoL at baseline is a
prognostic factor for clinical outcome in various cancers [7,8]. Because HRQoL is based on
patient perceptions, relies on self-reflection, and is influenced by impairments, functional
status, and social background, all of these measures are useful in discussions with the
treating physician as part of shared decision making.

The PRO questionnaires currently in use, largely lack patients’ views of their expecta-
tions and satisfaction with therapy. However, such questionnaires have been developed
and validated for different types of cancer, especially for patients receiving intravenous or
oral cancer drugs [9,10].

The delicate balance between longer survival and disadvantages of palliative therapy
can be captured by the “Time Trade-off” (TTO) method. Two simple and straightforward
questions help in the decision-making process for continuing or stopping an ongoing
treatment. Patients are asked to rate their preference for quantity versus quality of life,
i.e., how much additional survival time a further line of cancer treatment would be worth
to them [11,12]. Previous studies that addressed this issue showed that oncologists value
prolongation of survival time more than quality of life (QoL) [13]. To date, TTO has rarely
been used in sarcoma trials.

Here, we present results of the PazoQoL trial, a randomized, controlled trial (RCT)
on QoL in patients with non-adipocyte STS under palliative treatment. The trial was
designed by the German Interdisciplinary Sarcoma Group (GISG-11; EudraCT number
2017-003382-10, ClinicalTrials.gov Identifier NCT0373575).

2. Materials and Methods

The multi-center, longitudinal PazoQoL study allowed patients with several STS sub-
types to be included. After progression of one or more lines of systemic STS therapies,
patients could be randomized in a 1:1 fashion and allocated to in-label use of the oral agent
pazopanib, a selective, multitargeted receptor tyrosine kinase inhibitor of vascular endothe-
lial growth factor receptor 1–3 (VEGFR-1–3), PDGFR-a, PDGFR-b, and KIT or systemic
treatment according to investigator’s choice. According to the study plan, 150 patients
should have been recruited, 75 in each arm.

HRQoL as well as other secondary outcome measures, were recorded continuously,
i.e., over the first 9 weeks of a new palliative treatment at the times indicated in the protocol
(8 in total, Figure 1).

The primary objective of the RCT was the comparison of global HRQoL under treat-
ment with pazopanib or physician-preferred chemotherapy (ChT) after 9 weeks.

Secondary objectives included QoL three times in cycle 1 and cycle 3 (corresponding to
weeks 1, 2, 3 and 7, 8, 9, respectively). Other objectives assessed cross-group evaluation of
pain, fatigue, and categories such as physical, mental, cognitive, and emotional wellbeing,
as well as anorexia/cachexia, both markers of HRQoL. Special attention was paid to
parameters of satisfaction with care.

HRQoL was measured applying the EORTC QLQ-C30, a well-validated, extensively
used instrument, consisting of 30 items to obtain different domains including five functional
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scales, symptom scales as well as global QoL. Higher scores (ranging from 0–100) represent
higher functioning and global HRQoL, while also describing higher symptom burden [14].

 
Figure 1. PazoQoL study design. STS, soft tissue sarcoma; V1–4, visit 1–4; HB, home based patient
reported outcome measures; PFS, progression free survival; OS, overall survival; ORR, objective remis-
sion rate; CBR, clinical benefit rate; QLQ C30, EORTC QoL questionnaire; BPI-SF, brief pain inventory;
CTSQ, Cancer therapy satisfaction questionnaire; FAACT, functional assessment of anorexia/cachexia
therapy; MDASI, M.D. Anderson symptom inventory; MFI, multidimensional fatigue inventory.

The Cancer Therapy Satisfaction Questionnaire (CTSQ) was used to record satisfaction
with therapy (Table 1). The calculation results in a score ranging from 0 to 100 for each
domain, with a higher score associated with the best outcome on each domain [9,10].

Table 1. Cancer therapy satisfaction questionnaire (CTSQ) domains. https://docplayer.net/51309772
-Administration-and-scoring-guide-for-the-cancer-therapy-satisfaction-questionnaire-ctsq.html (ac-
cessed on 12 February 2023).

CTSQ Domains Content of Items

Expectations of therapy
Return to normal life. Get rid of cancer. Prevent cancer
from coming back. Stop cancer from spreading. Help you
to live longer

Feeling about side effects
Cancer therapy (CT) limited daily activities. Upset about
side effects. Taking CT as difficult as expected. Were side
effects as expected

Satisfaction with therapy

Worth taking even with side effects. Think about stopping
CT. How worthwhile was CT. Benefits meet expectations.
Satisfaction with form of CT, Satisfaction with recent CT.
Would you take the CT again

All participants received tablet-computers with all questionnaires in electronic form
to be completed at home. The IT solution Digital Health Management from Compliance
Solutions GmbH was used to record and evaluate the patient responses. The tablets with

205



Cancers 2023, 15, 1233

SIM cards (mobile internet) were made available to the respective patients for 9 weeks each
to document the diaries.

The questionnaires had to be started by the clinic staff, who trained the patients in
their use. After completion of a 9-week patient diary phase, data had to be exported by the
clinic staff and then deleted from the device before the tablet had been given to another
patient. Access to other functions of the tablets had been blocked for patients.

The PazoQoL study was approved by the Ethics Committee of the State of Berlin (State
Office for Health and Social Affairs) and bears the number 17/0390—EK 15 and by the
Ethics Committee Northwestern and Central Switzerland (EKNZ) Project ID 2019-00386.

3. Results

The PazoQoL trial was terminated early due to low enrollment during the COVID
pandemic and no further funding provided thereafter. Ultimately, only 11 patients could be
randomized and 10 of them evaluated (Consort diagram, Figure 2). However, key elements
could be exploited despite the small number of patients.

 
Figure 2. Consort diagram. Arm A, pazopanib; Arm B, physician-preferred chemotherapy; SES,
safety evaluation set; FAS, full analysis set; PPS, per protocol set.

The PazoQoL study was able to demonstrate that a 9-week application of ePRO
appears to be sufficient to evaluate therapies for advanced STS in terms of HRQoL and
treatment satisfaction.

For the EORTC QLQ30 questionnaire, 92% of the data were complete, and for the TTO
and CTSQ questionnaires, the respective rate was 89%. The relatively short assessment
period of 9 weeks was therefore associated with a high patient adherence rate.

ePRO enabled tracking of short-term changes of symptoms that varied significantly
from patient to patient and over time and therefore did not reflect a general trend (Examples,
Figure 3).
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Figure 3. Examples of short-term fluctuations in symptoms.

(a) Ten individual and mean data for nausea and vomiting, EORTC QLQ-C30 question-
naire. Total mean plotted bold in grey (n = 10), pazopanib arm mean plotted bold in
red (n = 8), V1–4, symptoms recorded at regular visits 1–4, H1–4, home based ePRO
data (Figure 3 left).

(b) Ten individual and mean data for diarrhea, EORTC QLQ-C30 questionnaire. To-
tal mean plotted bold in grey (n = 10), pazopanib arm mean plotted bold in red
(n = 8), V1–4, symptoms recorded at regular visits 1–4, H1–4, home based ePRO data
(Figure 3 right).

Close monitoring and continuous ePROs facilitated early detection of incipient deteri-
oration and timely initiation of countermeasures.

The Cancer Therapy Satisfaction Questionnaire (CTSQ) has shown high interindivid-
ual variability and a decline over time (Table 2).

Table 2. Results Cancer Therapy Satisfaction Questionnaire (CTSQ). Given numbers are mean/SD
and (min–max); EoT, end of treatment; Score ranging from 0–100 for each domain, with a higher score
associated with the best outcome.

Domains All Patients, n = 10 Pazopanib Arm, n = 8

Expectations of
therapy

Baseline
EoT

43.89/28.7 (0–95)
36.25/31.48 (0–100)

37.86/29.56 (0–95)
35.71/33.96 (0–100)

Feelings about
side effects

Baseline
EoT

43.06/22.41 (12.5–75)
37.50/29.32 (0–87.5)

41.96/25.19 (12.5–75)
30.36/22.94 (0–62.5)

Satisfaction with
therapy

Baseline
EoT

17.00/4.21 (10–23)
15.00/6.21 (8–25)

16.43/4.35 (10–23)
13.57/5.09 (8–22)

The “Time Trade-off” (TTO), an efficient method for evaluating the individual benefit
of cancer therapy, yielded the following results: the additional lifetime, a patient would like
to gain if he or she is willing to undergo further treatment, increased significantly over time.
At the beginning of therapy, it was a median of 24 months; at the end of the study, it was a
median of 72 months. When asked how much additional survival time a patient would
sacrifice to be symptom-free with continued therapy, the responses were as follows: they
would sacrifice a median of 0 months of their lives to be symptom-free (Table 3). However,
there were individual patients who would sacrifice some time to be symptom-free. One
patient as an example would sacrifice 15 months at visit 1 (baseline) and 12 months at visit
4 (EoT), another patient would sacrifice 1 month at visit 4 after not sacrificing any time
at baseline.
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Table 3. Results Time Trade-off (TTO). Given are median (SD), EoT, end of treatment ChT, chemotherapy.

Parameter All Patients, n = 10

Extra time for ChT (months) Baseline
EoT

24 (12–72)
72 (54.5–72)

Time for being symptom-free (months) Baseline
EoT

0 (0–0)
0 (0–0.25)

4. Discussion

PazoQoL has shed light on various aspects for the implementation of ePRO from
research to routine and provides recommendations for its use in palliative STS therapy,
where individual patient perspectives and preferences are of the utmost interest.

In our study, home-based use of ePRO enabled symptom capture in real time and
independent of scheduled visits. A recently published RCT [15] with continuous home
measurements was also able to provide a more detailed HRQoL profile and thus, better
capture symptom fluctuations.

Satisfaction and expectations with treatment are closely related to decision making
and treatment adherence. For this reason, we applied the Cancer Therapy Satisfaction
Questionnaire (CTSQ) in our study. To our knowledge, this questionnaire has not been pre-
viously used to assess palliative STS therapies. High interindividual variability and decline
over time have been observed. Therefore, we consider these personalized statements to be
highly relevant and support their implementation in daily clinical practice.

Of particular interest is the TTO, an efficient method of assessing the individual and
subjective benefit of a cancer therapy. The results of our cohort clearly indicate that the life
extension and side effect profile of continuing therapy were not as satisfactory as expected
by patients at the start of a new therapy. Our findings are particularly noteworthy because
a detailed and informative discussion with the treating physician took place as a standard
procedure in every patient before the start of a next line of therapy. The discrepancy in
the different perceptions of the doctor and his patient is a phenomenon that is generally
underestimated [13]. Attention to this should be increased and the patient should be given
the opportunity to express his concerns in more detail, e.g., to rule out depression as a
reason for his current statement.

In order to keep patients’ motivation high to complete the ePRO questionnaires,
its application should not exceed a certain time frame, 10–15 min per session might be
appropriate (expert opinion). A careful selection of questions covering relevant domains
is therefore required. For daily clinical practice, we suggest using a generic and well-
established instrument (e.g., the EORTC QLQ-C30 questionnaire) to capture a wide range
of symptoms and HRQoL topics and to compare the results with data from ongoing and
completed studies. The average time spent completing the QLQ-C30 was reported to be
9 and 7 min before and during treatment, respectively. In our cohort, this time requirement
was even lower, at 5.5 and 4 min, respectively. To assess satisfaction with treatment, we
suggest including a brief “satisfaction and expectations” questionnaire and the two “Time
Trade-off” questions, which take an additional 7–10 min to complete in total (Table 4.).

There will be some costs associated with implementing ePRO in daily clinical prac-
tice [16], but these costs are disproportionate to the drug costs that are expected to be
recovered as a result. It is noteworthy that regulatory authorities are now paying greater
attention to PRO data in their drug approval decisions, in fact, recommendations have
already been issued by the U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) [17,18]. One could also imagine that the cost of ePRO could be
borne by the pharmaceutical industry in terms of quality of care.

Our RCT is subject to several limitations. Only a small fraction of the planned patients
could be recruited due to reasons already mentioned and thus, a majority of the secondary
endpoints could neither be reliably evaluated nor could a comparison be made between
the two study arms. Nevertheless, our study clearly demonstrates that satisfaction with

208



Cancers 2023, 15, 1233

palliative treatment is a valuable endpoint that can be readily implemented in clinical
practice as a suitable tool for shared decision making.

Table 4. Proposal for ePRO in daily clinical practice for advanced STS. CTSQ, Cancer Therapy
Satisfaction Questionnaire, QoL, quality of life, STS, soft tissue sarcoma.

Captures Questions Time Spent

EORTC QLQ-C30 Physical, psychological & social functions 30 4–5 min

CTSQ Satisfaction with therapy 16 5–10 min

Time Trade-off QoL 2 2 min

5. Conclusions

For daily clinical practice, electronic tools need to be developed further to provide
patients with regular reminders and incentives, such as information about their disease,
strategies to cope with symptoms, or to enable a prompt way to contact the care team. Data
security is a challenge that needs to be harmonized. Since electronic health care systems are
being developed worldwide, it is only a matter of time before the infrastructure for ePRO
will be widely available and only the contents of choice need to be filled in.

HRQoL, along with traditional outcome parameters such as tumor control and toxicity,
is one of the most important endpoints for palliative STS therapies.
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Simple Summary: Although immunotherapy has revolutionized the standard of care of many
cancers, its efficacy in soft tissue sarcomas has been disappointing so far. Nevertheless, some recent
studies have reported meaningful activity in a few selected histotypes, especially alveolar soft part
sarcoma (ASPS). Furthermore, emerging biomarkers, such as the presence of tertiary lymphoid
structures, seem to be predictive of the efficacy of immune checkpoint inhibitors. Finally, innovative
therapeutic agents (especially adoptive T-cell therapies) and the combination of immunotherapeutic
agents with other therapies such as tyrosine kinase inhibitors represent promising prospects.

Abstract: Sarcomas gather a heterogeneous group of mesenchymal malignant tumors including more
than 150 different subtypes. Most of them represent aggressive tumors with poor prognosis at the
advanced stage, despite the better molecular characterization of these tumors and the development
of molecular-driven therapeutic strategies. During the last decade, immunotherapy has been de-
veloped to treat advanced cancers, mainly thanks to immune checkpoint inhibitors (ICI) such as
anti-PD1/PDL1 and later to adoptive immune cell therapies. In this review, we aim to summarize the
state of the art of immunotherapy in soft tissue sarcomas (STS). Overall, the clinical trials of ICI that
included a wide diversity of STS subtypes reported limited efficacy with some outlying responders.
Both emerging biomarkers are of interest in selecting good candidates and in the development of
combination therapies. Finally, the recent breakthroughs of innovative adoptive therapies in STS
seem highly promising.

Keywords: soft tissue sarcomas; immunotherapy; immune checkpoint blockade; adoptive T-cell ther-
apies

1. Introduction

Sarcomas gather a wide and heterogeneous group of rare malignant tumors of mes-
enchymal origins, representing less than 1% of all adult malignant tumors and 20% of
childhood solid cancers [1–3]. They may occur on any site, at any age and are usually
divided into soft tissue sarcomas (STS) and bone sarcomas. Furthermore, significant hetero-
geneity remains within these two subgroups, so that more than 150 distinct subtypes are
described in the latest (fifth) WHO (World Health Organization) Classification of Soft Tissue
and Bone Tumors [4]. Complete en-bloc R0 surgery is the cornerstone of the management
of localized STS whereas the treatment of advanced STS remains challenging due to the
rarity and the clinical and biological heterogeneity of these diseases [5]. Patients are treated
with conventional chemotherapy (doxorubin, ifosfamide, etc.) or antiangiogenic tyrosine
kinase inhibitors (TKI) (pazopanib), with a 3–6-month median progression free survival
(PFS) and an 18-month median overall survival (OS) [6–8]. Therefore, advanced/metastatic
STS represent a high unmet medical need.

Modern immunotherapy has been flourishing in the last decade, witnessing a signif-
icant expansion in the treatment of many solid and hematologic cancers [9]. Sarcomas
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were first suggested as good candidates, due to an historical rationale. Indeed, the first
immunotherapy was practiced in the 19th century by Coley [10], with the inoculation of
erysipela samples directly into a sarcoma during surgery. He then observed tumor shrink-
age, which is believed to be induced by the recruitment of immune cells. Nevertheless, early
experiences with immunotherapy in trials recruiting unselected STS subtypes have been
disappointing. Regardless, significant efficacy has been observed in a subset of patients
and/or with genetically modified T cell-based adoptive immunotherapy approaches.

We conducted a literature review to describe the current approaches to immunotherapy
in STS. Here, we discuss the current state of immunotherapy for STS, the ongoing clinical
trials evaluating immune checkpoint inhibitors (ICI), alone or in combination, or adoptive
cellular therapy and the investigations to identify predictive biomarkers.

2. Immune Checkpoint Inhibitors in STS: Therapeutic Options

2.1. ICI Trials (Mono or Dual Blockade)

During the last five years, a few clinical trials have been conducted to evaluate ICI in
STS, targeting regulators of the immune response by blocking the PD1/PDL1 and CTLA4
axes. In the last decade, ICI have dramatically changed the vision of cancer management
by emphasizing the importance of the immune system in cancer growth, contrasting with
the previous, inefficient immunotherapy mostly based on the use of vaccines. Each step
in T cell-mediated immunity is regulated by counterbalancing inhibitory signals, which
are commonly overexpressed in tumor cells or in the tumoral microenvironment. Immune
checkpoint receptors expressed by T cells or antigen-presenting cells, such as PD1/PDL1
and CTLA4, when combined to their ligand, induce immune tolerance. ICI are antibodies
that target and prevent the inhibitory ligand–receptor interaction and can therefore activate
the immune system [11] (Figure 1).

Figure 1. Mechanism of action of the most common ICI.

The results of these studies remain modest overall, in light of the fact that they include
all patients with no preselection. The first study conducted by the MSKCC (Memorial Sloan
Kettering Cancer Center) evaluated ipilimumab (anti-CTLA4) in patients with metastatic
synovial sarcomas [12]. This study was closed prematurely due to the lack of both inclusion
and efficacy, with only six patients enrolled and no objective response (OR). The PEM-
BROSARC trial, conducted by the French Sarcoma Group (FSG), was therefore the first
completed phase II study to assess the efficacy of pembrolizumab (anti-PD1) combined
with metronomic cyclophosphamide, to convey its immunomodulatory properties [13].
The results were disappointing, with a partial response (PR) of only 1/50. Despite the
negative result, this study has fueled the first hypotheses concerning the mechanisms
of immune evasion, in particular via macrophage infiltration and the activation of the
IDO (indoleamine 2,3 dioxygenase) pathway. Shortly after, the American phase II study
SARC028 tested pembrolizumab as a monotherapy on 80 patients, half of whom had STS
and the other half of whom had bone sarcomas [14]. Seven out of 40 patients (18%) with
STS had an OR, including 4/10 patients with undifferentiated pleomorphic sarcoma (UPS)
and 2/10 patients with dedifferentiated liposarcoma (DD-LPS). Finally, the third pivotal
phase II study was Alliance A091401, evaluating nivolumab (anti-PDL1) alone or with

212



Cancers 2023, 15, 1643

ipilimumab [15]. An OR was achieved in 5% (N = 2/38) of patients in the nivolumab group
and in 16% (N = 6/38) of patients in the combination group, including patients with ASPS,
angiosarcoma, UPS and DD-LPS. In addition, expansion cohorts have been developed to
explore the activity of UPS and DD-LPS with response rates of around 23% and 10%, respec-
tively [16]. Overall, these results suggest that immunotherapy might have a therapeutical
impact on STS, especially in combination with other therapies, which highlights the need
for the identification of a predictive biomarker.

Furthermore, immunotherapy seemed to cause meaningful clinical activity in some
selected histological subtypes, especially ASPS, an ultra-rare subtype of STS [17,18]. A
neoepitope arising from the ASPL::TFE3 fusion protein itself has been speculated to be
immunogenic [19,20], even though the exact rationale for their increased sensitivity to
immunotherapy remains unclear. As of today, more than 150 patients with ASPS have
been treated in clinical trials evaluating anti-PD1/PDL1, with response rates ranging from
7.1% to 54.5% depending on the study [21,22]. The more recent study was a single-arm
phase II study that evaluated atezolizumab in ASPS patients, showing an OR rate of 37.2%
(16/43). Importantly, the median duration of the confirmed response was 16.5 months
(range: 4.9–38.1 months). Although there is no clear predictive factor for treatment response,
some hypotheses arise, such as the prior failure of TKI [23] or CD8+ infiltration and PD-
L1 expression [21], but investigations need to be pursued, possibly through genomic
and transcriptomic landscape evaluation. In light of these results, the Food and Drug
Administration (FDA) recently approved atezolizumab for patients with unresectable or
metastatic ASPS (9 December 2022). As for angiosarcomas, multiple case reports find
a meaningful activity signal [24–27], which is partly explained by a mutational profile
linked to DNA damage caused by UV exposure, as is the case of face and scalp cutaneous
angiosarcomas [28]. An angiosarcoma cohort was extracted from the trial evaluating dual
inhibition by anti-CTLA4 and anti-PD1 in rare tumors (DART) [29]. The ORR observed
was 25% among the 16 studied patients. The 6-month PFS rate was 38%. A confirmed
response was observed in 60% of patients (3/5) with primary cutaneous scalp or face
tumors, supporting the theory about UV exposure. Otherwise, in a phase II trial, single-
agent pembrolizumab caused significant and prolonged antitumor activity in a few selected
rare sarcoma histotypes, mostly in ASPS (8 of 17 patients with an objective response), but
also in chordoma and SMRT (SMARCA4 deleted/malignant rhabdoid tumor) [30].

All those data support ICI (mono or dual blockade) as efficient therapeutics only in
patients with selected subtypes of STS. Nevertheless, we are still facing the limited efficacy
of classical ICI in most STS trials, and those disappointing results are largely related to
non-optimal patient selection. Furthermore, other strategies consist of combining ICI with
other classical treatments.

2.2. Combination with Tyrosine Kinase Inhibitors

Several clinical trials have assessed the association of ICI with TKI, in particular
targeting the VEGF pathway. In a phase II study combining the pan-VEGFR inhibitor
axitinib with pembrolizumab, some remarkable responses or ORR were observed in 7
of 12 patients with ASPS (58%), but only two responses out of 21 (10%) among other
STS patients (1 with epithelioid sarcoma and 1 with leiomyosarcoma) were observed [22].
Importantly, all patients with ASPS who had biopsy samples in this study expressed PD-L1
and most had high tumor lymphocyte infiltration scores, consistent with the so-called
“inflamed phenotype” observed in melanoma and other cancers that respond to ICI. The
median PFS was 12.4 months (95% CI 2.7–22.3) in ASPS patients, and the combination
showed acceptable toxic effects, consistent with previous clinical trials of the drugs used
as monotherapies. Another phase II study assessing the combination of sunitinib with
nivolumab included 58 evaluable patients with STS. The objective response rate was 21%,
mainly including patients with ASPS and angiosarcomas but also clear cell sarcomas,
extraskeletal myxoid chondrosarcomas and synovial sarcomas. The PFS at 6 months was
48% and the 18-month overall survival proportion was 100% for those with an objective
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response [31]. Many additional studies are underway. Nevertheless, with the response
rate remaining low in an unselected population, it remains crucial to identify biomarkers
to help in therapeutic decisions. Furthermore, a trial comparing ICI alone versus ICI plus
antiangiogenic therapy would be of interest.

2.3. Combination with Chemotherapy

Chemotherapy has been proposed to overcome resistance to immunotherapy in sarco-
mas, aiming at rewiring the immune-cold/immunosuppressive microenvironment. Clinical
trials have tested agents that promote T-cells while downregulating Treg lymphocytes,
immunosuppressive tumor-associated macrophages or immunosuppressive cytokines,
thanks to a direct immune effect or immunogenic cancer cell death. As seen before, the
PEMBROSARC study [13] aimed to evaluate the combination of metronomic cyclophos-
phamide, which has demonstrated the ability to suppress Treg lymphocytes and promote
the development of T and NK lymphocytes, with pembrolizumab. Another strategy is
based on the ability of anthracyclines to generate pro-inflammatory cytokines and damage-
associated molecular patterns (DAMPs), activate the production of pro-inflammatory factor
IFN1, deplete immunosuppressive cells and boost antigen presentation [32]. Based on
this hypothesis, two phase II studies evaluated the combination of doxorubicin with pem-
brolizumab, in advanced or metastatic sarcomas. The OR rate was 19% in the first study,
which included STS and osteosarcomas [33], and 36.7% in the second study, which included
only STS [34]. The median PFS was 8.1 months (95% CI, 7.6–10.8) and 5.7 months (95% CI,
4.1–8.9), respectively, to put into perspective the 6.8-month median PFS with doxorubicin
alone in a recent study [6]. Importantly, the heterogeneity between those two studies
might be explained by the disparity between the two populations (in terms of histological
subtypes). Moreover, some of the patients included could have been pre-treated with
chemotherapy. In other cancers, immunotherapy alone or in combination with another
therapy seems to be more efficient in the early course of the disease possibly due to in-
creasing immune exhaustion over time and treatments. A typical example is small cell
lung cancer [35], gastric [36] or triple-negative breast cancer [37], where first-line setting
chemo-immunotherapy reached OS improvement whereas it failed in further lines of treat-
ment. The relevance of bringing a chemo-immunotherapy combination to an earlier setting
like the first-line treatment of the disease could be questioned. The rationale for the use of
cytotoxic chemotherapy in combination with immunotherapy remains substantial and still
need to be explored. Some innovative research approaches are ongoing, for example the
use of different chemotherapies associated with a single or double blockade doxorubicin
+ ifosfamide (NCT04356872, NCT04606108), gemcitabine (NCT04577014, NCT03123276,
NCT04535713), trabectedin (NCT03138161), eribulin (NCT03899805), etc.

2.4. Combination with Radiation Therapy

Radiation therapy is known to synergize with immunotherapy by inducing immune
cell death. Indeed, it increases the level of calreticulin, ATP and HMGB1. By inducing these
DAMPs, radiation may transform low-immunogenicity STS into so-called “hot” tumors,
allowing better ICI efficacy. It is also believed to increase the presentation and diversity
of tumor-specific antigens. Radiation-triggered immunogenic cell death releases tumor
antigens, tumor cell DNA, cytokines and other danger signals [38]. For example, DNA
double-strand breaks activate the pro-inflammatory cGAS–STING pathway [39]. Moreover,
genetic damage caused by radiation increases the mutation load and leads to the generation
and release of neoantigens, promoting the formation of antigen-presenting cells and thus
activating T lymphocytes. The immunological microenvironment altered by irradiation also
promotes tumor cell destruction. Changes in the endothelium of tumor blood vessels allow
the enhanced migration of the immune cells to the tumor [40,41]. Based on the results of the
SARC028 trial reporting encouraging results in UPS and DD-LPS, the SU2C–SARC032 trial
aimed to evaluate perioperative pembrolizumab in 105 patients, with these two specific
histological subtypes, who had had neoadjuvant radiotherapy [42]. To achieve the best
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synergies between ICI and radiotherapy, the sequence, dose and fractionation need to be
optimized. Preclinical studies have shown that a high-dose per fraction is correlated with a
better tumor immune response [43]. In addition to fractionation, one of the most crucial
matters is the optimal timing of irradiation. Although there is a debate about sequential or
concomitant ICI and radiotherapy, recent clinical data from a PACIFIC trial on non-small
cell lung cancer showed survival benefits in the subgroup of patients receiving durvalumab
within 14 days after irradiation. This could have been due to the recruitment of newly
activated T cells that could destroy both tumors and distant metastases [44]. Although
biological springs of the synergy between radiotherapy and immunotherapy still need to
be explored, there is a strong rationale for adding ICI to irradiation in sarcoma settings.

Despite the diverse combinations, ICIs are still struggling to find their place in the
therapeutic arsenal for the treatment of sarcomas, with variable ORR and PFS depending
on the studies (Table 1), which reinforces the need to find effective biomarkers.

Table 1. Responses to checkpoint inhibitors and combinations in sarcomas.

Trial Target ICI
Combination

Drug
ORR

Median PFS
(Months) [95% CI]

PEMBROSARC
Toulmonde et al. [12] 57 STS 1 Pembrolizumab Cyclophosphamide 2% 1.4 [1.2–1.4]

SARC028
Tawbi et al. [13] 40 BS 2/40 STS 1 Pembrolizumab None

BS 2 5% 2 [1.8–2.3]
STS 1 18% 4.5 [2–5.3]

SARC028 (expansion
cohorts)

39 DDLPS 3 and
40 UPS 4 Pembrolizumab None

DDLPS 3 10% 2 [2–4]
UPS 4 23% 3 [2–5]

Alliance A091401
D’Angelo et al. [14]

43 and 42 all
sarcoma

Nivolumab +/−
ipilimumab None

Nivo 5% 1.7 [1.4–4.3]
Nivo + ipi 16% 4.1 [2.6–4.7]

DART
Wagner et al. [27] 16 AS 5 Nivolumab +

ipilimumab None 25% NA

Wilky et al. [21] 33 STS 1 Pembrolizumab Axitinib 25% 4.7 [3.0–9.4]

Martin-Broto et al.
[29] 58 STS 1 Nivolumab Sunitinib 21% 5.6 [3.0–8.1]

Pollack et al. [31] 37 all sarcoma Pembrolizumab Doxorubicin 19% 8.1 [7.6–10.8]

Livingston et al. [32] 30 STS 1 Pembrolizumab Doxorubicin 36.7% 5.7 [4.1–8.9]

Somaiah et al. 57 all sarcoma Durvalumab +
tremelimumab None 14.3% 4.5 [2.8–6.9]

1 STS: soft tissue sarcoma; 2 BS: bone sarcoma; 3 DDLPS: dedifferenciated liposarcoma; 4 UPS: undifferentiated
pleomorphic sarcoma; 5 AS: angiosarcoma.

3. Immune Checkpoint Inhibitors in STS: Challenge of Patient Selection
and Stratification

As seen in the previous studies, the greatest challenge remains the improved selection
of the patients most likely to benefit from immune therapy. Different hypotheses can be put
forward, based on patients’ tumor and/or pharmacological characteristics. Nevertheless,
it is crucial to define objective biomarkers, which would allow the selection of the best
candidates, as seen in other types of cancers with PDL1 and CPS scores, for example. To
date, the investigations are still ongoing, as the biomarkers used to predict responses to ICI
in other types of cancers do not seem to be as predictive in sarcomas.
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3.1. PD1/PD-L1 Expression

PD1/PD-L1 is an efficient biomarker motivating ICI prescription in several cancers,
based on results such as PDL1 staining, combined positive score (CPS) or tumor propor-
tion score (TPS) [45]. In the case of STS, some studies suggest that elevated PD1/PD-L1
expression is associated with worse OS, while others suggest it is associated with favorable
OS [46,47]. These controversial data might be explained by various confounding factors,
such as the use of different antibody clones, different thresholds, the limitations of assays,
and the disparity between the histological subtypes included, on top of sampling bias.

3.2. Tumor-Infiltrating Lymphocytes (TILs)

A biomarker more recently investigated in immunotherapy is the presence of TILs,
which are white blood cells involved in innate and adaptive immunity, located in the tumor
or in its stroma. As for PD-L1, the results of investigations remain conflicting, considering
it either a positive or negative prognostic factor [48]. The genuine composition and role
of these structures remain underexplored and can be different based on the tumor or the
patient, either activating or suppressing immunosurveillance. Depending on the techniques
used, some of the stromal TILs might be under-evaluated. It has been shown that patients
with a greater population of CD8+- or PDL1-positive macrophages are better responders
to pembrolizumab, compared to patients with a bigger proportion of immune regulation
cells at the baseline. This was confirmed in sarcomas in a correlative analysis of SARC028,
which established a correlation between the response to pembrolizumab and high densities
of activated T cells (CD8+ CD3+ PD-1+) and an increased percentage of tumor-associated
macrophages (TAM) expressing PD-L1 pre-treatment compared with non-responders [49].

3.3. Tumor Mutational Burden (TMB)/MicroSatellite Instability (MSI)

Tumor mutational burden (TMB) and microsatellite instability (MSI) are useful biomark-
ers in other cancer types, as the more mutated the tumor is, the more efficient the im-
munotherapy is expected to be. Unfortunately, sarcomas have a rather low TMB, with
an average of 1.06 mutations/Mb, as reported in TCGA analysis [50]. Nevertheless, this
TMB was heterogeneous with some tumors exhibiting a TMB of ≥10 mut/Mb, especially
angiosarcomas (7.6%) and UPS (6.7%) [51]. Therefore, some particular histological sub-
types may benefit from immunotherapy through a high TMB, such as STS caused by
UV-associated mutations: face and scalp angiosarcomas and subcutaneous malignant
peripheral nerve sheath tumors (MPSNT) [52]. The Angiosarcoma Project (ASCproject)
is a research study that recently reported the results from a cohort of 47 angiosarcomas:
10 cases of the scalp and face had a median TMB of 20.7 mutations per megabase (Mb), and
37 cases of other localizations had a median TMB of 2.8 mutations per Mb [53]. Among
the 10 angiosarcomas of the scalp and face, two had received ICI and showed remarkable
and durable responses, while the three treated with anti-PD1 from the rest of the cohort
did not benefit from it. These results are encouraging despite the very limited sample
size. In other types of cancers, the identification of a MSI-high signature status directly
allowed the use of pembrolizumab, implying the strength of this predictive factor. The
small proportion of MSI in sarcomas (4/1893 sarcomas in the MSK cohort including 1 UPS,
2 uterine leiomyosarcomas and 1 leiomyosarcoma) seems too low to consider the use of
this biomarker in routine practices [51].

3.4. Tertiary Lymphoid Structure (TLS)

More recent research has consisted of finding immune cell signatures by studying
transcriptomic data, allowing us to identify immune cell signature clusters (low, mod-
erated or high), named sarcoma immune classes (SIC). Petitprez and al. have recently
demonstrated the correlation of immune cell signatures with responses to anti-PD1 therapy.
Hence, patients in SIC-E class, which gathers a high immune activity signature sarcomas
are more likely to have an objective response and a better PFS [54]. Some further analyses
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have demonstrated that class E was characterized by the presence of tertiary lymphoid
structures (TLS) that contained T cells and more specifically DC LAMP+ dendritic cells and
CD20+ B cells, which are the strongest prognostic factor even in the context of high or low
CD8+ T cell and cytotoxic contents. TLS are organized aggregates of immune cells, not
found under physiological conditions, but arising in the context of infection, auto immune
diseases or, in this case, cancer. Their composition is very similar to that of secondary
lymphoid organs, such as lymph nodes (Figure 2). This work discloses the potential of
B-cell-rich TLS as a new to with which to select patients. Furthermore, an extended cohort
of 48 TLS-positive STS patients out of 240 screened from the PEMBROSARC trial has
emerged and resulted in an encouraging outcome. Indeed, among the 35 evaluable patients,
the clinical benefit rate (CBR) was 63% (OR = 30%; SD = 33%), in comparison with the
2% OR when analyzing the whole population without prior selection. The median PFS
and OS were 4.1 and 14.5 months, respectively [55]. Apart from the promising results of
these two studies (Table 2), the CONGRATS study (NCT04095208), still recruiting, includes
STS patients with a sarcoma enriched with TLS, evaluating treatment with nivolumab,
anti-PDL1, which is associated with anti-LAG3, and relatlimab. The expression of LAG-3
in tumor immune cells has been observed in various tumors. It involves inhibiting a check-
point on the surface of T cells by blocking lymphocyte activation gene 3. Preliminary data
suggest that the dual blockade of LAG-3 and PD-1 has the potential to improve efficacy
without substantially increasing toxicity compared to a PD-1 blockade alone. Another study
(SPARTO and NCT05210413) evaluates the combination of spartalizumab (anti-PD1) and
low-dose pazopanib in solid tumors including TLS-positive STS. Overall, further studies
are needed to validate this biomarker, but it seems like another important step in the path
of the optimized selection of patients.

Figure 2. Composition of a tertiary lymphoid structure.

Table 2. Responses to checkpoint inhibitors in SIC-E and TLS+ STS.

Trial ICI ORR

SARC028 [14,54,56] Pembrolizumab
Overall population (N = 47) 21.2%

SIC-E Class (N = 10) 50% (with 1 CR)

PEMBROSARC
[13,55] Pembrolizumab

Unselected population
(N = 50) 2%

TLS+ STS (N = 35) 30%

4. Adoptive Cellular Therapies: A New Opening Door in Sarcomas

As discussed before, one of the principles of immune evasion implies a lack of neoanti-
gens or a defect in the antigen presentation and recognition pathway, preventing patients’
immune systems from generating an adequate immune response to the invasion of the
cancer. T lymphocyte activation requires an interaction between a T cell receptor (TCR)
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and the major histocompatibility complex (MHC). Thus, it is important to educate the
host’s immune system by exposing T cells to the tumor antigen for them to develop specific
receptors and expand them to develop high-quality and high-avidity antigen-specific T-cell
clones. Adoptive cellular therapy is a personalized treatment that involves the isolation of a
patient’s own immune cells, their ex vivo modification and expansion and their reinfusion,
thus bypassing antigen presentation. Promising results have been attained in hematologic
malignancies by using T cells transduced with vectors encoding TCRs recognizing HLA
I-restricted antigens or with chimeric antigen receptors (CARs) recognizing cell surface
proteins [57,58]. This cutting-edge technology requires investigations to find an antigen
that is solely, or predominantly, expressed by tumor cells. The increased difficulty when
it comes to sarcomas is due to their high heterogeneity, thus implying that there is a vast
diversity of the selected antigens both in terms of histological subtypes but also within a
single tumor.

4.1. Engineered T Cell Receptor Therapy

To redirect T cells against tumor cells, they can be engineered ex vivo to express cancer-
antigen-specific T cell receptors (TCRs), generating products known as TCR-engineered
T cells (TCR T). TCRs recognize HLA-presented peptides derived from the proteins of all
cellular compartments, and this requires the presence of matched HLA allele subtypes
in patients. As seen before, it is crucial to find a reliable neoantigen. Some cancer testis
antigens (CTA), such as antigens with MAGE and NY-ESO expression in synovial sarcoma
(SS) and myxoid LPS (MLPS), are exceptionally high in quantity and homogenous, ranging
from 49% to 82%. While the normal function of the proteins remains elusive, NY-ESO-1 has
been shown to interact with MAGE-C1 and may be important in tumor cell proliferation
and tumor survival by the inhibition of p53 [59,60]. Afamitresgene autoleucel (afami-cel)
and Letetresgene autoleucel (lete-cel) are two experimental therapies based on genetically
engineered T cells. They consist of autologous CD4+ and CD8+ T cells that have been
genetically modified to express a T-cell receptor (TCR) recognizing MAGE-A4 (afami-cel)
or NY-ESO1 (lete-cel) bound to human leukocyte antigen A*02 (HLA-A*02) to induce
anti-tumor responses in patients with SS and MLPS expressing those CTA. Afami-cel
has been investigated in a phase I and a phase II trial dedicated to SS and MRCL MLPS
(SPEARHEAD-1, NCT04044768) that is still recruiting. The preliminary results of the phase
II trial was presented at the ASCO meeting in 2021 [61]. Among the 32 patients who
received afami-cel at the data cut-off, 25 were evaluable for preliminary efficacy (23 with
synovial sarcoma and 2 with MRCLPS). The investigator-assessed responses were for CR
(2 patients), PR (8 patients), SD (11 patients) and PD (4 patients). Interestingly, 9 of the
10 responders had ongoing responses at the data cutoff. A pooled analysis from phase I
of NCT03132922 and SPEARHEAD-1 gathered the data from 69 MAGE-A4+ patients and
displayed 36.2% objective responses [62]. The efficacy and safety of lete-cel have also been
previously evaluated in a phase I and a phase II clinical (NCT01343043 and NCT02992743).
The preliminary efficacy results of phase I [63–65] reported impressive responses (50% and
40% objective responses for SS and MLPS, respectively, in patients who had received a high-
dose lymphodepletion regimen, including 1 complete response). In addition, responses
deepened over time and were durable; responses were ongoing in four patients (two with
SS and two with MLPS). These preliminary data demonstrate that afami-cel and lete-cel
are efficacious in heavily pre-treated patients (Table 3). Importantly, the safety profile
has been favorable, with mainly a low-grade cytokine release syndrome (≤Grade 2) and
tolerable/reversible hematologic toxicities being directly correlated to lymphodepletive
chemotherapy.
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Table 3. Responses to TCR T cells in MAGE-A4+ and NY-ESO 1 SS and MLPS: preliminary results.

Drug Trial Target ORR 7 Tolerance

Afami-cel

SPEARHEAD-1
NCT04044768

N = 32
28 MAGE-A4+ SS

+ 4 MAGE-A4+ MLPS

40%
(2 CR 3, 8 PR 4,
11 SD 5, 4 PD 6)

59% CRS 8 with 95% ≤ Grade 2
and 0% ICANS 9

Pooled analyses from
phase 1 NCT03132922 and

SPEARHEAD-1
(NCT04044768)

N = 69 36.2%

Not applicable59 MAGE-A4+ SS 1 40.7%

10 MAGE-A4+ MLPS 2 10.0%

Lete-cel

NCT0134043

N = 45 NY-ESO1+ SS 1 33% (15/45)

44% CRS 8 with 80% ≤ Grade 2

Cohort 1: high NY-ESO1
expression with

cyclophosphamide +
fludarabine

lymphodepletion

50% (6/12)
(1 CR 3, 5 PR 4,
5 SD 5, 1 PD 6)

Cohort 2: low NY-ESO1
expression with

cyclophosphamide +
fludarabine

lymphodepletion

31% (4/13)
(0 CR 3, 4 PR 4,
7 SD 5, 1 PD 6)

Cohort 3: high NY-ESO1
expression with

cyclophosphamide only

20% (1/5)
(0 CR 3, 1 PR 4,
3 SD 5, 0 PD 6)

Cohort 4: low NY-ESO1
expression with

cyclophosphamide only

27% (4/15)
(0 CR 3, 4 PR 4,
10 SD 5, 1 PD 6)

NCT02992743

N = 20 NY-ESO1+ MLPS 2

80% CRS 8, with 75% ≤ Grade 2
and

0% ICANS 9

Cohort 1: reduced-dose
lymphodepletion

20% (2/10)
(2 PR 4, 8 SD 5,

0 PD 6)

Cohort 2: standard-dose
lymphodepletion

40% (4/10)
(4 PR 4, 5 SD 5,

1 PD 6)
1 SS: synovial sarcoma; 2 MLPS: myxoid liposarcoma; 3 CR: complete response; 4 PR: partial response; 5 SD: stable
disease; 6 PD: progressive disease; 7 ORR: overall response rate; 8 CRS: cytokine release syndrome; 9 ICANS:
immune effector cell-associated neurotoxicity syndrome.

4.2. CAR T Cell Therapy

Unlike TCRs, CAR T cells can target any cell surface protein, independently of HLA.
One of the main obstacles to the use of this treatment is its limiting toxicity, caused via the
release of cytokines caused by the stimulation of the immune system (systemic cytokine
release syndrome). Thus, its position remains limited in the therapeutic arsenal of solid
tumors, due to the difficulty of identifying a target that does not involve too-severe toxicities
in the organs expressing this antigen. Some targets have been tested in sarcomas, including
HER2, which is a ligand involved in the Ras/Raf/MEK/ERK1/2 pathway [66]. A phase
I/II study studying HER2 CAR-T cell therapy included 19 patients with HER2+ sarcomas
and found the OS to be 10.3 months, with an excellent safety profile. A preparation of
this therapy with lymphodepleting chemotherapy seems to improve the results [67]. A
following study included 10 patients with HER2+ sarcomas (including rhabdomyosarcoma
and synovial sarcoma). The patient with rhabdomyosarcoma exhibited a complete response
for 6 months [68]. Other targets are being investigated (EGFR (NCT03618381), PDGFRα
and GD2 (NCT02107963, NCT04539366, NCT03721068, NCT03635632)) as well as another
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strategy combining this treatment with immune checkpoint inhibitors (NCT04995003) in
order to increase its efficacy.

4.3. TIL Therapy

TIL therapy consists of extracting TILs from resected or biopsied human tumors,
followed by ex vivo expansion away from the suppressive tumor microenvironment and
reinfusion after lymphodepletive chemotherapy. TILs demonstrated the ability to target
autologous tumor cells while saving MHC-compatible allogeneic tumor cells or normal au-
tologous cells, in an early experimentation including ten sarcomas [69]. This was confirmed
with their use in melanomas, displaying encouraging durable responses, with limited
toxicity [70–72]. It has been shown that TILs derived from melanoma specifically target
multiple antigens, thus standing out as an interesting treatment in the case of heterogeneous
tumors, such as sarcomas [73]. Mullinax et al. confirmed that the feasibility of the treatment
on sarcomas is of a degree required for clinical use [74]. A few clinical trials including
sarcomas are ongoing, including a phase I (NCT04052334) and phase II (NCT03935893) trial.
Sarcomas usually having poor lymphocytic infiltration, and some studies aim to assess the
safety of combinations; for example, a study involving the use of LTX-315, an oncolytic
peptide intended to increase TILs (NCT03725605) [75].

5. Conclusions

Immunotherapy with ICI has been reported to cause limited clinical activity in clinical
trials. However, these trials included unselected populations of advanced STS patients.
Nevertheless, a subset of patients showed remarkable and durable responses, after the
failure of many traditional systemic treatments. Furthermore, recent research has restored
hope in the possibility of sarcomas being treatable by immunotherapy [76]. One of the major
challenges is to define the best candidates for these treatments by a better knowledge of each
tumor’s immune component’s microenvironment and by the use of reliable biomarkers
and response predictors, in order to optimize personalized medicine plans. The other great
challenge is to expand the population that can benefit from them by overcoming immune
evasion. Once these two obstacles have been overcome, immunotherapy could become one
of the standard treatments for STS.

While the expression of PD-L1 has been reported with variable levels across studies
and histotypes, this biomarker has not been found to be associated with the response to
immunotherapy. Conversely, the presence of TLS in the primary tumor has been reported
to be associated with a higher response rate, longer PFS and survival in both a retrospective
study and a prospective study, across histological subtypes. Otherwise, ICI showed high
clinical benefit rates in some selected STS histotypes; in particular, ASPS. Given the rarity of
each sarcoma subtype, their heterogeneity and the small study sizes, other methodological
approaches such as meta-analysis could be relevant. Finally, one of the most exciting
approaches in sarcoma immunotherapy is the use of adoptive T cell therapies. By using
overexpressed CTA MAGE-A4 and NY-ESO1, genetically modified T cells have been
successfully developed to specifically target malignant cells in SS and MRCLS.

Other therapies aim to directly boost immunity by activating pro-inflammatory path-
ways. One of these involves an agonist of the IL2 pathway, NKTR-214, being combined
with nivolumab to treat bone and STS (NCT03282344). Although significant and lasting
responses were observed, the lack of a comparative arm is an important bias. Another
phase II study is evaluating the addition of IFNy to pembrolizumab. Indeed, preliminary
studies have shown that IFNy can activate the expression of MHC class I and therefore the
infiltration of T lymphocytes [77]. These approaches seem promising in the activation of
the primary immune response and the thwarting of the resistance mechanisms linked to
the defect of innate immunity.

In conclusion, even if immunotherapy is not yet applied in the routine treatment of
STS (excluding the recent FDA approval of atezolizumab for ASPS), there are promising
perspectives based on the better selection of patients (in terms of histotypes and the
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presence of TLS), innovative therapeutic agents (especially adoptive T-cell therapies) and
the combination of immunotherapeutic agents with other therapies.
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Simple Summary: Low-grade myofibroblastic sarcoma (LGMS) is one of the rarest sarcomas. We
aimed to clarify the clinical outcomes of patients with LGMS. Twenty-two patients underwent surgical
treatment for the primary tumor and two underwent radical radiotherapy (RT). The best overall
response in the two patients who underwent radical RT was one complete response and one partial
response. Local relapse-free survival was 91.3% at 2 years and 75.4% at 5 years. Relapsed tumors
were treated with surgery in two cases and radical RT in three cases. None of the patients experienced
a second local relapse. Disease-specific survival was 100% at 5 years. Wide excision is recommended
due to its tendency to local relapse. However, RT was considered a viable option in unresectable
cases or in cases where surgery may cause significant functional impairment.
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Abstract: This retrospective multicenter study aimed to analyze the clinical features and prognosis of
24 patients diagnosed with LGMS between 2002 and 2019 in the Japanese sarcoma network. Twenty-
two cases were surgically treated and two cases were treated with radical radiotherapy (RT). The
pathological margin was R0 in 14 cases, R1 in 7 cases, and R2 in 1 case. The best overall response in the
two patients who underwent radical RT was one complete response and one partial response. Local
relapse occurred in 20.8% of patients. Local relapse-free survival (LRFS) was 91.3% at 2 years and
75.4% at 5 years. In univariate analysis, tumors of 5 cm or more were significantly more likely to cause
local relapse (p < 0.01). In terms of the treatment of relapsed tumors, surgery was performed in two
cases and radical RT was performed in three cases. None of the patients experienced a second local
relapse. Disease-specific survival was 100% at 5 years. A wide excision aimed at the microscopically
R0 margin is considered the standard treatment for LGMS. However, RT may be a viable option in
unresectable cases or in cases where surgery is expected to cause significant functional impairment.

Keywords: low-grade myofibroblastic sarcoma; rare sarcoma; wide excision; radiotherapy; local
relapse; prognosis

1. Introduction

Low-grade myofibroblastic sarcoma (LGMS) is a rare mesenchymal spindle cell neo-
plasm that exhibits fibromatosis-like features and differentiation of fibroblasts into myofi-
broblasts [1]. The disease was first described by Mentzel et al. in 1998 and classified as
a novel disease in the World Health Organization (WHO) classification of tumors of soft
tissue and bone in 2002 [2]. It is known to occur frequently in the subcutaneous and deep
soft tissues of the head, neck, and extremities with a diffusely infiltrative growth pattern
and a tendency to cause local relapse. However, because it is a low-grade malignant tumor,
distant metastasis is rare. Four small retrospective observational studies [1,3–5], two ana-
lytical studies using the Surveillance, Epidemiology, and End Results (SEER) database [6,7],
and multiple case reports [8–22] have been reported to date. Because the local relapse
rate is higher with simple excision than with wide excision, wide excision is generally the
recommended treatment method. In terms of adjuvant radiotherapy (RT)/chemotherapy,
Mentzel et al. [1] and Montgomery et al. [3] reported that local relapse was not observed in
patients who underwent excision and adjuvant RT; however, Xu et al. [7] recommended
against the routine use of adjuvant RT/chemotherapy due to the limited effects on survival.
There are few reports on radical RT in unresectable cases. Distant metastasis is rare, but
the treatment strategy for distant metastasis remains controversial. Regarding survival
rates, an analysis of the SEER database by Chan et al. [6] showed an 80% survival at 3 years
and 76.3% at 5 years, while Xu et al. [7] reported a 93% survival at 1 year, 79% at 5 years,
and 76% at 10 years. However, due to the rarity of LGMS, many aspects of the disease
remain unknown, such as the survival rate. There is presently no consensus regarding the
optimal treatment strategy for LGMS. The purpose of this study is to investigate treatment
of LGMS cases at facilities that are members of the Japanese Musculoskeletal Oncology
Group (JMOG) and to clarify the clinical outcome for LGMS.

2. Materials and Methods

2.1. Study Design and Evaluation

From 2002, when LGMS was included in the WHO classification, to 2019, patients
diagnosed and treated for LGMS at 14 JMOG tertiary referral centers for musculoskeletal
tumors were included in this research. This study was a retrospective, multicenter study
that was approved by the institutional review board at each institution and conducted in ac-
cordance with the Declaration of Helsinki. The following clinical information was collected:
age, sex, initial presentation (primary or relapse), primary site of occurrence, localization,
maximum tumor diameter, treatment method for the primary tumor, complications associ-
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ated with treatment, presence of local relapse, presence of distant metastases, treatment
methods for local relapse/distant metastases, and oncological outcome at final follow-up.
Information on the pathological margins was collected from those who underwent surgery.
The pathological margins were assessed by residual (R) tumor classification [23], with R0
corresponding to no residual tumor, R1 to microscopic residual tumor, and R2 to macro-
scopic residual tumor. In patients who underwent RT/chemotherapy, evaluation of the
response to the treatment was determined according to the RECIST guideline [24], and
local relapse was defined as tumor regrowth from the time of the best overall response. The
following histopathological information was collected: mitotic count, tumor necrosis, and
immunohistochemical study (α-SMA, desmin, calponin, h-caldesmon, CD34, β-catenin,
S-100, CK AE/AE3, and Ki-67). The mitotic count and tumor necrosis were assessed using
the National Cancer Institute and French Federation of Cancer Centers Sarcoma Group
(FNCLCC) grading system [25]. The pathological diagnosis was performed by experienced
pathologists specializing in bone and soft-tissue tumors at each facility.

2.2. Statistical Analysis

The local relapse-free survival (LRFS) and disease-specific survival (DSS) were calcu-
lated using the Kaplan–Meier method. To identify factors associated with LRFS, univariate
analysis was performed using the log-rank test. A p-value of 0.05 or less was considered
statistically significant. IBM SPSS Statistics (version 28) was used for data analysis.

3. Results

3.1. Patient Characteristics

Ten males and fourteen females were included in this study. Detailed patient charac-
teristics are shown in Table 1. The mean age was 45.7 years (11–83 years), and the condition
of the sarcoma at the initial visit was primary in 23 cases and relapse in 1 case. None of
the patients had distant metastases. The primary tumor sites were 10 cases in the trunk
(buttock, 3 cases; back, 3 cases; chest wall, 1 case; abdominal wall, 1 case; axilla, 1 case;
groin, 1 case), 5 cases in the head and neck (neck, 3 cases; vocal cord, 1 case; tongue, 1 case),
6 cases in the lower extremity (thigh, 3 cases; lower leg, 2 cases; foot, 1 case), and 3 cases in
the upper extremity (upper arms, 2 cases; forearm, 1 case). In terms of localization, 13 cases
were deep-seated, and 11 cases were superficial. The mean maximum tumor diameter was
4.7 cm (1–14 cm), with 15 cases < 5 cm and 9 cases ≥ 5 cm. The mean follow-up period
(from the date of intervention to last follow-up) was 79 months (4–181 months).

3.2. Pathological Features

Histologically, spindle cells with mild atypia had proliferated while forming complex
and irregular fascicles, thus indicating infiltration into the surrounding tissues (Figure 1a,b).
The mitotic count score was one in all cases. There were no cases with tumor necrosis.
The results of the immunohistochemical study were as follows: α-SMA, 24 positive and
0 negative; desmin, 3 positive, 20 negative, and 1 untested; calponin, 7 positive, 1 negative,
and 16 untested; h-caldesmon: 0 positive, 12 negative, and 12 untested; CD34, 3 positive,
17 negative, and 4 untested; β-catenin, 0 positive, 11 negative, and 13 untested; S-100,
2 positive, 19 negative, and 3 untested; CK AE/AE3, 1 positive, 12 negative, and 11 untested;
and Ki-67, mean 9.7% (20 cases, 2–40%). A-SMA, a marker for unstriated muscle cells
and myofibroblasts, was positive in all cases. As for other muscle markers, desmin was
negative in 20 out of 23 cases, calponin was positive in 7 out of 8 cases, and h-caldesmon
was negative in all 12 cases (Figure 1c–f).
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Table 1. Patient characteristics.

No.
Age
(y)

Sex
Initial

Presentation
Primary Site Localization

Maximum
Diameter (cm)

F/U Periods (m)

1 46 F Primary Back Deep 2.5 113

2 58 F Primary Neck Deep 3.5 101

3 48 M Primary Abdominal wall Superficial 1 104

4 64 M Primary Vocal cords Deep 1.4 34

5 30 F Primary LE (ankle) Superficial 1.6 83

6 67 M Primary Chest wall Deep 3 161

7 11 M Primary UE (upper arm) Superficial 2.8 96

8 19 F Primary LE (thigh) Superficial 3.7 94

9 12 M Primary LE (foot) Superficial 2.8 118

10 36 M Primary Back Deep 6.1 46

11 79 F Primary UE (forearm) Superficial 4 50

12 27 F Relapse UE (upper arm) Superficial 2.5 32

13 19 F Primary Groin Superficial 3 55

14 68 M Primary Buttock Deep 6.2 38

15 74 F Primary LE (lower leg) Deep 9.5 54

16 33 M Primary LE (thigh) Deep 2.8 73

17 26 F Primary Axilla Deep 7 181

18 86 F Primary LE (thigh) Deep 10 88

19 76 F Primary Buttock Superficial 6.2 4

20 83 F Primary Buttock Superficial 5.4 58

21 38 F Primary Tongue Superficial 1.5 93

22 47 M Primary Back Deep 4 11

23 28 M Primary Neck Deep 14 121

24 22 F Primary Neck Deep 7.2 75

LE: lower extremities, UE: upper extremities, F/U: follow-up.

Figure 1. Spindle cells with mild atypia were observed with irregular fascicles. Hematoxylin and
eosin staining: magnification ×50 (a); magnification ×200 (b). In an immunochemical study of
muscle markers, α-SMA was positive (c), desmin was negative (d), calponin was positive (e), and
h-caldesmon was negative (f); ((c–f) magnification ×200).

228



Cancers 2023, 15, 2314

3.3. Treatment and Outcome of Initial Tumor

Details are shown in Table 2. Twenty-two cases underwent surgical treatment. The sur-
gical method was wide excision in 17 cases, marginal excision in 4 cases, and intralesional
excision in 1 case. One case of intralesional excision of a tumor arising from the subcu-
taneous tissue was performed under local anesthesia; however, this was an unplanned
excision that left gross residual tumor tissues due to adhesion to muscles. The pathological
margin was R0 in 14 cases, R1 in 7 cases, and R2 in 1 case. Although the indication for
adjuvant RT was determined by each institution, four patients received postoperative
adjuvant RT, of which three cases had an R1 pathological margin (No. 10, 11, and 18) and
one case had an R0 margin in close proximity to a tumor (No. 15). Two cases (No. 23 and
24) were determined to be difficult to undergo surgical treatment and underwent radical
RT (intensity-modulated radiation therapy: IMRT). The best overall response after RT was
one case of complete response (Figure 2) and one case of partial response.

Table 2. Treatment and outcome of initial tumor.

No. Treatment Margin Status Local Relapse Metastases Outcome

1 Wide excision R0 - - CDF
2 Wide excision R0 - - CDF
3 Intralesional excision R2 - - AWD
4 Wide excision R0 - - CDF
5 Marginal excision R1 - - CDF
6 Wide excision R0 + - NED
7 Wide excision R0 - - CDF
8 Wide excision R0 - - CDF
9 Wide excision R0 - - CDF

10 Marginal excision + adjuvant RT (50 Gy) R1 - - CDF
11 Wide excision + adjuvant RT (48 Gy) R1 - - CDF
12 Wide excision R1 - - NED
13 Wide excision R0 - - CDF
14 Wide excision R0 - - CDF
15 Wide excision + adjuvant RT (60 Gy) R0 + - AWD
16 Wide excision R0 - - CDF
17 Marginal excision R1 + - NED
18 Wide excision + adjuvant RT (66 Gy) R1 - - CDF
19 Wide excision R0 - - CDF
20 Marginal excision R1 + + AWD
21 Wide excision R0 - - CDF
22 Wide excision R0 - - CDF
23 IMRT (60 Gy) No surgery - - CDF
24 IMRT (60 Gy) No surgery + - AWD

IMRT: intensity-modulated radiation therapy, CDF: completely disease-free, NED: no evidence of disease, AWD:
alive with disease, DOD: dead of disease.

Local relapse occurred in 20.8% of cases (5 cases: No. 6, 15, 17, 20, 24). The mean time
to local relapse was 27 months (6–36 months). The LRFS was 91.3% at 2 years and 75.4% at
5 years (Figure 3).

In univariate analysis, the only factor associated with the LRFS was the maximum
tumor diameter, and tumors with a diameter of 5 cm or more were significantly more likely
to exhibit local relapse (p < 0.01) (Table 3).
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Figure 2. LGMS arising from the neck of a 29-year-old male. Contrast-enhanced MRI prior to
irradiation. Signal changes are observed across a large area of the neck (a,b). MRI STIR image at
10.1 years after irradiation (IMRT: 60 Gy). The tumor has completely subsided (c,d).

Figure 3. Kaplan–Meier curve presenting the LRFS.
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Table 3. Risk factors for local relapse.

Variables n 5-Year Survival (%) p-Value

Age (years)
45> 12 83.3 0.52
45≤ 12 63.4

Sex
male 10 83.3 0.25
female 14 68.4

Primary site
trunk 10 57.1 0.68
head and neck 5 80
LE 6 83.3
UE 3 100

Localization
deep 13 63.5 0.19
superficial 11 88.9

Maximum diameter (cm)
5> 15 90.9 <0.01
5≤ 9 50.0

Treatment
surgery 18 79 0.58
Surgery + adjuvant RT 4 75
RT 2 50

Surgical methods
(only surgical cases)

wide excision 17 84.4 0.16
marginal + intra excision 5 60.0

Margin status
(only surgical cases)

R0 14 82.1 0.49
R1 + R2 8 72.9

Ki-67 (%)
10> 12 71.4 0.78
10≤ 12 79.5

LE: lower extremities, UE: upper extremities.

3.4. Treatment and Outcome of Relapsed Tumor

Details on the treatment and outcomes for relapsed tumors are shown in Table 4. Two
cases underwent surgical treatment. Radical RT was performed on three patients for whom
surgical treatment was determined to be difficult. Case No. 24 underwent radical RT
during the initial treatment. Although the evaluation of the response was determined to be
a partial response, there was tumor relapse outside the irradiated field and re-irradiation
was, subsequently, performed. The type of radiation was X-ray in two cases and carbon ion
in one case. None of the patients experienced a second local relapse at a mean of 79 months
(22–175 months) after retreatment. A case arising from the axilla treated with carbon ion
RT (No. 17) had grade 3 neuropathy according to the Common Terminology Criteria for
Adverse Events version 5.0 (CTCAE). No adverse events occurred in the re-irradiated case
(No. 24) at 43 months after re-irradiation.

3.5. Distant Metastases and Disease-Specific Survival

Distant metastases occurred in 4.2% of cases (one case: No. 20). The time to distant
metastases was 36 months. The metastatic organs were the lungs and lymph nodes. The
patient is currently undergoing routine follow-up without treatment, but is still alive at
22 months from the diagnosis of metastasis. The DSS was 100% at 5 years. The oncological
outcome was completely disease-free in 17 cases, no evidence of disease in 3 cases, and
alive with disease in 4 cases.
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Table 4. Treatment for local tumor relapse.

No. (Refer to
Table 1)

Time to Local
Relapse (m)

Treatment Margin Status
Best Overall

Response
Re-Local
Relapse

F/U Periods after
Treatment (m)

6 53 Surgery R0 N/A - 108
15 8 RT (60 Gy) No surgery PR - 46

17 6 Carbon ion RT
(70.4 Gy) No surgery SD - 175

20 36 Surgery R0 N/A - 22
24 31 IMRT (60 Gy) No surgery PR - 43

IMRT: intensity-modulated radiation therapy, N/A: not available, PR: partial response, SD: stable disease,
F/U: follow-up.

4. Discussion

LGMS was first reported by Mentzel et al. in a case series of 18 cases in 1998. His-
tologically, the sarcoma shows a diffusely infiltrative growth pattern and is composed
of spindle-shaped tumor cells arranged in fascicles. In immunohistochemical studies of
muscle markers, α-SMA can be positive in most cases, but desmin can be both positive and
negative [2,26]. In addition, calponin can often be positive, but h-caldesmon is negative.
This is important for its differentiation from leiomyosarcoma (which is positive for both
calponin and h-caldesmon) [27]. CK/CD34/S100 is often negative. In this study, α-SMA
was positive in all cases, and desmin was almost always negative. In terms of calponin and
h-caldesmon, approximately half of the cases were tested, but most of them were shown to
be calponin-positive and h-caldesmon-negative. The results of the immunohistochemical
study were considered consistent with past reports. Mentzel et al. [1] also reported that
tumor cells showed moderate nuclear atypia and the mitotic cell count was 1 to 6 figures
per 10 HPF in most cases; however, no tumor necrosis was observed. Montgomery et al. [3]
reported 15 cases of which 5 cases were histological grade 2 (the presence of necrosis (up
to 15%) and 6 or more mitotic figures per 10 HPF). Meng et al. [4] reported 20 cases that
included 6 grade 2 cases. Using the SEER database, Xu et al. [7] reported that 22.9% of
cases were histologically grade 2 or 3, according to the FNCLCC grading system. These
reports included non-low-grade myofibroblastic sarcomas, which might affect the survival
analysis. In this study population, the mitosis count score was one for all cases, and there
were no cases with tumor necrosis; thus, we believe this study contains the true number of
LGMS cases.

Local relapse of LGMS has been reported to range from 13.3% to 44.4% [1,3–5]. The lo-
cal relapse rate is especially prominent in simple excisions and accounts for up to 28.6–100%
of cases. In this study, the local relapse rate was 20%. Despite 14 patients achieving R0
margins, local relapse occurred in 2 patients (14.2%). Fujiwara et al. [28] reported a 100%
local control in low-grade soft-tissue sarcoma with excision margins of ≥2 mm. LGMS is,
thus, believed to be a tumor with a high relapse rate among low-grade sarcomas. Although
dependent on the site of occurrence, a wide excision with the preservation of as much
normal tissue as possible is desirable for local treatment, rather than a simple R0 excision.
Only the tumor size was shown to be statistically associated with local relapse in this study.
Because local relapse of soft-tissue sarcoma is reported to be less common when the tumor
diameter is less than 5 cm [29], we believe that our results are acceptable.

The use of adjuvant RT/chemotherapy for LGMS remains debatable, considering
that previous reports have only included a limited number of cases. Mentzel et al. [1]
reported that two patients who underwent excision and RT showed no local relapse, and
Montgomery et al. [3] also reported two patients who underwent excision and RT without
local relapse. Meng et al. [4] reported local relapse in one of two patients who underwent
excision and RT, while local relapse occurred in three of four patients with excision and
chemotherapy. Khosla et al. [14] reported no local relapse for 14 months after partial
excision and RT for LGMS arising from the larynx. Peng et al. [10] reported that excision
and chemotherapy for LGMS arising from the pancreas had remained continuously disease-

232



Cancers 2023, 15, 2314

free for 5 years. A report by Xu et al. [7] using the SEER database stated that RT and
chemotherapy should not be routinely performed when a negative margin can be secured,
due to the limited improvement in survival rates. In this study, postoperative RT was
performed in one case with R1 marginal excision, two cases with R1 wide excision, and one
case with R0 wide excision of a tumor in close proximity to the stump. Local control was
obtained in 75% of cases (three cases). Therefore, it is necessary to consider more cases in
a future study; however, in patients with positive excision margins, adjuvant RT may be
considered. Although the recommendation of adjuvant chemotherapy may be outside the
scope of this study, due to the lack of applicable patients in this study, further collection of
data is warranted for a future study, considering the scarcity of previous reports on this
subject matter.

Presently, there are almost no reports on the results of radical RT. Xu et al. [7] reported
three patients who underwent RT without surgical treatment, but did not provide detailed
outcomes. Zoltán et al. [9] performed 66 Gy radical RT for local relapse of LGMS of the
tongue and reported good local control at 50 months after irradiation. On the other hand,
Yu et al. [30] reported that 66 Gy of radical RT was performed on LGMS of the mandibular
canal, but the tumor again increased in size 6 months later. Oral intake subsequently
became impossible, leading to death from disease. In this study, radical RT (radiation dose:
60 Gy, four cases; 70.4 Gy, one case) was performed in two cases of unresectable primary
tumors and three cases of relapsed tumors. In one patient who underwent irradiation of a
primary tumor, re-irradiation was performed due to a local relapse that occurred outside
the irradiated field. Local control was achieved 43 months after re-irradiation. In other
cases, good local control was obtained after one irradiation. Although we cannot make a
definitive statement due to the small number of cases, RT may be a useful treatment option
in unresectable cases or in cases where surgery results in significant functional impairment
due to the potential radiosensitivity of LGMS. However, one case relapsed outside of
the area of irradiation. Considering that LGMS shows a growth pattern that infiltrates
the surrounding tissue, close attention must be paid in setting the area for irradiation.
Since the tumor is surrounded by important tissues in head and neck lesions, the use of
an intensity modulated technique to reduce irradiation to normal tissues and to reduce
adverse events [31], and the use of carbon ion beams and proton beams to obtain good
local control with fewer adverse events [32–34], may be necessary in these cases. In this
study, distant metastases occurred in 4.2% of patients, which was comparable to previous
reports (0–9.1%) [1,3,5]. However, there is no consensus on the optimal treatment strategy
following the occurrence of metastases. Because cases with metastasis in this study did not
undergo post-metastatic treatment, a recommendation for treatment is outside the scope of
this study.

Table 5 compares the local relapse and distant metastases rates, according to the local
treatment used in previous reports and this study.

Table 5. Summary of local relapse and distant metastases of LGMS in previous reports and this study.

Authors, Year of
Publication

n
Local Relapse

Distant
MetastasesSimple

Excision
Wide

Excision
Excision + RT

Excision +
Chemotherapy

Radical RT

Mentzel et al., 1998 [1] 11 28.6% (2/7) 0% (0/1) 0% (0/3) N/A N/A 9.1% (1/11)
Montgomery et al.,

2001 [3] 13 66.7% (6/9) 50% (1/2) 0% (0/2) N/A N/A 7.7% (1/13)

Meng et al., 2007 [4] 14 12.5% (1/8) 50% (1/2) 75% (3/4) N/A 0% (0/14)
Kim et al., 2021 [5] 15 100% (2/2) 0% (0/13) N/A N/A N/A 0% (0/15)

This study 24 50% (2/4) 7.1% (1/14) 25% (1/4) N/A 50% (1/2) 4.2% (1/24)

RT: radiotherapy, N/A: not available.
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In terms of DSS, Chan et al. [6] reported 80% at 3 years and 76.3% at 5 years, and
Xu et al. [7] reported 93% at 1 year, 85% at 3 years, 79% at 5 years, and 76% at 10 years.
These reports are analytical studies using the SEER database. In the report by Xu et al.,
22.9% of cases were histological grade 2 or 3, and 8.3% had distant metastases at initial
presentation. Non-low-grade myofibroblastic sarcoma was included in their study, as
evidenced by their database search term “third-edition ICD-O (ICD-O-3) histological code
8825/3: Myofibroblastoma, malignant.” In this study, DSS was 100% at 5 years, showing
characteristics consistent with a low-grade tumor. Cases with a low mitotic count and no
tumor necrosis were collected in this study, and we believe that the prognosis of LGMS
was accurately evaluated.

There were notable limitations to this research. Firstly, this was a retrospective asym-
metric observational study with a small number of patients, and the possibility of selection
bias in the patients and treatments cannot be ruled out. Moreover, the sample size was
too small for statistical analysis. Therefore, it is possible that the prognosis and optimal
treatment cannot be accurately determined. Secondly, the examination for confirming the
diagnosis was inconsistent due to the lack of a central pathology review. This carries the
potential risk of diagnostic problems. However, since pathologists for tertiary referral
centers for musculoskeletal tumor performed the diagnosis, we expect that most cases were
correctly diagnosed. A future prospective study may warrant a larger sample size.

5. Conclusions

Although a wide excision aiming at the R0 margin is considered the standard treatment
for LGMS, RT may provide some degree of response and may be a viable option in unresectable
cases, or in cases where surgery is expected to cause significant functional impairment.
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Simple Summary: Retroperitoneal sarcomas represent a very rare entity. The most common pattern
of recurrence and cause of death is local recurrence, and the rates of locoregional recurrences are
high even at high-volume centers. In contrast to soft-tissue sarcomas of the extremities, the role of
radiotherapy in retroperitoneal sarcoma is not fully established. The aim of the study was to report
the results of a prospective single-center trial for preoperative dose-escalated intensity-modulated
radiotherapy with an intraoperative boost in patients with retroperitoneal sarcoma after all surviving
patients had achieved a follow-up of at least 60 months. The primary endpoint of a 5-year local
control of 70% was not met; the local control of the cohort was 59.6%. In those patients who received
a dose > 50 Gy and the intraoperative boost, the local control was promising at 64.8%.

Abstract: Background: To report the final results of a prospective, one-armed, single-center phase
I/II trial (NCT01566123). Methods: Between 2007 and 2017, 37 patients with primary or recurrent
(N = 6) retroperitoneal sarcomas were enrolled. Treatment included preoperative IMRT of 45–50 Gy
with a simultaneous integrated boost of 50–56 Gy, surgery and IORT. The primary endpoint was
local control (LC) at 5 years. The most common histology was dedifferentiated liposarcoma (51%),
followed by leiomyosarcoma (24%) and well-differentiated liposarcoma (14%). The majority of lesions
were high-grade (FNCLCC G1: 30%, G2: 38%, G3: 27%, two missing). Five patients were excluded
from LC analysis per protocol. Results: The minimum follow-up of the survivors was 62 months
(median: 109; maximum 162). IORT was performed for 27 patients. Thirty-five patients underwent
gross total resection; the pathological resection margin was mostly R+ (80%) and, less often, R0 (20%).
We observed 10 local recurrences. The 5-year LC of the whole cohort was 59.6%. Eleven patients
received a dose > 50 Gy plus IORT boost; LC was 64.8%; the difference, however, was not significant
(p = 0.588). Of 37 patients, 15 were alive and 22 deceased at the time of final analysis. The 5-year OS
was 59.5% (68.8% per protocol). Conclusions: The primary endpoint of a 5-year LC of 70% was not
met. This might be explained by the inclusion of recurrent disease and the high rate of G3 lesions and
leiomyosarcoma, which have been shown to profit less from radiotherapy. Stratification by grading
and histology should be considered for future studies.
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1. Introduction

Retroperitoneal sarcomas (RPSs) constitute 15% of all soft-tissue sarcomas [1]. High-
grade tumors are the most common; the spectrum of histological diagnoses is broad and
ranges from lipo- and leiomyosarcoma to less common diagnoses [2,3]. In contrast to
extremity soft-tissue sarcomas, local control (LC) is the central issue in the treatment of
retroperitoneal sarcomas. Local recurrences are quite common and represent the leading
cause of death. RPSs remain asymptomatic without specific symptoms for a long time;
thus, many patients are diagnosed with large tumors of 16–21 cm median tumor size [2].
The primary treatment for initial and recurrent disease is surgery; however, incomplete
resection with microscopic positive margins occurs in up to 65% of cases due to the immense
size these tumors commonly achieve and the complex anatomy of the retroperitoneum [4].
Compartmental resection of organs adjacent to the tumor is the current surgical technique
and has increased LC [5]. Although many undergo several consecutive multivisceral
resections, the outcomes of retroperitoneal sarcomas are substantially less satisfactory
compared to soft-tissue sarcomas at other sites. As known from extremity soft-tissue
sarcoma, preoperative radiotherapy has the potential to increase LC; however, the available
data are still limited, and further insight is needed. The only prospective trial published so
far is the EORTC STRASS trial. The results did not support a broad use of radiotherapy
in RPS and were contradictory to many other publications [1]. In an additional analysis,
the results from STRASS have been pooled in a propensity-score-matched analysis with
patients treated outside the trial (STREXIT). A benefit of additional radiotherapy was shown
especially for patients with well-differentiated liposarcoma (WDLS) and dedifferentiated
liposarcoma G1 and G2 [6,7]. The anatomy of the retroperitoneum complicates not only
surgery but also radiotherapy; clinical target volume (CTV) margins known from extremity
soft-tissue sarcomas cannot be adopted due to the necessary limitations to the adjacent
organs at risk, mainly the bowel. Previous analyses have demonstrated that recurrence
commonly occurs at the posterior margin of the tumor. Therefore, a simultaneous integrated
boost (SIB) was tested on this high-risk margin with photon IMRT and protons before, with
promising results, although with only a comparably short follow-up [8]. Intraoperative
radiation therapy (IORT) has additional potential to increase the dose to the high-risk
margin as identified during the resection. Herein, we present the final results of a phase
I/II feasibility trial which combined a photon IMRT with a SIB plus an IORT boost. All of
the surviving trial participants have achieved a minimum follow-up period of 60 months.

2. Methods

Retro-WTS was designed as a prospective single-center one-armed phase I/II study.
The study design, as well as an unplanned interim analysis, have been published else-
where [9,10]. In short, patients with histologically confirmed, primary or locally recurrent
soft-tissue sarcoma of the retroperitoneal space judged to be at least marginally resectable
were enrolled. Absence of primary metastases, tumor size of 5 cm or more were additional
inclusion criteria. Exclusion criteria included desmoid tumors, gastrointestinal stroma
tumors (GISTs), prior irradiation to the abdominal region, inflammatory bowel disease
and incomplete staging. Immobilization was performed with individual body masks or
vacuum mattresses. Planning was performed either with contrast-enhanced CT or MRI.
Patients were treated with IMRT. The attempted dose was 45–50 Gy prescribed to the
planning target volume (PTV) with a SIB of 50–56 Gy to the gross target volume (GTV)
in 25 fractions. For target volume delineation, a 1.5 cm margin was added to the GTV to
receive the CTV. CTV margins were reduced to respect the non-infiltrated adjacent organs
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at risk and anatomical borders. Surgery was scheduled approximately six weeks after
the end of radiotherapy. Before surgery, re-evaluation with an abdominal CT or MRI was
performed. An intraoperative radiation boost was dedicated to the whole tumor bed or the
high-risk region for positive resection margins, which was defined by the surgeon together
with the radiation oncologist. The patients received no pre- or postoperative chemotherapy.
Regular follow-up visits including abdominal CT or MRI were performed every three
months for the first two years, and every six months up to the end of the study follow-up
interval of five years.

The primary objective of the trial was the LC rate after five years. The calculated
sample size was 37 patients to detect an improvement in the 5-year LC rate from 50%
to 70% with a statistical power of 80%. Data should be analyzed by the per protocol
population and full-set population. Secondary endpoints included distant control (DC) and
overall survival (OS). LC was defined as absence from abdominal recurrence. Data of those
without recurrence were censored at the time of the last local MRI or CT. DC was defined as
absence from distant metastases; data of those without distant progression were censored
at the time of last thoracic CT. Timeframes were calculated from beginning of radiotherapy;
survival analysis was performed by the Kaplan–Meier method. Data on acute toxicity and
perioperative morbidity were published in an unplanned interim analysis [9].

The survival data of those lost to follow-up or those who were not followed with
repetitive imaging after five years were updated by information from the German Cancer
registry and the resident’s registration offices.

The study was approved by the Ethics Committee of Heidelberg University. Written
informed consent was obtained from each patient prior to study entry.

3. Results

Between 2007 and 2017, a total of 37 patients with primary or recurrent (N = 6) retroperi-
toneal sarcomas were enrolled. The median age of the patients was 61.5 years (range
36–76 years); the gender distribution was homogeneous (male 49%, female 51%). The most
common histology was dedifferentiated liposarcoma (51%), followed by leiomyosarcoma
(24%) and well-differentiated liposarcoma (14%). The majority of lesions were high-grade
(FNCLCC G1: 30%, G2: 38%, G3: 27%, two missing; Table 1); grading was determined at
the time of the initial biopsy.

Table 1. Patient characteristics.

N Range or Percent

N = 37

Age (median, range) 61 (36–76)

Gender

Male 18 49

Female 19 51

Primary vs. recurrence

Primary 31 84

Recurrent 6 16

Histology

Liposarcoma 26 70

Leiomyosarcoma 9 24

SFT 1 3

NOS 1 3

Grading (FNCLCC)

G1 11 30
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Table 1. Cont.

N Range or Percent

G2 14 38

G3 10 27

Missing 2 5

Survival

Deceased 22 59

Alive 15 41

Of the 37 patients enrolled in the trial, 34 finished the neoadjuvant therapy per protocol.
Percutaneous RT was performed as step-and-shoot IMRT in most cases (N = 32) and as
helical IMRT in four cases. In total, four patients did not receive a SIB. The most common
fractionation was 45 Gy in 25 fractions with a SIB up to 50 Gy (35%), followed by 45 Gy in
25 fractions with a SIB up to 54 Gy or 55 Gy (18% and 18%, Table 2). Gross total resection
was performed in 35 cases. Two patients did not receive surgery; in one case, infiltration
of the mesentery root was confirmed with intraoperative frozen sample analysis, and in
the second case, inoperability was stated during surgery. On final pathology, the resection
margin was mainly microscopic margin-positive R1 (N = 24, 69%). In one case, gross
residual disease remained (R2, 3%). In two cases, the presence of residual tumor could not
be assessed (RX, 6%), and in one case, the resection was described as marginal (3%). Seven
patients received a microscopic margin-negative R0 resection (20%).

Table 2. Treatment characteristics.

N Range or Percent

Neoadjuvant IMRT N = 37

Completed 34 91

Terminated prematurely 2 6

Upfront surgery 1 3

Percutaneous RT technique N = 36

Step-and-shoot IMRT 32 89

Helical IMRT 4 11

Percutaneous RT

Total dose for the main plan, boost and the number of
fractions ** N = 34

SIB Fx.

45 50 25 12 35

45 54 25 6 18

50 55 25 6 18

41.4 46 23 1 3

45 50.4 25 1 3

45 55 25 1 3

50 - 25 3 9

50.4 - 28 2 6

55 - 25 1 3

45 - 25 1 3
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Table 2. Cont.

N Range or Percent

Surgery N = 37

Gross total 35 94

Not performed 2 6

Resection margin N = 35

R1 24 69

R0 7 20

RX 2 6

R2 1 3

Marginal 1 3

IORT N = 36 *

Yes 27 75

No 9 25

IORT total dose N = 27

12 Gy 20 74

15 Gy 4 15

10 Gy 2 7

20 Gy 1 4

IORT energy N = 27

8 MeV 16 60

6 MeV 9 33

12 MeV 2 7

IORT cones (cm)

Squircle (horseshoe-shaped) N = 13 48

6 × 7 2

7 × 8 2

10 × 10 1

10 × 11 2

10 × 13 4

Straight round (diameter) N = 5 19

5 2

6 1

7 1

8 1

Beveled round (diameter), angle up to 30% N = 9 33

5 1

6 2

7 1

8 4

9 1
* one patient did not receive surgery after confirmation of infiltration of the mesentery root. He received IORT.
** preliminary cessation of RT excluded.
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The IORT boost was performed in 75% of patients. The main reason for omission of
IORT was the intraoperative difficulty in identifying a coverable high-risk region, as well
as the fact that irradiating the whole tumor bed was not feasible due to its sheer size. One
patient did not receive surgery due to the aforementioned infiltration of the mesentery root,
but an IORT boost was applied. The most common IORT dose was 12 Gy (74%) prescribed
to the 90% isodose; the most common energy applied was 8 MeV (60%).

The median follow-up of the survivors for OS was 109 months (range: 62–162 months).
Of the 37 patients, 15 were alive and 22 deceased at the time of final analysis. Two patients
died due to postoperative complications in the prolonged postoperative period, and one
patient died 91 months after the beginning of RT and 10 months after his last follow-up
presentation, at the age of 75, due to unknown reasons. The 5-year OS of the whole cohort
was 59.5%. The 5-year OS of those treated per protocol accumulated to 68.8%.

Five patients were excluded from LC analysis per protocol. Of those, two patients had
a preliminary termination of radiotherapy due to progression after 13 and 23 fractions, two
patients did not receive surgery and one received upfront surgery without preoperative
radiotherapy, as the tumor was rapidly progressing on planning CT.

The median follow-up for LC of those without local progression was defined as
the timeframe from the beginning of radiotherapy until the last abdominal MRI, or, in
exceptional cases, CT. The median FU time for LC was 60.5 months (range: 4–154 months).
In total, 10 patients had local progression during the observation interval, while 22 did not
progress. Of ten patients, five progressed within two years and an additional five within
five years. The 3-year LC was 70% and the 5-year LC was 59.6% (Figure 1). Of five patients
treated per protocol for recurrent disease, three developed local progression, one developed
distant progression and one developed local and distant progression.

Figure 1. Kaplan–Meier analysis displays the probability of (A) overall survival, (B) local control and
(C) distant control.
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Eleven patients received a total dose above 50.4 Gy plus IORT boost. The LC was
64.8%; however, the difference was not significant (p = 0.588). We did not identify factors
influencing LC or OS on univariate analysis; only the comparison of recurrent vs. pri-
mary tumors showed a clear trend towards a higher LC probability for primary tumors
(p = 0.006).

Of the 32 patients treated per protocol, 10 developed distant progression (4 pulmonary,
2 bone, 2 pulmonary and hepatic, 1 hepatic, 1 bone and soft tissue). Of eight leiomyosar-
coma patients, five developed distant progression. The 5-year DC of those treated per
protocol was 64.6%. On univariate analysis, the histology leiomyosarcoma was correlated
with distant progression (p = 0.005).

4. Discussion

The role of preoperative radiotherapy in addition to surgery has been controversial
for many years, and several contradicting retrospective studies have been published so
far [11–15]. At present, only one prospective phase III trial for retroperitoneal sarcoma
investigating this issue has completed patient recruitment. In the STRASS trial, 266 pa-
tients were enrolled and randomly assigned to surgery or preoperative radiotherapy of
50.4 Gy in 28 fractions followed by surgery. The results have been published preliminarily
after a median follow-up of 43 months. The trial was powered for an increase of 20%
in abdominal-recurrence-free survival (ARFS) at five years, which was not reached. The
scientifically invalidated composite endpoint received much criticism after the full pub-
lication of the paper in Lancet Oncology in 2020. The data monitoring committee of the
trial recommended performing additional analyses and modifying the endpoint. Thus,
progression on preoperative imaging and becoming medically unfit where excluded from
the primary endpoint in the second sensitivity analysis for those patients who had a subse-
quent macroscopic complete resection. It was demonstrated that the liposarcoma group
had an increased 3-year ARFS of 75.5% after treatment with radiotherapy and surgery
compared to 65.2% after surgery alone. As the trial was not powered to evaluate specific
subtypes, the authors concluded that preoperative radiotherapy should not be considered
the standard of care for retroperitoneal sarcomas [6]. The results of the STRASS trial were
translated into quite contradictory clinical approaches. While some institutions decided
not to offer preoperative radiotherapy to patients with retroperitoneal sarcomas outside
of clinical trials, others have implemented a broader use of radiotherapy for patients with
retroperitoneal well-differentiated liposarcoma. Valuable information on the topic was
provided by the STREXIT results, published in 2022 by Callegaro et al. Additional 831
patients treated by the institutions participating in the STRASS trial were included in the
analysis. A 1:1 propensity score matching was performed for 202 patients and the cohorts
from STRASS and STREXIT were investigated in a pooled analysis. ARFS was defined as R2
resection, abdominal recurrence or death. Administration of radiotherapy was associated
with an improved ARFS in patients with liposarcoma, especially in well-differentiated
liposarcoma and G1–G2 dedifferentiated liposarcoma, while patients with leiomyosarcoma
or G3 dedifferentiated liposarcoma did not benefit from radiotherapy [7]. The biological
heterogeneity of retroperitoneal sarcomas and the different clinical behaviors clearly indi-
cate a histology-tailored approach and management strategy. The next-generation STRASS
2 trial evaluates neoadjuvant chemotherapy in leiomyosarcoma and high-risk liposarcoma.

The results of the present trial did not reach the primary endpoint of an LC of 70%
at five years. The 3-year ARFS in the aforementioned second sensitivity analysis of those
who received preoperative radiotherapy and surgery in the STRASS trial was 71.3%. Our
trial shows that relapse also occurs later than at three years; thus, an observational period
of five years should be considered for further trials. The STRASS data will be published
with a longer follow-up after five years, which will show whether the results achieved here
are comparable to the results of bigger cohorts. The rate of microscopically complete R0
resections was 20%, but the role of R0 resection in RPS is controversial. Resection margins
have been shown to be a strong prognostic factor for, at least, LC [4]. On the other hand,
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due to the retroperitoneal location with a close anatomical relationship to the spine and
large blood vessels and the average tumor size of 15–30 cm, no large safety margins can
be maintained during the resection. The evaluation of R1 resections in retroperitoneal
sarcomas differs significantly from soft-tissue sarcomas of the extremities and trunk, and
postoperative histopathological examination of the resection margins is less reliable [16].
In several publications, a distinction is only made between a macroscopically complete
(R0/R1) and incomplete (R2) resection [3,6,17].

The survival rates at 3 years were lower, with 73% compared to the 84% of the STRASS
trial [6], which might be also explained by the inclusion of recurrent tumors and the longer
follow-up.

Prospective comparative data for the application of an IORT boost are, so far, not
available. Nonetheless, IORT is considered to be well tolerated and a reasonable option
to achieve dose escalation and improve LC, with a low risk of wound healing disorders
or gastrointestinal toxicity [4,18–20]. Additional care should be taken to limit dose to the
ureters and reduce the risk of ureter stenosis. The single prospective NCI trial identified
neuropathy as a possible risk of IORT of the retroperitoneal space. Here, patients were
randomized to postoperative high-dose RT (50 to 55 Gy) or IORT (20 Gy) in combination
with postoperative percutaneous radiation therapy of 35 to 40 Gy [21].

Performing preoperative radiotherapy with a SIB above 50.4 Gy plus IORT boost
was not possible or reasonable for several patients, but we observed increased rates of
LC for those who received the combination of both. Applying a boost to the high-risk
GTV (a smaller volume than the whole GTV, which constituted the SIB volume in this
trial) is one additional option of dose escalation. The high-risk GTV generally includes the
posterolateral abdominal wall, posterior retroperitoneal musculature, ipsilateral pre- and
paravertebral space, major vessels or organs that will remain in situ after surgery [22]. This
approach of neoadjuvant intensity-modulated proton therapy was investigated in a phase I
pilot study (n = 11). The average-risk CTV received a dose of 50.4 Gy in 28 fractions and a
SIB was performed to the high-risk CTV with 60.2 GyRBE, 61.6 GyRBE or 63 GyRBE. Beside
one case of hydronephrosis, the treatment was tolerated well [8]. Further results of the
phase 2 arm of the trial are eagerly awaited. In a plan comparison of 3D conformal proton
therapy (3D CPT), intensity-modulated proton therapy (IMPT) and intensity-modulated
photon therapy, 3D CPT and IMPT achieved lower organ-at-risk doses and IMPT achieved
the closest conformity [23].

The standard neoadjuvant RT regimen is delivered in 25–28 fractions, but there is a
growing interest in more condensed hypofractionated treatment approaches minimizing
patient burden and psychological stress. Several ongoing trials are investigating different
fractionation concepts for extremity and trunk soft-tissue sarcomas [24–26]. Particle therapy
provides an improved dose distribution with a high dose conformity and reduction in
dose to healthy tissue [27]. In analogy to our extremity soft-tissue sarcoma trial, we are
currently investigating a hypofractionated particle treatment with carbon ions or protons
with 13 fractions of 3 GyRBE single doses in a single-center, randomized, prospective phase
II pilot trial for retroperitoneal sarcoma, combining the benefits of reduced organ-at-risk
doses of protons or carbon ion with hypofractionation [28,29].

5. Conclusions

The data of a prospective phase II trial are presented. The strength of the cohort is the
long follow-up in the prospective setting. The main limitation of the trial is the small sample
size. The primary endpoint of a 5-year LC of 70% was not met. This might be explained
by the inclusion of recurrent disease and the high rate of G3 lesions and leiomyosarcoma,
which have been shown to profit less from radiotherapy in the time since the beginning of
the trial. Stratification by grading and histology should be considered for future studies.
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