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Prediction tools facilitate a shift from a one-size-fits-all approach to patient-

tailored management of soft tissue sarcoma. (this thesis)

Prediction tools should be recalibrated with setting-specific estimates. (this thesis)

Novel minimal-invasive diagnostic tools in cancer should focus on maximizing
sensitivity rather than specificity. (this thesis)

Neoadjuvant chemotherapy should be offered in a selected group of high-risk

patients with a soft tissue sarcoma of the extremities. (this thesis)

All patients with a soft tissue sarcoma should be restaged after neoadjuvant
radiotherapy. (this thesis)

All PhD’ers dealing with time-to-event data and missing values should learn R.

Prediction models relying on observational data should not be used to estimate
individual survival benefits of various adjuvant therapy options included in the

model.

Internal-external validation procedures should be used at the time of model
development rather than keeping parts of the data out for external validation.
(Ewout W. Steyerberg, J Clin Epidemiol. 2016)

Because causal inference from observational data can be viewed as an attempt to
emulate a target trial, the question is not whether observational data should be
used for causal inference, but rather how to use them most effectively. (Miguel A.
Hernan, N Engl ] Med. 2021)

Het petfecte is de vijand van het goede. (Pensées, Montesquiue)

“Most epidemiologists don’t study epidemics?”
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General introduction and thesis outline

EPIDEMIOLOGY OF STS

Soft tissue sarcomas (STS) represent a group of rare and heterogeneous malignant
neoplasms arising from mesenchymal cells. (1) STSs encompass over 100 different
histological subtypes and account for 1% of malignancies in adults, 10% in children
and 8% in adolescents and young adults (AYAs, 18-39 years of age). (1, 2) Annually,
700-800 new patients are diagnosed with STS in the Netherlands. (3) STSs may occur
at any age and are one of the most common type of cancers in children, adolescents
and young adults. (4) The incidence of STS increases with age, with an average age
of 61 years. (5, 6) STS arise from all types of soft tissue, such as nerve sheaths, blood
vessels, muscles, fat and tendons. (1) The mostly affected sites are the extremities
and trunk wall. (5, 6) The most common histological subtypes are leiomyosarcoma,
undifferentiated pleomorphic sarcoma and liposarcoma. (6) Approximately 10-15%
of the patients present with metastatic disease at time of diagnosis and around 30% of
the patients with primary high-grade STS develop metastatic disease within five years
after primary treatment. (6-8) STS mainly metastasize to the lungs. (9, 10)

PRESENTATION AND DIAGNOSTIC WORK-UP

Soft tissue sarcomas of the extremities (eSTS) often present as unspecific and painless
lumps (11), which make diagnosing eSTS challenging among the large number of
benign soft tissue tumours. It has been estimated that benign soft tissue tumours occur
300 times more often than their malignant counterparts. (12, 13) Therefore, patients
with eSTS are at risk of delayed or incorrect diagnosis. (14) In a nationwide survey
in England, 1 in 4 sarcoma patients reported that they waited more than 3 months
after first symptoms before visiting a medical professional. (11) Besides this patient
delay, in 28% of the sarcoma patients an incorrect interpretation of the symptoms and
subsequent advice was given. (11) A nationwide survey in the Netherlands reported
that in 28% of the patients the diagnostic trajectory took more than 3 months after
first consultation with a physician. (15) AYAs are most likely to receive an incorrect
diagnosis compared to older patients. (11)

Given the rarity and the unspecific presentation of STS, unplanned excisions without
appropriate diagnosis, preoperative imaging and planning are frequently performed.
(13, 16-21) In primary soft tissue tumours of the extremities, magnetic resonance
imaging (MRI) is the main imaging modality for identification and specification of
the tumour. If there is any suspicion for STS, the gold standard for differentiating
between STSs and benign tumours is core needle biopsy. (22, 23) Because of the
complexity of the histopathologic assessment of STS, a dedicated sarcoma pathologist
should review the results. Literature has demonstrated that in STS the discordance
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between nonexpert pathologists and sarcoma pathologists is considerable with 9% zero
agreement (one of the two pathologists did not diagnose a sarcoma) and 38% partial
agreement (both pathologists diagnosed an STS but with different histopathological
grade or subtype). (24)

GRADING OF STS

Considering the heterogeneity in presentation and outcome of STS, several grading
and staging systems have been developed to classify patients in different risk groups.
The 8" edition of the American Joint Committee on Cancer (AJCC) TNM staging
system is a site-specific staging system that categorizes patients based on tumour size
(categorized), lymph node involvement, distant metastasis and histologic grade. (25)
Histological grade is defined with the Fédération Nationale des Centres de Lutte
Contre le Cancer (FNCLCC) grading system which categorizes STS in three grades
based on tumour differentiation, mitotic count, and tumour necrosis (Table 1).

Table 1. Fédération Nationale des Centres de Lutte Contre le Cancer (FNCLCC) grading system

Tumour differentiation

1 point Closely resembling normal mesenchymal tissue
2 points Histologic typing is certain
3 points Embryonal and undifferentiated sarcoma

Mitotic count

1 point 0-9 mitoses per 10 high-power field
2 points 10-19 mitoses per 10 high-power field
3 points >19 mitoses per 10 high-power field
Tumour necrosis

0 point No necrosis

1 point <50% necrosis

2 points >50% necrosis

Histologic grade

Grade 1 Total score of 2-3

Grade 2 Total score of 4-5

Grade 3 Total score of 6-8

The AJCC staging system aids prognostication but has some limitations as it does not
include histological subtype and tumour depth, which are important independent
prognostic factors regardless of histologic grade. (7, 26-29) Furthermore, it does not
incorporate patient-related factors and does not provide individual prognosis. In recent
years, several new prognostic tools have been developed and validated for eSTS such
as Sarculator and PERSARC. (27, 28, 30-32) These tools are, in general, easier to
use through applications on smartphones, more accurate as they generate individual
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prognosis based on multiple characteristics that may vary simultaneously and provide
more easily understood prognosis compared with the conventional TNM staging system.
Furthermore, these tools have incorporated time-varying variables that consider that the
prognosis varies at different time points during follow-up. (30, 32, 33)

MANAGEMENT OF STS

Several clinical guidelines have been developed for the management of STS. (22,
23) Currently, the majority of all histological subtypes are treated uniformly. The
treatment of STS occurs in a multidisciplinary team using a multimodality approach.
This dedicated team consists of radiologists, pathologists, surgical and orthopaedic
oncologists, and radiation and medical oncologists.

Surgery with complete surgical margins is the cornerstone in the treatment of localized
eSTS. (Neo)adjuvant radiotherapy (RTX) is typically discussed in high grade eSTS
with a high risk of local relapse or incomplete surgical margins. There is no clear
preference concerning the timing of RTX. There is no difference in local control and
overall survival after neoadjuvant or adjuvant RTX. (34-37) However, short term
wound complications are less common after adjuvant RTX, while long-term morbidity
such as fibrosis, oedema and joint stiffness are less common after neoadjuvant RTX
due to lower radiation dose. (34-37) Considering that the short term-complications
are well manageable in specialized sarcoma centres, RTX is nowadays typically offered
preoperatively. (22, 38)

(Neo)adjuvant chemotherapy (CTX) may be indicated in patients with a high risk
of developing distant metastases (DM) or death. Perioperative CTX is not standard
of care in the management of primary eSTS. Despite multiple randomized and non-
randomized studies on the role of (neo)adjuvant CTX in eSTS, the added value of
CTX is still widely debated due to conflicting results. (39-50) Therefore, clinical
guidelines state that perioperative CTX may be considered in selected patients on an
individual basis after multidisciplinary discussion. (22)

Treatment of localized eSTS with neoadjuvant isolated limb perfusion with tumour
necrosis factor-alpha (TNF-a) in combination with melphalan and (neo)adjuvant
CTX with regional hyperthermia may also be considered for limb-preserving surgery
after multidisciplinary discussion in specialized sarcoma centres. (22, 23, 51)

Patients with metastatic disease are usually treated in a palliative setting. In this setting

the balance between life expectancy and quality of life becomes even more important.
The mainstay treatment of metastatic STS is best supportive care or anthracycline-
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based systemic therapy. In selected cases of isolated oligometastatic disease local
treatment with surgery, RTX or interventional radiological ablation techniques may

be an option. (22, 23)

MALIGNANT PERIPHERAL NERVE SHEATH TUMOUR

Malignant peripheral nerve sheath tumours (MPNSTs) are a rare and aggressive
subtype of STS that account for 2-6% of all STS. (5, 7, 52) MPNSTs originate from
peripheral nerve supporting tissue. (1) While most STS arise de novo and have an
unknown etiology, MPNSTs are associated with neurofibromatosis type 1 (NF1). (1)
NF1 is a common, autosomal dominant disorder with a heterozygous loss-of-function
germline mutation in the NF1 tumour suppressor gene. (1) This gene encodes for
Neurofibromin, which is an inhibitor of RAS oncogenes. (53, 54) Activation of the
RAS pathway results in cell proliferation and survival. (55)

The incidence of NF1 is estimated as 1 in 2500-3000 births. (56, 57) Patients with
NF1 could develop multiple benign cutaneous and plexiform neurofibromas. These
(plexiform) neurofibromas could progress into atypical neurofibromas (aNF) or
atypical neurofibromatous neoplasms of uncertain biological potential (ANNUBP),
(1, 58-61) which could eventually dedifferentiate to MPNSTs. However, not all
precursors undergo malignant transformation. (1, 58-61)

The estimated life time risk of developing a MPNST in patients with NF1 is 8-13%.
(62) Approximately 30-50% of the MPNSTs are NF1-associated. (63, 64) MPNSTs

could also be sporadic or radiation-related, which account for roughly 40-60% and

5-10% of all MPNSTs, respectively. (1, 63, 64)

Historically, grading was not universally applied in MPNSTs, due to conflicting
results. (65-67) However, several recent and larger studies have shown the prognostic
value of the FNCLCC grading system in MPNSTs. (64, 68-71) Therefore, nowadays
the FNCLCC grading system is also recommended for MPNSTs by the 2020 WHO
classification of soft tissue tumours. (1) The most important source of difficulty in
grading MPNSTs seems the determination of the differentiation score (Table 1). (71)
The differentiation score for MPNSTs could be defined as:

* 1 point: resembles benign peripheral nerve sheath tumour with increased
cellularity and mitotic activity.

* 2 points: overtly malignant neoplasm with characteristics of nerve sheath
differentiation (i.e., marbling, and short fascicle formation).
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* 3 points: overtly malignant neoplasm lacking clear morphologic features of nerve
sheath differentiation, having heterologous elements or epithelioid morphology. (71)

In general, MPNSTs are treated similarly as all STS subtypes, as discussed in the
previous sections.

AIM AND OUTLINE OF THIS THESIS

As stated in the preceding paragraphs, STS represents a rare and heterogeneous type of
cancer. This not only adds complexity to the diagnosis and treatment of STS but also
presents challenges in conducting research. Despite several scientific advances in STS,
including molecular diagnostics, treatment with limb sparing surgery in combination
with perioperative RTX, and the development of several prediction tools, there has
only been a marginal improvement in survival throughout the years. (72-75)

Over the past few decades, there has been a paradigm shift in cancer research from
focusing on the homogeneity within a patient population to emphasizing the diversity
or heterogeneity in presentation and clinical outcomes among patients. This concept has
been commonly referred to as personalised medicine. The foundation of personalised
medicine lies in delivering effective care tailored to each individual patient. In this
thesis, we aimed to contribute to a more personalised and patient-tailored approach
in the management of STS. We tried to achieve this goal by addressing the following
three main questions:

4 N
1. PART I: Given the current practice,

* what is the variation in clinical presentation and oncological outcome
of patients with STS?
* which factors influence this variation in oncological outcome?
2. PART II: How to better identify patients at risk and predict oncological
outcome in patients with STS?
3. PARTIII: What is the current management of STS and how could prognostic
tools play a role in the clinical decision making and management of STS?

- /

The first part of this thesis focuses on the heterogeneity in presentation and outcome
across the STS spectrum. In chapter 2 we assessed the differences in oncological
outcome in STS between the AYA (adolescents and young adults), middle-aged (40-69
years old) and elderly population (270 years old) and assessed whether the differences
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in oncological outcome could be explained by tumour and treatment characteristics.
In chapter 3 and 4, we aimed to identify tumour and treatment-related factors that
are associated with survival and the development of DM and LR in patients with
MPNST. In the final chapter of this section, chapter 5, we systematically reviewed
the literature on immunohistochemical markers and genetic alterations in MPNSTs
that are associated with survival.

The second part of this thesis focuses on prognostic and diagnostic research in STS. In
chapter 6 we studied whether an electronic nose could discriminate between patients
with and without STS based on exhaled breath in a pilot study. In chapter 7 we built
and validated a MPNST-specific prediction tool and compared the performance of
this tool with existing generic STS tools.

The third part concentrates on the management of STS and the application of
prediction tools in the management of STS. In chapter 8 we explored the variation
in treatment recommendations and management of STS in an international survey
among sarcoma experts. In chapter 9 the role of perioperative chemotherapy in eSTS
was investigated in different risk groups by stratifying patients based on the PERSARC
prediction tool. In chapter 10 we evaluated the added value of restaging for distant
disease after neoadjuvant RTX in STS. Chapter 11 provides an overview of existing
prediction tools for eSTS and discusses the possible applications of prediction tools in
the management of eSTS.

The final part of this thesis, the fourth part, contains a summary and discussion of all
the chapters and outlines future perspectives for sarcoma research.
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ABSTRACT

Background

No studies extensively compared the young adults (YA, 18-39 years), middle-aged
(40-69 years), and elderly (=70 years) population with primary high-grade eSTS. This
study aimed to determine whether the known effect of age on overall survival (OS)
and disease progression can be explained by differences in tumour characteristics and
treatment protocol among the YA, middle-aged, and elderly population in primary
high-grade eSTS patients treated with curative intent.

Methods

In this retrospective multicentre study, inclusion criteria were patients with primary
high-grade eSTS of 18 years and older, surgically treated with curative intent between
2000 and 2016. Cox proportional hazard models and a multistate model were used to
determine the association of age on OS and disease progression.

Results

A total of 6260 patients were included in this study. YA presented more often after
“whoops”-surgery or for re-resection due to residual disease, and with more deep-seat-
ed tumours. Elderly patients presented more often with grade-III and larger (210cm)
tumours. After adjustment for the imbalance in tumour and treatment characteristics
the hazard ratio for OS of the middle-aged population is 1.46 (95%CI 1.22-1.74) and
3.06 (95%CI 2.53-3.69) in the elderly population, compared with YA.

Conclusion

The effect of age on OS could only partially be explained by the imbalance in the
tumour characteristics and treatment variables. The threefold higher risk of elderly
could, at least partially, be explained by a higher other-cause mortality. The results
might also be explained by a different tumour behaviour or suboptimal treatment in
elderly compared to the younger population.
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INTRODUCTION

Soft tissue sarcomas (STS) are a group of rare heterogeneous tumours of mesenchymal
origin with various histologic and clinical features. The estimated incidence of STS is
less than 4.7 per 100,000 persons in Northern Europe per year. (1) STSs may occur
in all age groups, with a relatively high incidence in patients younger than 40 years
old compared to other malignancies. (1, 2) STS represent approximately 1-2% of all
adult malignancies (2, 3), and 7-8% of all malignancies in adolescents and young

adults (AYA). (3, 4)

In the past, clinical trials mainly focused on the middle-aged population, in which STS
is most prevalent, (3) while the AYA and elderly population remained underrepresented
in these trials. (5, 6) The lack of enrolment in clinical trials of the AYA and elderly
population limits our knowledge of tumours behaviour and effectiveness of STS
management in these populations.

Several studies have shown relative lack of improvement in clinical outcomes in the
AYA population compared to their older and younger counterparts (4, 7) and poorer
disease-specific survival of the elderly patients compared to the younger counterparts.
(8) With the increasing referrals for treatment of elderly patients with STS as well
as the lack of improvement in the AYA population, further evaluation of factors
influencing outcome for the different age groups might help in the decision-making
regarding treatment strategies for the different patient groups. (4, 7, 9, 10)

Therefore, the primary aim of this study is to evaluate differences in overall survival
(OS) and disease progression among age groups of patients with a primary high-
grade eSTS treated with a curative intent. The secondary aim is to determine whether
potential differences in outcome can be explained by differences in tumour and
treatment characteristics among the different age groups.

METHODS

Study design and population

This is a retrospective multicentre study of surgically treated primary high-grade eSTS
patients. Local institutional ethics board approval was obtained prior to the study.
Patients were identified from 21 participating specialized sarcoma centres or registries

(Appendix A).

All patients with primary high-grade (FNCLCC II/III) eSTS of 18 years and older
that were surgically treated with curative intent between 2000-2016 with correctly
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registered time-to-events were included. Patients undergoing re-excision after
unplanned sarcoma excision were also included. Exclusion criteria were:

* presentation with local recurrence (LR) or distant metastases (DM)

* intermediate malignancy tumours, Kaposi, and paediatric sarcomas

* patients receiving (neo)adjuvant treatment other than radiotherapy (RTX) or
chemotherapy (CTX) (e.g., isolated limb perfusion)

* patients who died or were censored at the day of definitive surgery

* patients of whom age or time-to-event data was missing.

Variables

Patient information, tumour characteristics, treatment-related variables and survival
data were obtained from medical records or sarcoma registries. Age was determined
as age at time of surgery. Patients were categorized into three age groups (YA: 18-39,
middle-aged: 40-69, elderly: 70+). Size was measured as the maximum diameter of
tumour mass on imaging-techniques or based on pathological report. The FNCLCC
grading-system was used for tumour grading. A tumour partially or entirely deep
to the investing fascia was classified as deep. Histological subtypes were retrieved
from pathology reports and were classified into 7 categories according to the World
Health Organization classification (11): leiomyosarcoma (LMS), liposarcoma (LPS),
myxofibrosarcoma (MF), undifferentiated pleomorphic sarcoma and (pleomorphic)
STS not-otherwise-specified (UPS/NOS), malignant peripheral nerve sheath
tumour (MPNST), synovial sarcoma (SS) and other. The “other”-category included
angiosarcoma, adult rhabdomyosarcoma and other histological subtypes under-
presented in our data. A “whoops”-surgery was defined as a surgical procedure in
which the mass was assumed to be benign but final pathologic diagnosis after surgery
showed an STS. Surgical margin was classified as RO (negative, defined as no ink on
tumour) or R1-2 (microscopically/macroscopically positive). No central pathology
review for the diagnosis and surgical margin was performed in this study. Due to the
retrospective and multicentre nature of this study, it was not possible to centrally
review 6260 eSTS cases. Since only expert centres were included in this study, we
believe central review would not significantly improve the paper to warrant such an
effort. All centres generally adhered to the ESMO-guidelines for diagnosis, treatment,
and follow-up. (12)

LR was defined as the first radiological evidence of malignant recurrence at or near
the primary tumour bed. DM was defined as the first radiological or pathological
evidence of recurrence at any other side outside the primary tumour bed. For the date
of LR and DM, the date of tissue biopsy was used if the diagnosis was pathologically
confirmed, otherwise the date of radiological examination was used.
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Endpoints of the study were OS, LR and DM.

Statistical analysis

All statistical analyses were performed in the statistical program R (version 3.6.3). (13)
Patient demographics and baseline characteristics were described with proportions
for categorical variables and means with standard deviations (SD) or medians with
interquartile ranges (IQR). Differences in categorical variables were tested with the
Chi-square test or Fisher’s exact test. Bonferroni-correction for differences in tumour
and treatment variables between the age groups was used to account for multiple
testing.

OS was defined as the time interval between definitive surgery and date of death or
date of last follow-up. Time-to-LR and time-to-DM was defined as the time interval
between definitive surgery and date of LR or DM respectively, or date of last follow-up.
Median follow-up was computed with the reversed Kaplan-Meier estimator. Kaplan-
Meier plots for OS and cumulative incidence of LR (CILR) and DM (CIDM) plots
were constructed to compare the YA, middle-aged and elderly age groups. The CILR
and CIDM were estimated using competing risk analyses, with death as competing
event. Differences in time-to-event outcomes were evaluated with the log-rank test
or the Peto-Wilcoxon test if the proportional hazard (PH) assumption was violated.
Missing values were imputed for the Cox PH models using multiple imputation
(m=20). Pooled estimates were computed using Rubin’s rules.

A multistate model was built to assess the association between age and disease pro-
gression. A multistate model is an extension of competing risk analyses, in which
transitions to and from intermediate events are modelled. (14) Figure 1 depicts the
multistate model used in this study. Every patient starts in the initial state after defini-
tive surgery, alive with no evidence of disease (ANED). A patient stays in this state
until disease progression, death, or censoring. If a patient first develops a LR and
afterwards a DM, the patient will move from ANED to LR to DM. If a patient first
develops a DM and afterwards a LR, the patient will move from ANED to DM
and remains in DM. If a patient is diagnosed with a LR and DM simultaneously
(synchronous relapse) the patient will move directly to the DM-state.

Multivariable Cox PH models were used to estimate the effect of age on OS and for
each transition. The models were adjusted for tumour and treatment characteristics.
The tumour characteristics were histology, grade, size, depth, and tumour site. The
treatment characteristics were surgical margin, radiotherapy, and chemotherapy. We
assessed the PH-assumption visually using the Schoenfeld-residuals. We used state
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occupancy plots to visualize the probability of being in a state at different time point
after surgery for the three age groups.

P-values <0.05 were considered statistically significant. Results from the Cox PH
models were described in hazard ratios (HRs) with corresponding 95% confidence
intervals (CI). All statistical tests were two-sided. The packages “mstate”, “mcprsk”
and “survival” were used for the multistate model and survival analyses, and the
package “mice” was used for multiple imputations.

582

Figure 1. Disease progression of eSTS in a multistate model along with number of patients moving from
one state to another

The states are indicated by blocks and the transitions are indicated by arrows.

*Patients with synchronous relapse (LR+DM) move to the DM-state. If a patient first develops a DM and
afterwards a LR, the patient will remain in the DM-state.

RESULTS

Patient population

A total of 6268 patients were eligible for this study. Two patients due to missing
age, three patients due to missing time-to-event data and three patients without
follow-up were excluded, resulting in 6260 patients that were included (Figure 2).
The ages ranged between 18-100 years (median, IQR: 63, 49-74). The population was
categorized into three age groups: the YA (n=841, 13.4%), the middle-aged (n=3217;
51.4%) and the elderly population (n=2202; 35.2%) (Table 1). The female:male ratio
in the total population was 1: 1.24. The median follow-up time was 49.4 months

(95%CI 47.1-52.3).
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[ 6268 patients eligible ]

Excluded (n=8)

*  Missing age (n=2)
'L *  Missing time-to-event data (n=3)

*  No follow-up (n=3)

A

6260 patients included
in analysis

Young adults Middle-aged Eldetrly
(18-39) (40-69) (70+)
(n= 841) (n=3217) (n= 2202)

Figure 2. Flow diagram for patients included in the study

N: number of patients

Differences in tumour characteristics

YA presented more often after “whoops”-surgery or for re-resection due to residual
disease compared with both the middle-aged and elderly population. Also, YA had
significantly more deep-seated tumours compared with the middle-aged, and elderly
population, while elderly presented more often with grade-III and large (210cm)
tumours compared with the YA and middle-aged population.

SS, MPNST and LPS were significantly more often diagnosed in YA compared with
the middle-aged and elderly population, whereas UPS and NOS were diagnosed more
often in elderly compared with the YA and middle-aged population. LMS and MF
were more frequent in the middle-aged and elderly population compared with YA.
No significant difference was found between the middle-aged and elderly population
for LMS and MF (Table 1). Figure 3 describes the age distribution for the main
histologic subtypes.
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Table 1. Tumour and treatment characteristics

All patients YA Middle-aged Elderly p-value*
(n= 6260) (n=841) (n=3217) (n=2202)
Gender
Male 3466 (55.4) 464 (55.2) 1815 (56.4) 1187 (53.9)
Female 2793 (44.6) 377 (44.8) 1401 (43.6) 1015 (46.1) 0.182
Missing 1 0 1 0
Histology
LMS 657 (10.5) 50 (5.95) 336 (10.5) 271 (12.3)
LPS 1002 (16.0) 191 (22.7) 569 (17.7) 242 (11.0)
MF 1095 (17.5) 42 (4.99) 599 (18.6) 454 (20.6)
UPS and NOS 1948 (31.1) 96 (11.4) 959 (29.8) 893 (40.6)
MPNST 353 (5.64) 98 (11.7) 186 (5.79) 69 (3.14)
SS 570 (9.11) 267 (31.7) 254 (7.90) 49 (2.22)
Other 631 (10.1) 97 (11.5) 312 (9.70) 222 (10.1) <0.001
Missing 4 0 2 2
Grade
2 1008 (24.6) 169 (29.2) 585 (27.3) 254 (18.4)
3 3096 (75.4) 410 (70.8) 1560 (72.7) 1126 (81.6) <0.001
high grade 2156 262 1072 822
(not further specified)
Size
<5cm 1510 (24.9) 239 (29.7) 802 (25.8) 469 (21.9)
5-10 cm 2383 (39.3) 323 (40.2) 1199 (38.5) 861 (40.2)
>10 cm 2165 (35.7) 242 (30.1) 1112 (35.7) 811 (37.9) <0.001
Missing 202 37 104 61
Depth
Deep 4095 (70.1) 601 (76.3) 2126 (71.0) 1368 (66.6)
Superficial 1744 (29.9) 187 (23.7) 870 (29.0) 687 (33.4) <0.001
Missing 421 53 221 147
Site
Lower extremity 4750 (75.9) 647 (76.9) 2501 (77.8) 1602 (72.8)
Upper extremity 1509 (24.1) 194 (23.1) 715 (22.2) 600 (27.2) <0.001
Missing 1 0 1 0
Presentation
Primary 3814 (78.8) 489 (73.2) 1928 (78.1) 1397 (82.0)
Whoops/residue 1028 (21.2) 179 (26.8) 542 (21.9) 307 (18.0) <0.001
Missing 1418 173 747 498
Type of surgery
Limb sparing 5059 (93.9) 674 (95.1) 2590 (93.9) 1795 (93.4)
Amputation 330 (6.12) 35 (4.94) 169 (6.13) 126 (6.56) 0.306
Missing 871 132 458 281
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All patients YA Middle-aged Elderly p-value*
(n= 6260) (n= 841) (n=3217) (n=2202)
Resection margin
RO 5338 (87.9) 737 (89.8) 2769 (89.2) 1832 (85.4)
R1-R2 732 (12.1) 84 (10.2) 336 (10.8) 312 (14.6) <0.001
Missing 190 20 112 58
Radiotherapy
No 3016 (48.2) 379 (45.1) 1460 (45.4) 1177 (53.5)
Yes 3239 (51.8) 461 (54.9) 1,753 (54.6) 1025 (46.5) <0.001
Missing 5 1 4 0
Chemotherapy
No 5240 (83.7) 593 (70.5) 2526 (78.5) 2121 (96.3)
Yes 1019 (16.3) 248 (29.5) 690 (21.5) 81 (3.68) <0.001
Missing 1 0 1 0
Radiotherapy (detailed)
No radiotherapy 3017 (48.6) 379 (45.4) 1459 (45.8) 1179 (53.8)
Adjuvant 2033 (32.7) 262 (31.4) 1062 (33.4) 709 (32.4)
Neoadjuvant 1135 (18.3) 190 (22.8) 647 (20.3) 298 (13.6)
Neo- and adjuvant 24 (0.387) 4 (0.479) 16 (0.503) 4 (0.183) <0.001
Missing 51 6 33 12
Chemotherapy
(detailed)
No chemotherapy 5241 (84.1) 593 (70.8) 2529 (79.1) 2119 (96.4)
Adjuvant 560 (8.98) 109 (13.0) 394 (12.3) 57 (2.59)
Neoadjuvant 190 (3.05) 64 (7.65) 119 (3.72) 7 (0.318)
Neo- and adjuvant 243 (3.90) 71 (8.48) 156 (4.88) 16 (0.728) <0.001
Missing 26 4 19 3

N: number of patients, YA: youngadults, LMS: Leiomyosarcoma, LPS: Liposarcoma, MF: Myxofibrosarcoma,
UPS: Undifferentiated pleomorphic sarcoma, NOS: Sarcoma, not otherwise specified, MPNST: Malignant
peripheral nerve sheath tumour, SS: synovial sarcoma
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Figure 3. Age distribution for histologic subtypes

Boxes represent the 25" 50" and 75" quartiles, end of horizontal bars represent 1.5 times the inter-quartile
range. Rhombus represents the mean.

LMS: Leiomyosarcoma, LPS: Liposarcoma, MF: Myxofibrosarcoma, UPS: Undifferentiated pleomorphic
sarcoma, NOS: Sarcoma, not otherwise specified, MPNST: Malignant peripheral nerve sheath tumour, SS:
synovial sarcoma

Differences in treatment

Elderly had significantly more R1-R2 resections compared with the YA and middle-
aged population. RTX and CTX were more often offered in the YA and middle-aged
population compared with elderly. Also, there was a significant difference in CTX use
between the YA and middle-aged population.

Differences in outcome

There was a significant difference among the age groups for all oncological outcomes
(Figure 4). The 5-year OS in the YA, middle-aged and elderly population, is 78.4%
(95%CI 75.0-81.9), 70.3% (95%CI 68.4-72.3) and 50.0% (95%CI 47.3-52.9)
respectively (Table 2).

Age was significantly associated with OS in the univariate model (Figure 4a). After
adjustment for the presentation and treatment variables the association between age
and OS decreased but remained significant (HR middle-aged: 1.46 (95%CI 1.22-
1.74), HR elderly: 3.06 (95%CI 2.53-3.69), YA as reference) (Table 3).

Age demonstrated a significant effect on the cause-specific hazard of LR (Figure 4b).
The difference in the cause-specific hazard of LR between the YA and middle-aged
population could entirely be explained by the imbalance in tumour and treatment
characteristics (HR middle-aged: 1.38 (95%CI 0.978-1.95), YA as reference).
Difference in the cause-specific hazard of LR between the YA and elderly population
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could partially be explained by the imbalance in tumour and treatment characteristics
(HR elderly: 2.20 (95%CI 1.53-3.16), YA as reference) (Table 3, Transition 1). Also,
age demonstrated a significant effect on the cause-specific hazard of DM (Figure 4c).
The imbalance in tumour and treatment characteristics does not seem to explain the
difference in the cause-specific hazard of DM among the age groups (HR middle-aged:
1.26 (95%CI 1.07-1.49), HR elderly: 1.23 (95%CI 1.02-1.48), YA as reference)
(Table 3, Transition 2). HRs for the elderly were the highest for transition 3 (ANED
a Death) and 5 (LR & Death) (Table 3). Cumulative incidence plots for LR and DM
stratified by age group and histology are depicted in Appendix C.
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Figure 4. Kaplan Meier curves

A. Overall survival (log-rank: p <0.001)

B. Cumulative incidence of local recurrence (log-rank: p <0.001)

C. Cumulative incidence of distant metastasis (Peto-Wilcoxon: p = 0.001)

YA: Young adults, HR: Hazard ratio, Cl: confidence interval
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Table 2. Oncological outcome stratified by age group

Oncological outcome Young adults Middle-aged Elderly

(95% CI) (95% CI) (95% CI)
Overall survival
2 years 91.1% (89.1-93.3) 86.2% (84.9-87.5) 71.8% (69.8-74.0)
5 years 78.4% (75.0-81.9) 70.3% (68.4-72.3) 50.0% (47.3-52.9)
10 years 66.7% (61.5-72.3) 58.4% (55.6-61.2) 23.7% (20.3-27.7)

Cumulative incidence of LR

1 year 2.91% (1.76-4.05) 4.67% (3.94-5.41) 6.33% (5.30-7.35)
2 years 5.90% (4.19-7.61) 7.34% (6.39-8.30) 11.2% (9.79-12.6)
5 years 9.45% (7.14-11.8) 10.7% (9.46-11.9) 16.6% (14.7-18.5)

Cumulative incidence of DM

1 year 10.8% (8.64-12.9) 17.0% (15.7-18.3) 17.6% (16.0-19.2)
2 years 20.8% (17.9-23.8) 25.6% (24.0-27.2) 24.1% (22.2-26.0)
5 years 28.8% (25.2-32.3) 34.2% (32.3-36.1) 29.4% (27.2-31.6)
Overall survival after first LR

1 year 79.8% (69.8-91.3) 66.7% (61.3-72.6) 59.9% (54.0-66.4)
2 years 54.0% (41.6-70.0) 49.1% (43.2-55.9) 45.5% (39.4-52.5)
5 years 41.5% (29.3-58.8) 32.0% (25.9-39.5) 22.7% (17.2-29.8)
Opverall survival after first DM

1 year 70.1% (63.9-76.9) 59.6% (56.4-63.0) 35.9% (31.8-40.4)
2 years 42.4% (35.7-50.4) 37.1% (33.8-40.7) 15.8% (12.6-19.8)
5 years 21.7% (15.9-29.6) 16.8% (14.0-20.1) 6.28% (4.19-9.42)

CI: confidence interval, LR: Local recurrence, DM: Distant metastasis

State occupancy probabilities

The probability of occupying the LR-state is similar for each age group over time. The
probability of occupying the DM-state in the first year after definitive surgery is the
highest in elderly patients compared with the YA and middle-aged population. The
probability of occupying the DM decreases after a year because of people moving to
the Death-state (Figure 5).
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Figure 5. State occupation probabilities for three patients with the same profile in each age group

Panel A: patient in the YA group with a grade III, deep-seated, MPNST of 10 cm of the lower limb treated
with RT and RO-resection. Panel B: patient in the middle-aged group with the same patient profile as A.
Panel C: patient in the elderly group with the same patient profile as A.

The distance between two curves denotes the probability of being in a specific state at a specific time after
surgery.

YA: Young Adults, P: Alive no evidence of disease, D: Death, DM: Distant metastasis, LR: Local recurrence

Table 3. Hazard ratios of age for overall survival and all transitions in the multistate model

0os TRANS 1 TRANS 2 TRANS 3 TRANS 4 TRANS 5 TRANS 6
ANEDRLR ANEDXDM ANEDKDeath LRXDM LR X Death DM K Death
Age HR HR HR HR HR HR HR
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
YA 1 1 1 1° 1 1 1
Middle-  1.46 1.38 1.26 1.26 1.40 1.26
aged (1.22-1.74)  (0.978-1.95) (1.07-1.49) (0.703-2.25)  (0.506-3.89) (1.03-1.54)
Elderly  3.06 2.20 1.23 5.93 0.792 4.54 2.20
(2.53-3.69)  (1.53-3.16) (1.02-1.48) (4.85-7.25) (0.419-1.49)  (1.66-12.4) (1.76-2.74)

Adjusted for histology, grade, size, depth and tumour site, surgical margin, (neo)adjuvant radiotherapy
and (neo)adjuvant chemotherapy. For transition 3 (ANED->Death), we grouped the YA and middle-
aged population due to the relatively small number of patients in this transition for these age groups. For
transition 5 (LR>Death), we only adjusted for tumour characteristics due to the relatively small number of
patients in this transition. Appendix B includes the full multistate model including het HRs of the adjusted
variables.

¥ For transition 3 the YA and Middle-aged group were combined in one group.

OS: Overall survival, ANED: Alive, no evidence of disease, LR: Local recurrence, DM: Distant metastasis,
HR: Hazard ratio, YA: Young adults
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DISCUSSION

This study showed significant differences among the YA, middle-aged and elderly
population in tumour characteristics, treatment strategies and all oncological
outcomes. The differences in OS among the age groups could partially be explained
by the imbalance in tumour and treatment characteristics. The difference in LR rates
between the YA and middle-aged could entirely be explained by the imbalance in these
baseline characteristics, but the difference between the YA and elderly population
could only partially be explained by the imbalance. Differences in DM rates among
the age groups seem not to be explained by the imbalance in tumour and treatment
characteristics among the groups.

It is noteworthy that YA presented more often after “whoops™-surgery. This is in
line with the findings of Young et al. which showed that AYA were more vulnerable
to incorrect diagnosis compared with the elderly population. (15) This could be
explained by the overall lower prevalence of malignant tumours in YA which makes
medical professionals less aware that STS can also affect YA. Another explanation for
the higher “whoops” rates in the YA compared with the elderly is that YA presented
with smaller tumours, which might mistakenly be considered benign more frequently.

This study showed a higher overall mortality in the elderly population compared with
their younger counterparts, which is in accordance with previous studies. (8, 16) Also,
elderly have a more than six- and five-times higher risk of dying in the ANED and
LR state, respectively. Since OS was taken as an endpoint rather than disease specific
survival, this was to be expected since elderly obviously have a higher risk of dying of
natural causes. However, other studies have also shown an increased sarcoma-specific
mortality in the older population. (8,9, 16, 17)

The elderly presented with larger (210cm) and more grade-III tumours compared with
the YA and middle-aged population. Also, the variation in histological subtypes in the
elderly was different than in the younger populations. Elderly were more frequently
diagnosed with UPS and NOS, which tend to be more aggressive tumours. (18) All
these tumour characteristics could partly explain the impaired OS in the elderly.

Also, elderly had more positive resection margins. This might be due the fact that
elderly presented more often with unresectable tumours, or that surgeons chose to
perform less extensive resections to improve quality of life in the elderly. Also, elderly
patients are less often offered radiation or chemotherapy, probably due to pre-existing
comorbidities and reduced physical and psychological reserves. (9, 10, 19)
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The lower rates of RTX use in the elderly might explain the higher LR rates in this
age group, as this study showed a HR of 0.56 for the transition from ANED 4 LR in
those who received RTX. Also, RTX was associated with an improvement in OS (HR:
0.85). CTX was not associated with an improvement in OS, but was associated with
the transition from ANED a DM (HR: 1.3). This could probably be explained by
confounding by indication, as patients with higher risk of developing a DM are more
likely to receive CTX.

After adjustment for the imbalance in tumour and treatment variables, the association
between age and OS decreases, suggesting that worse OS in the elderly may only
partially be explained by the imbalance of tumour and treatment variables. However,
it has been suggested that elderly have a more aggressive tumour biology and a weaker
tumour-specific immune response, (20, 21) which might be another explanation for
decreased survival. This is supported by the finding that the probability of developing
DM in the first year after surgery is higher for the elderly compared with the younger
counterparts with the same tumour and treatment characteristics. Besides elderly have
a higher risk of developing a DM, they also have a higher risk of dying after DM.
The 1-year OS after first DM was 35.9% in the elderly compared with 59.6% in
the middle-aged population. We did not have any information about the treatment
regimens after disease progression, but a potential explanation for the declined OS in
elderly could also be a less aggressive treatment approach in this population.

This study found an increased risk of LR in the elderly population compared with
YA, in accordance with previous reports, (8, 22) Also, an increased but less evident
risk of DM was found in the middle-aged and elderly population compared with YA.
After adjustment for tumour and treatment characteristics, the difference in cause-
specific hazard of LR among the age groups decreased. However, the association for
the cause-specific hazard of DM remained the same after adjustment, suggesting that
the imbalance in measured tumour and treatment characteristics does not explain the
difference in DM rate. These findings are in line with a previous report of Biau et al.,
which showed that the effect of age on DM could hardly be explained by presentation
and treatment variables. (22) Yet, unmeasured, or not-fully modelled explanatory
confounders could also, at least partially, explain the remaining association. However,
our study included more than twice as many patients compared with Biau et al. which
made it possible to adjust for more variables without overfitting the models. (22)

Limitations and strengths

This study has several limitations due to its retrospective design. First, missing data
and patients lost to follow-up were present in our dataset, probably resulting in
selection bias due to selective lost to follow-up. We have used multiple imputations
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to reduce the bias. Furthermore, the association among the age groups and clinical
outcome could be explained by other variables we did not include in our analysis, such
as treatment characteristics of progressive disease, resulting in residual confounding.
Also, we combined patients with R1 and R2 resections in one group, as more detailed
information about surgical margins was not available in all centres. Finally, we were
unable to assess the disease-specific survival which would provide more insight into the
influence of tumour and treatment characteristics on the effect of age. Nevertheless,
to our knowledge this is the largest multicentre study to date examining age-related
differences in oncological outcome for primary high-grade eSTS patients surgically
treated with curative intent.

CONCLUSION

In this large multicentre study, we have observed a significant decrease in OS and
increase in LR and DM rate with increasing age. This can only partially be explained
by differences in tumour and treatment characteristics, suggesting that eSTS may have
a more aggressive tumour behaviour in elderly patients when compared with their
younger counterparts, which may coincide with a weaker tumour-specific immune
response in elderly patients.
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APPENDIX

Appendix A. Included centres

The included centres were Aarhus University Hospital (Aarhus, Denmark), Netherlands
Cancer Institute (Amsterdam, the Netherlands), Haukeland University Hospital
(Bergen, Norway), Universitatsmedizin (Berlin, Germany), Royal Orthopeadic
Hospital (Birmingham, UK), Sahlgrenska University Hospital (Gothenberg, Sweden),
Medical University Graz (Graz, Austria), University Medical Centre Groningen
(Groningen, the Netherlands), Nationwide cancer registry for bone and soft tissue
tumours (Japan), Leiden University Medical Centre (Leiden, the Netherlands),
Linkoping University Hospital (Linkdping, Sweden), The Royal Marsden (London
and Surrey, UK), Skine University Hospital (Lund, Sweden), Radboud Medical
Centre (Nijmegen, the Netherlands), The Norwegian Radium Hospital (Oslo,
Norway), Erasmus Medical Centre (Rotterdam, the Netherlands), Royal Netional
Orthopeadic Hospital (Stanmore, UK), Karolinska University Hospital (Stockholm,
Sweden), Mount Sinai Hospital (Toronto, Canada) and Umed University Hospital
(Umes, Sweden).
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Management of Metastatic Disease with
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Chapter 3

ABSTRACT

Background

This multicentre cohort study aimed to identify clinicopathologic and treatment-
related factors associated with the development of distant metastasis (DM) and with
overall survival (OS) after DM in patients with malignant peripheral nerve sheath
tumours (MPNST).

Methods

All patients diagnosed with primary MPNST from 1988 to 2019 who were surgically
treated for the primary tumour were included. Multivariable Cox regression analyses

were performed to identify factors associated with DM and OS after DM.

Results

A total of 383 patients were included in this analysis, of which 150 developed metastatic
disease. No differences in clinicopathologic characteristics and clinical outcome were
found between patients with synchronous and metachronous DM. neurofibromatosis
type 1 (NF1), high grade, tumour size, triton and R2 resections were independent risk
factors for the development of DM. NF1, and more than two metastasis sites were
independently associated with worse OS after DM. Metastasectomy, chemotherapy
and the metastatic site category ‘other’ were associated with prolonged survival after

DM.

Conclusion
This analysis provides important insights into clinicopathologic and treatment factors
associated with outcomes in metastatic MPNST. Besides that, NF1-status is associated

with a higher risk of DM, it is also independently associated with worse survival in
metastatic MPNST.
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INTRODUCTION

Approximately 30% of the patients with primary high-grade soft tissue sarcoma (STS)
face metastatic disease within five years after primary treatment. (1-3) STS metastasize
mainly to the lungs. (4, 5) The median survival after distant metastasis (DM) is 1-2
years. (4, 6, 7) Metastatic disease is usually treated in a palliative setting. The mainstay
treatment of metastatic STS is systemic therapy and metastasectomy for metachronous
lung metastasis if the disease-free interval =1 year. (8) Especially in this setting, the
right balance between life expectancy and quality of life is important.

A better understanding of factors associated with metastatic disease and survival of
metastatic disease may help to find a better balance between quantity and quality of
life and enhance clinical decision-making. Several studies have assessed prognostic
factors in metastatic STS. (5, 6, 9-14) However, studies on prognostic factors in
metastatic malignant peripheral nerve sheath tumours (MPNSTs), a specific subtype

of STS, are limited.

In contrast to other STS subtypes, MPNSTs can originate within a (plexiform)
neurofibroma, can occur in patients with neurofibromatosis type 1 (NF1), and can
present with partial rhabdomyoblastic differentiation (triton tumour). (15, 16) In
addition, the conventional three levels grading system, the FNCLCC grade, cannot
be applied to MPNSTs due to its poor prognostic value. (17)

Identification of MPNST patients more likely to develop DM and accurate prognosis
after DM may guide clinical decision-making and result in a better balance between
quantity and quality of life. Therefore, we sought to characterize the impact of
clinicopathologic and treatment characteristics on clinical outcomes in patients with
metastatic MPNST treated in 9 sarcoma centres in The Netherlands.

METHODS

Patient population

A retrospective cohort study of the 9 Dutch sarcoma centres, the MONACO study,
was undertaken after approval of the institutional review boards of the participating
centres. All patients diagnosed with pathologically proven primary MPNST from
1988 to 2019 who were surgically treated for the primary tumour were included in
this study. Patients with uncertain pathological reports or uncertain diagnosis based
on available information during follow-up were excluded. In addition, patients with
incorrectly registered time-to-event outcomes and patients who presented with local
recurrence who were previously resected elsewhere were excluded.
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Variables

Patient, tumour and treatment characteristics and survival data were obtained from
medical records. Age was determined as age at the time of diagnosis. The American
Society of Anaesthesiologist (ASA) classification system was used to categorize patients’
physical status. (18) Size was measured as the maximum diameter of tumour mass on
imaging or based on pathology report. Tumour grade was categorized as low and
high grade based on the Fédération Nationale des Centres de Lutte Contre le Cancer
(FNCLCC) grading system. A tumour originating from below the investing fascia was
categorized as deep seated. A tumour was categorized as NF1-associated by confirmed
genetic testing of a NF1 mutation or by clinical evaluation. (19) Surgical margin
was categorized as RO (microscopically negative), R1 (microscopically positive) or R2
(macroscopically positive). Tumour site was categorized as extremity, central (thorax,
abdomen, pelvis, retroperitoneal), and head and neck. Triton status was extracted
from pathological reports and was concluded either when stated as such in the report
or when MPNST with rhabdomyoblastic differentiation was reported. Radiotherapy-
associated MPNST was defined as previously delivered radiotherapy on the same
site as the primary tumour bed. Metastatic sites were based on radiological reports.
Metastatic site was categorized as pulmonary, extra-pulmonary with or without
pulmonary metastasis, and other. Extra-pulmonary metastases were defined as liver,
bone, brain, and peritoneal metastasis. The other category included lymph node
metastasis and other rare metastatic sites. Number of metastatic sites was categorized
as one site vs two or more sites. The disease-free interval (DFI) was defined as the time
between definitive surgery and the development of the first distant metastasis (DM)
and was categorized as synchronous, <1 year and, >1 year after definitive surgery.

DM was defined as the first radiological or pathological evidence of recurrence at
any other site outside the primary tumour bed. DM at presentation (synchronous
metastasis) was defined as DM diagnosed within 3 months after date of diagnosis.
DM developed after 3 months was categorized as metachronous metastasis.

Endpoints of this study were DM and OS.

Statistical analysis

All statistical analyses were performed in R (version 4.1.0). (20) Baseline characteristics
were described with proportions for categorical variables and means with standard
deviations or medians with interquartile ranges (IQRs) for continuous variables.

Overall survival (OS) was defined as the time interval between definitive surgery

and death or date of last follow-up. Time-to-DM was defined as the time interval
between definitive surgery and date of fist DM. Median follow-up was estimated
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with the reversed Kaplan-Meier estimator. Cumulative incidence of DM (CIDM) was
estimated with death as competing event. Differences in time-to-event outcomes were
evaluated with the log-rank test.

Multivariable Cox Proportional Hazards (PH) models were used to estimate the effect
of several covariates on the development of metachronous DM and on OS after first
DM. The model for the development of DM included age, NF1, grade, tumour size,
presence of triton, depth, tumour site, radiotherapy (RTX) for primary tumour,
chemotherapy (CTX) for primary tumour, and surgical margin. The model assessing
the effect of different covariates on OS after first DM included age, NF1, size of
primary tumour, grade, presence of triton, depth, number of metastatic sites, site of
metastasis, DFI, metastasectomy, and CTX for metastatic disease.

Proportional hazards were assessed visually with the Schoenfeld residuals.

Missing values were imputed using multiple imputations (MI) (m=20) and estimates
were pooled using Rubin’s rule. (21)

A p-value <0.05 was considered statistically significant. Results from the Cox PH
models were described in hazard ratios (HR) with 95% confidence intervals (CI).
All statistical tests were two-sided. The packages ‘mice’ for M1, ‘survival’, ‘rms’, and
‘survminer’ were used for the survival and competing risk analyses.

RESULTS

A total of 481 patients were included in the MONACO study. Patients who presented
with a local recurrence (n = 6), who were not treated surgically for the primary
tumour (n = 64), and patients with incomplete time-to-event information (n = 28)
were excluded in this analysis (Appendix Figure 1). Of the 383 patients included in
this study (Appendix Table 1), 150 developed a DM during follow-up. The median
follow-up was 47.9 months. The median follow-up in patients with metastatic
MPNST was 23.7 months. Patient and tumour characteristics are summarized in
Table 1. Thirty-six patients had a distant metastasis at presentation (9.40%). Fifty-
seven patients (38.0%) had an MPNST in association with NF1. The median number
of outpatient clinic visits of the total cohort after initial treatment was 6 times (IQR
3-6) in the first year, 3 times (IQR 3-4) in the second year, and 3 times (IQR 2-3) in
the 4" and 5" year.
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Table 1. Baseline characteristics of 150 metastatic MPNST patients

Variable Overall 2-Year Survival after DM diagnosis
(n =150) (95% CI)

Age (years)

Median (IQR) 44 (29-59)

Gender

Female 69 (46.0%) 23.1 (14.9-35.8)

Male 81 (54.0%) 24.6 (16.7-36.3)

ASA

I 70 (55.1%) 26.4 (17.8-39.1)

I 50 (39.4%) 19.9 (11.2-35.2)

I 7 (5.51%) 21.4 (4.20-100)

Missing 23

Tumour size (mm)

Median (IQR) 70 (40-113)

Missing 14

Depth

Superficial 17 (12.1%) 45.8 (26.9-77.7)

Deep 124 (87.9%) 22.0 (15.8-30.9)

Missing 9

Grade

Low grade 8 (5.4%) 37.5 (15.3-91.7)

High grade 141 (94.6%) 22.5 (16.5-30.8)

Missing 1

Site

Extremities 70 (46.7%) 27.3 (18.5-40.3)

Central 70 (46.7%) 21.2 (13.4-33.6)

Head and neck 10 (6.7%) 20.0 (5.79-69.1)

NF1

No 91 (61.5%) 33.1 (24.5-44.6)

Yes 57 (38.5%) 10.5 (4.94-22.4)

Missing 2

Neurofibroma

Not in neurofibroma 130 (87.8%) 25.3 (18.8-34.2)

Within neurofibroma 18 (12.2%) 11.1 (3.01-41.0)

Missing 2

Triton

No 133 (89.9%) 23.8 (17.6-32.3)

Yes 15 (10.1%) 19.6 (5.82-65.7)

Missing 2

RTX-associated
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Variable Overall 2-Year Survival after DM diagnosis
(n =150) (95% CI)

No 140 (94.0%) 25.0 (18.6-33.4)

Yes 9 (6.0%) 11.1 (1.75-70.5)

Missing 1

Site of metastasis

Pulmonary only 89 (59.7%) 11.8 (4.83-29.1)

Extrapulmonary (+ lung) 38 (25.5%) 24.6 (17.0-35.6)

Other 22 (14.8%) 38.1 (22.1-65.7)

Missing 1

Number of metastatic sites

1 site 120 (80.5%) 25.8 (18.9-35.1)

2 or more sites 29 (19.5%) 13.8 (5.55-34.3)

Missing 1

Metastasectomy

No 99 (71.7%) 14.3 (8.82-23.3)

Yes 39 (28.3%) 57.1 (43.2-75.6)

Missing 12

Chemotherapy

No 80 (58.0%) 31.1 (22.3-43.4)

Yes 58 (42.0%) 19.5 (11.5-33.1)

Missing 12

N: number of patients, DM: Distant metastasis, CI: Confidence interval, IQR: Interquartile range, ASA:
American Society of Anaesthesiologist classification, NF1: neurofibromatosis type 1, RTX: radiotherapy

Most of the patients with synchronous metastases had a metastasis at one site (80.6%).
Also, the majority of the patients with a first or second metachronous metastasis had
the metastasis at one site (82.0% and 80.0%, respectively). Most metastases were
located in the lung (66.7%, 75.6% and 63.3%, respectively) (Table 2). Synchronous
metastases and first metachronous metastases were mainly treated with chemotherapy
(53.3% and 37.6%, respectively) or surgery (30.0% and 28.2%, respectively) (Table
3). Most patients with second metachronous metastasis did not receive any treatment
(33.3%). Doxorubicin monotherapy was the mostly delivered first-line chemotherapy.
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Table 2. Metastasis pattern in MPNST

Variable

Metastasis at Diagnosis
(n = 36)

First Metachronous
Metastasis (7 = 123)

Second Metachronous
Metastasis (7 = 30)

Number of different metastasis sites

1

>3
Missing
Site

Lung
Liver
Lymph node
Bone
Brain
Peritoneal
Other
Missing

29 (80.6%)
5 (13.9%)
2 (5.56%)
0

24 (66.7%)
5 (13.9%)
5 (13.9%)
3 (8.33%)
1 (2.78%)
5 (13.9%)
3 (8.33%)
0

100 (82.0%)
18 (14.8%)
4(3.28%)

3

93 (75.6%)
9 (7.32%)
8 (6.50%)
17 (13.8%)
2 (1.63%)
5 (4.07%)
14 (11.4%)
1

23 (80.0%)
5 (13.3%)
2 (6.67%)
0

19 (63.3%)
3 (10.0%)
5 (16.7%)
4 (13.3%)
2 (6.67%)
2 (6.67%)
4 (13.3%)
0

N: number of patients

Table 3. Treatment pattern in metastatic MPNST

Variable

Metastasis at
Diagnosis (7 = 36)

First Metachronous
Metastasis (z = 123)

Second Metachronous
Metastasis (7 = 30)

Treatment of metastasis
No treatment
Metastasectomy
Metastasectomy + RTX
Metastasectomy + CTX

Metastasectomy + RTX + CTX

RTX

CTX

RTX + CTX
RFA + CTX
Missing

5 (16.7%)
7 (23.3%)
1(3.33%)
1 (3.33%)
2 (6.67%)
12 (40.0%)
1 (3.33%)
1 (3.33%)
6

Treatment modality for metastasis

No treatment
Metastasectomy
RTX

CTX

RFA

Missing

5 (16.7%)
9 (30.0%)
4 (13.3%)
16 (53.3%)
1(3.33%)
6

First-line chemotherapy regimen

Doxorubicin monotherapy

Epirubicin monotherapy

56

8 (50.0%)
1 (6.25%)

31 (26.5%)
26 (23.1%)
4 (3.42%)
1 (0.86%)
1 (0.86%)
11 (9.40%)
35 (29.9%)
7 (5.98%)

8

31 (26.5%)
33 (28.2%)
23 (19.7%)
44 (37.6%)

8

13 (35.1%)
2 (5.41%)

10 (33.3%)
6 (20.0%)
1 (3.33%)
2 (6.67%)
6 (20.0%)
4(13.3%)
1(3.33%)

0

10 (33.3%)
9 (30.0%)
9 (30.0%)
8 (26.7%)

0

4 (50.0%)
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Variable Metastasis at First Metachronous  Second Metachronous
Diagnosis (7 = 36) Metastasis (2 = 123)  Metastasis (z = 30)

Ifosfamide monotherapy - 5 (13.5%) 1(12.5%)

Doxorubicin + ifosfamide 3(18.8%) 7 (18.9%) 2 (25.0%)

Epirubicin + ifosfamide - 1 (2.70%) -

Other 4 (25.0%) 9 (24.3%) 1 (12.5%)

Missing 0 7 0

N: number of patients, RTX: Radiotherapy, CTX: Chemotherapy, RFA: Radiofrequency ablation

Differences in synchronous and first metachronous metastases

The incidence of synchronous DM was 9.40%. The incidence of metachronous DM
was 30.5% at 5 years. As patients may develop both a synchronous and metachronous
DM, the 5-year cumulative risk of a DM is 37.6%. MPNST patients with synchro-
nous and first metachronous metastases were similar in respect to their baseline
characteristics (Appendix Table 2). The median survival of patients with synchronous
metastasis was 11.5 months (95% CI 8.11-19.3) compared with 8.28 months (95%
CI 7.33-9.89) in patients with first metachronous metastasis (Figure 1). Patients
diagnosed with a DM within 1 year and after 1 year after primary treatment had a
median survival of 7.43 months (95% CI 4.90-9.50) and 9.89 (95% CI 7.95-19.8),

respectively.

1.00 1
Synchronous

§ 0.751 = Metachronous
b=
=
e 0.501
©
g
O 0.251

0.001

0 3 6 9 12 15 18 21 24 27 30 33 36
Time (months)
Number at risk

36 31 28 21 17 13 11 9 8 8 8 8 8
Metachronous 114 92 72 52 40 34 32 29 26 24 19 18 16

Figure 1. Survival plot of patients with synchronous vs. metachronous metastasis

p-value: Computed with log-rank test. Number at risk: Number of patients at risk of experiencing an event
(death) at each time point (months) for synchronous and metachronous metastasis.
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Risk factors for the development of metachronous metastatic disease in primary

MPNST

Patients with NF1 associated MPNST had a higher risk of developing DM. The
2-year CIDM in NF1 patients was 35.9% compared with 18.1% in no-NF1 patients
(univariable HR 1.70; 95% CI 1.18-2.45) (Figure 2A). The increased risk of DM could
only partially be explained by the imbalance in tumour and treatment characteristics
in the multivariable cause-specific Cox model (HR 1.50; 95% CI 1.00-2.24) (Figure
3). Also, high grade, tumour size, triton, and R2 resections were independently
associated with the development of DM.

A B
e _ e _
® - -
o
S @ | = @ |
s 3 5 3
S © e ©
c > ] > ]
= < NFT = o
= P I (177 ®© S
= 2
[ [
E o7 O o7
O o | o | e
S T T T T 1 S T T T T 1
0 12 24 36 48 60 0 12 24 36 48 60
Follow—up time (months) Follow—up time (months)
257 196 166 150 132 115 no NF1 91 45 28 20 17 14 no NF1

119 72 54 44 38 35 NF1 57 11 6 4 3 3 NF1

Figure 2A. Cumulative incidence of distant metastasis and B. overall survival after distant metastasis strati-
fied by neurofibromatosis-1 status

Risk factors for overall survival in metastatic MNPST

The median OS after metastatic MPNST was 8.9 months, with a 2-year OS of 23.9%.
Patients with NF1-associated MNPST had a worse 2-year OS (10.5%) compared with
no-NF1 patients (33.1%) (median OS: 6.31 and 13.0 months, respectively) (Table
1). The increased risk of mortality after DM in NF1 patients could not be explained
by the imbalance of other tumour and treatment characteristics (HR 2.56; 95% CI
1.68-3.90) (Figure 4). Number of metastasis sites were also independently associated
with a worse OS after DM. The metastatic site category ‘other’, metastasectomy and
chemotherapy for metastatic disease were independently associated with prolonged
OS. Figure 2B depicts the overall survival of MPNST after the development of DM
stratified by NF1.
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DISCUSSION

The present study aimed to identify clinicopathologic and treatment-related factors
associated with the development of DM and with OS after DM. No differences in
clinicopathologic characteristics and clinical outcomes were found between patients
with synchronous and metachronous DM. NF1, high grade, tumour size, triton, and
R2 resections were independent risk factors for the development of DM. NF1, and
more than 2 metastasis sites were independently associated with worse OS after DM.
Metastasectomy, chemotherapy and the metastatic site category ‘other’ were associated
with better survival after DM.

Risk factors for the development of metastatic disease in primary MPNST

Consistent with the literature, this study demonstrated that size is an important
prognostic factor for the development of DM in primary MPNST. (22-27) Site of
the primary tumour and depth do not seem to be an independent risk factor for the
development of DM. (22-27) However, literature review yields some contradictory
results for the factors NF1, grade, triton, and R2 resection.

In Table 4 an overview of previous large (N>100) cohort studies published after
2000 has been depicted. Seven out of eight studies assessed the effect of NF1 on
DM. Five studies did not find a significant association between NF1 and DM. Some
studies concluded that NF1-associated MPNST was not perse associated with worse
outcome but had more adverse clinicopathological characteristics such as larger
tumours, which might explain worse clinical outcomes. (24, 27) However, the largest
and most recent studies, including this study, revealed that NF1 is an independent
risk factor for DM, independent of site, depth, grade, size, and surgical margin. (23)
The association between triton tumours and DM was only assessed in one other study.
(24) In univariable analysis the association between triton and DM was significant
but in multivariable analysis this association disappeared. Further studies are needed
to better understand differences in tumour biology and clinical outcome in NF1-
associated MPNST and triton tumours vs sporadic MPNST, and how this could be
translated to optimal management of MPNST. Surgical margin was assessed in six
studies. Studies in which surgical margin was categorized as positive vs negative, no
difference in DM risk was observed. However, studies in which the R classification
was used, R2 resection was associated with higher risk of DM in uni- or multivariable
analysis. Therefore, the R classification seems more informative than a dichotomous
classification of surgical margin in MPNST.
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Table 4. Overview of common predictors of DM in previous large (n > 100) cohort studies

Study N  Analysis 5-year DMFS/  Factors influencing risk of DM*
5-year DM-rate

NF1 Site Depth Grade Size Triton R2

Current study 383 MV 49.8/30.5 + NS NS + + + +
Xu et al 2021° 764 MV NR/NR NA NS NA NS* + NA NA
Miao et al 2019 251 MV 60.6/NR + NS*  NS* NS + NA NS*
Watson et al 2017° 225 MV 49.6/NR NS NS NS&* NA + NS# NS¢
LaFeminaetal 2013 105 UV NR/NR NS NA NA NA NA NA NA
Stucky et al 2012° 175 UV NR/NR NS NS NS + + NA +
Zou et al 2009 113 MV NR/37-69° NS* NS NA NA + NA Ns?
Anghileri etal 2006 205 MV NR/26.2 NS NS M4 + + NA NS¢

N: number of patients, UV: univariable analyses, MV: multivariable analyses, DMFS: distant metastasis-
free survival, DM-rate: distant metastasis rate, DM: distant metastasis, NF1: neurofibromatosis type 1, NR:
not reported

* significantly associated with lower DM risk (-), significantly associated with higher DM risk (+), not
significantly associated (NS), not evaluated (NA)

®logistic regression on risk of DM at presentation
“ high grade MPNST

4surgical margin defined as positive vs negative

¢ Pearson’s chi-square/Fisher’s exact test used

5-yr DM rate in patients with and without NF1 was 37% and 69% respectively (death as competing risk
not taken into account)

¢ Sporadic MPNST vs epithelioid type or triton tumour

* significant in univariable analysis

Risk factors for overall survival in metastatic MNPST

To the authors’ knowledge, this is the only study to date assessing prognostic factors
for OS in synchronous and metachronous metastatic MPNST. One study assessed
prognostic factors for OS in patients with synchronous metastasis only based on the
SEER database. (22) However, this study was unable to assess the effect of DFI on
OS and did not include MPNST specific information such as NF1-status. As only
one study assessed OS after DM in MPNST, we made an overview of previous large
(n>100) cohort studies assessing OS after DM in all STS subtypes (Appendix Table
3). In accordance with most of the studies, size and depth of the primary tumour do
not seem to be associated with OS after DM. (5, 6, 9, 10, 13, 22, 28-31) However,
the prognostic value of number of metastases or number of metastatic site and DFI
has been subject of debate. Five studies, including this study, found an association
between number of metastases or number of metastatic sites and worse OS after DM,
while 6 studies did not find an association. (5, 9, 10, 13, 22, 29-33) Furthermore, the
association between DFI and OS seems inconsistent between studies. Five studies did
not find an association between the DFI and OS, while 8 studies found a significant
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association. (5-7, 13, 30-35) Interestingly, 5 out of 6 studies of STS patients after
pulmonary metastasectomy found a significant association between DFI and OS. It
seems that the longer the DFI is, the better the OS after metachronous DM is. (5-7,
30, 31, 33, 35) This trend, although not significant, is also observed in our study.
However, some studies showed worse OS in synchronous metastasis compared with
metachronous metastasis, while others showed better OS in synchronous metastasis.
(5, 32, 35) In our study, MPNST patients with synchronous metastasis do not seem
to represent a more aggressive subgroup of tumours compared with patients who
initially presented with nonmetastatic disease and experienced a DM at a later point in
time. However, we only included patients with synchronous metastasis who received
surgery for the primary tumour. Patients with synchronous metastasis who did not
receive surgery for the primary tumour are likely to have poorer outcomes.

Even though some older and smaller studies did not find an association between
NF1 and OS, recent studies conclude that NF1 is associated with worse OS. (23,
36) This multicentre study reveals that besides the higher risk for DM, NF1 is also
independently associated with worse OS after DM. This might be explained by the
higher risk of the development of second malignancies in MPNST patients with
NF1 (37), or by a more aggressive tumour biology in NF1-associated metastatic
MPNST. This underlines the potential added value of MPNST-specific information
in prognostic tools and in clinical decision-making.

Treatment of metastatic MPNST

The optimal management of patients with metastatic MPNST is an important field of
research. Palliative systemic therapy is the standard treatment in widespread metastatic
disease. (8) However, metastasectomy is recommended in isolated resectable lung
metastases (with a DFI > 1 year), if complete excision of the lesions is feasible. (8)
Especially in the metastatic setting, the anticipated side effects of these treatment
modalities should be well balanced with the expected benefits. In our series, CTX,
mainly monotherapy doxorubicin, was the most frequently offered treatment for
synchronous and first metachronous disease followed by metastasectomy. However,
the actual percentage of CTX in synchronous metastasis might be higher as we only
included patients who were surgically treated for the primary tumour. Patients with
second metachronous metastasis received mainly best supportive care.

Metastasectomy was the most important prognostic factor for better OS. The 2-year
survival in patients with and without metastasectomy was 57.1% and 14.3%,
respectively, in accordance with other studies. (10, 22, 31, 34, 35) Furthermore,
this study found a significant association between systemic treatment and better OS
in metastatic MPNST with a 2-year survival difference of 11.6% between patients
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with and without CTX. The improved survival after metastasectomy and CTX is
most likely due to selection bias, as a selected group of patients with a in general
overall better health status, mainly receive these treatment options. Therefore, careful
decision-making, taking all prognostic factors into consideration, is critical.

Strengths and limitations

This multicentre retrospective study has some inevitable limitations due to its
retrospective design. Selective loss of follow-up and missing data might lead to
selection bias. However, more than 90% of our study population was followed
until death, and multiple imputation technique was used to reduce this risk of
bias. Furthermore, no central review of pathology was performed. The diagnosis of
MPNST can be challenging due to the lack of specific histologic criteria. A French
cohort showed that after systematic review 20% of the MPNSTs, mainly sporadic
MPNSTs, were misclassified as MPNST (38). Therefore, some MPNSTs might have
been misclassified, which is an inherent limitation to all sarcoma studies without
central pathology review.

However, to our knowledge, this is the first nationwide study on metastatic MPNST
to date including MPNST specific information. This design prevents selection bias
and allows us to make inferences on the epidemiology of metastatic MPNST in an
unselected patient population. As STS is a heterogeneous group of malignancies,
research on single histological subtypes is vital to improve our understanding of
tumour behaviour, facilitate patient-tailored decision-making, and find a right
balance between quantity and quality of life. Unlike most population-based studies
on (metastatic) MPNST, this study included important entity-specific information,
such as NFI- and triton-status, and included clinicopathologic information on
metachronous metastasis, and follow-up.

CONCLUSION

Almost 40% of the MPNST patients develop DM within five years. There are
no differences in clinicopathological factors and oncological outcomes between
synchronous and metachronous metastasis. High grade and R2 resections are mainly
associated with the development of DM. Besides that, NF1-status is associated
with a higher risk of DM, this is the first study that reveals that NF1-status is also
independently associated with a worse survival in metastatic MPNST, with a median
survival difference of more than 6 months.
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APPENDIX

481 patients included in MONACO

study
Excluded (n=98)
*  Local recurrence at presentation (n=6)
"] *  No surgety for ptimary tumour (n=64)
*  Missing time-to-event data (n=28)
A 4

[ 383 patients included in analysis ]

Figure 1. Consort flow diagram. n: number of patients

Table 1. baseline characteristics of the total cohort of 383 patients with primary MPNST

Overall (N= 383)

Age (years)

Median [IQR] 44 [29-59]
Gender

Female 173 (45.3%)
Male 209 (54.7%)
Missing 1

ASA

I 183 (56.7%)
I 123 (38.1%)
III 17 (5.26%)
Missing 60

Tumour size (mm)

Median [IQR] 70.0 [40.0-112.5]
Missing 36

Depth

Superficial 72 (19.8%)
Deep 291 (80.2%)
Missing 20

Grade

Low grade 52 (13.6%)
High grade 329 (86.4%)
Missing 2

Site
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Extremities
Central

Head and neck
Missing

NF1

No

Yes

Missing

Within neurofibroma

No

Yes

Missing
Triton

No

Yes

Missing
RTX-associated
No

Yes

Missing
Margin

RO

R1

R2

Missing
Radiotherapy
No

Yes

Missing
Chemotherapy
No

Yes

Missing

157 (41.3%)
179 (47.1%)
44 (11.6%)
3

258 (68.3%)
120 (31.7%)
5

329 (86.4%)
52 (13.6%)
2

348 (91.8%)
31 (8.2%)
4

357 (94.9%)
19 (5.1%)
7

193 (52.7%)
131 (35.8%)
42 (11.4%)
17

179 (47.2%)
200 (52.8%)
4

331 (86.6%)
51 (13.4%)
1

N: number of patients, IQR: Interquartile range, ASA: American Society of Anaesthesiologists Physical
Status, NF1: Neurofibromatosis type 1, RTX: radiotherapy
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Table 2. Baseline characteristics in patients with synchronous vs metachronous metastasis
Synchroon (n=36) Metachroon (n=114) Overall (N=150)

Age (years)

Median [IQR] 48 [25-58] 42 [28-57] 44 [27-84]
ASA

I 17 (56.7%) 53 (54.6%) 70 (55.1%)
11 12 (40.0%) 38 (39.2%) 50 (39.4%)
111 1(3.3%) 6 (6.2%) 7 (5.5%)
Missing 6 17 23

Tumour size (mm)

Median [IQR] 105 [71-150] 80 [60-145] 90 [60-146]
Missing 2 12 14

Depth

Superficial 1(2.8%) 16 (15.2%) 17 (12.1%)
Deep 35 (97.2%) 89 (84.8%) 124 (87.9%)
Missing 0 9 9

Grade

Low grade 0 (0%) 8 (7.1%) 8 (5.4%)
High grade 36 (100%) 105 (92.9%) 141 (94.6%)
Missing 0 1 1

Site

Extremities 16 (44.4%) 54 (47.4%) 70 (46.7%)
Central 19 (52.8%) 51 (44.7%) 70 (46.7%)
Head and neck 1(2.8%) 9 (7.9%) 10 (6.7%)
NF1

No 23 (65.7%) 68 (60.2%) 91 (61.5%)
Yes 12 (34.3%) 45 (39.8%) 57 (38.5%)
Missing 1 1 2
Neurofibroma

Not in neurofibroma 33 (94.3%) 97 (85.8%) 130 (87.8%)
‘Within neurofibroma 2 (5.7%) 16 (14.2%) 18 (12.2%)
Missing 1 1 2

Triton

No 34 (94.4%) 99 (88.4%) 133 (89.9%)
Yes 2 (5.6%) 13 (11.6%) 15 (10.1%)
Missing 0 2 2
RTX-associated

No 35 (97.2%) 105 (92.9%) 140 (94.0%)
Yes 1(2.8%) 8 (7.1%) 9 (6.0%)
Missing 0 1 1

Site of metastasis

Pulmonary only 11 (30.6%) 27 (23.9%) 38 (25.5%)
Extra-pulmonary (tlung) 19 (52.8%) 70 (61.9%) 89 (59.7%)
Other 6 (16.7%) 16 (14.2%) 22 (14.8%)
Missing 0 1 1

Number of metastatic sites

1 site 29 (80.6%) 91 (80.5%) 120 (80.5%)
2 or more sites 7 (19.4%) 22 (19.5%) 29 (19.5%)
Missing 0 1 1

N: number of patients, IQR: Interquartile range, ASA: American Society of Anaesthesiologists Physical
Status, NF1: Neurofibromatosis type 1, RTX: radiotherapy
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Chapter 4

ABSTRACT

Background

Malignant Peripheral Nerve Sheath Tumours (MPNSTs) are rare, aggressive soft-
tissue sarcomas (STS) with high local recurrence (LR) rates. Risk factors and optimal
LR treatment vary in literature due to rarity. This study aims to elucidate treatment
options and risk factors for first and second LRs (LR1 and LR2) in a large multicentre
cohort.

Method

Patients with surgically treated primary MPNSTs between 1988 and 2019 in the
MONACO multicentre cohort were included. Cox proportional hazard regression

models were used to analyse risk factors for LR1, LR2, and overall survival (OS) after
LR1. Treatment of LR1 and LR2 were evaluated.

Results

Among 507 patients, 28% developed an LR1. Median follow-up was 66.9 months,
and for survivors 111.1 months. Independent LR1 risk factors included high-grade
tumours (HR 2.63; 95% CI, 1.15-5.99), microscopically positive margins (HR 2.19;
95% CI, 1.51-3.16), and large tumour size (HR 2.14; 95% CI, 1.21-3.78). Peri-
operative radiotherapy was associated with a lower risk of LR1 (HR 0.62; 95% CI,
0.43-0.89). LR1 patients had poorer OS than patients without an LR. Synchronous
metastasis was associated with poorer OS (HR 1.79; 95% CI 1.02-3.14) post-LR1,
while surgically treated LRs were associated with a better OS (HR 0.38; 95% CI 0.22-
0.64) compared to non-surgical cases. Two-year survival after surgical treatment was
71% (95% CI 63%-82%) versus 28% (95% CI 18%-44%) for non-surgically-treaded
LR1 patients. Most LR1 (75.4%) and LR2 (73.7%) patients received curative-intent
treatment, often surgery alone (64.9% vs. 47.4%). Radiotherapy combined with
surgery was given to 11.3% of LR1 and 7.9% of LR2 patients.

Conclusion

MPNST patients with a large, high-grade or R1 resection are at higher risk for the
development of LR1. This risk could be potentially reduced by radiotherapy. Surgi-
cally treated recurrences exhibit improved overall survival.
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INTRODUCTION

Malignant Peripheral Nerve Sheath Tumours (MPNSTs) are rare and aggressive
malignant soft tissue sarcomas (STS) and compromise 5-10% of all STS. (1-3)
Approximately 50% of MPNSTs arise sporadically, while about 25-50% of MPNST
cases are associated with neurofibromatosis type 1 (NF1). (4-10) Patients with NF1
have an increased risk of developing an MPNST with a lifetime risk of 8-13%. (4,
11-16) MPNSTs can originate within a (plexiform) neurofibroma in patients with
NF1 and can also be presented with partial rhabdomyoblastic differentiation (Triton
tumour). (17) In addition, MPNSTs can also develop sporadically or be associated
with prior exposure to radiation. (4, 18) Considering the various potential tumour
locations, MPNSTs can exhibit a range of diverse clinical presentations. According to
the European Society for Medical Oncology (ESMO) guidelines, the cornerstone of
treatment for primary MPNST remains surgery with the aim of achieving clear surgical
margins and therefore increasing survival. (19) While there are no recommended
adjuvant treatments for MPNSTs, perioperative radiotherapy (RTX) is often used
to improve local control. (1, 6, 20) On the other hand, the role of perioperative
chemotherapy (CTX) has not yet been fully defined. Conflicting results have been
reported in the literature regarding survival benefits of CTX. Despite complete
resection and the use of RTX, studies show that about 30-70% of MPNST patients
experience a first LR (LR1). (7, 18, 20-22) With these numbers, MPNSTs harbour
among the highest recurrence rates in STS. (23) Due to its rarity, risk factors for the
development of an LR1 vary in current literature. In Appendix Table 1, an overview
of previous larger cohort studies assessing predictors for LR has been depicted. The
development of an LR1 in patients is associated with a morbid event that decreases
functional outcomes. (24) Since many patients have already undergone multimodality
treatment (i.e., surgery and RTX) before experiencing a recurrence, the management
of the recurrence is consequently associated with higher morbidity. (25) In certain
cases, achieving local control after an LR1 may be more challenging than with primary
tumours, primarily due to the distorted anatomy resulting from previous treatment.
(26) There is significant value in identifying risk factors and investigating the present
treatment approaches and outcomes for recurrent cases. Overall, a diagnosis of MPNST
carries a poor prognosis, and in the current literature, the treatment of recurrences
remains unclear and varies. (1, 4, 7, 18, 27, 28) The primary objective of treatment of
recurrence is to prolong disease-free survival, nevertheless, second recurrences (LR2)
do occur. Therefore, it is crucial to understand the impact of treatment options for an
LR1 on the development of an LR2 and on overall survival (OS) after an LR1.

The aim of this project is to identify risk factors associated with recurrence, and the
treatment of recurrences, as well as their impact on OS in MPNST patients across nine
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sarcoma centres in The Netherlands and the Mayo Clinic. Additionally, we aimed to
characterize the risk factors related to the development of an LR2 and treatment of

an LR2.

METHODS

Patient Population

A retrospective cohort study of the nine Dutch sarcoma centres and the Mayo Clinic,
the MONACO study, was undertaken after approval of the institutional review boards
of the participating centres. All patients diagnosed with pathologically proven primary
MPNST from 1988 to 2019 who were surgically treated for the primary tumour were
included in this study. Follow-up was done according to nationwide guidelines. The
diagnosis of all patients conformed to the World Health Organization's classification
of soft tissue and bone tumours. (29) Patients with uncertain pathological reports
or diagnoses based on incomplete information during follow-up were excluded.
Additionally, patients who presented with local recurrence after previous resection at
a different facility were excluded from the study.

Covariates

Covariates extracted from medical records for analysis were patient, tumour, and
treatment characteristics and survival data. AN LR1 was defined as the first radiological
or pathological evidence of a recurrence at the site of the primary tumour bed. AN
LR2 was defined as the second radiological or pathological evidence of a recurrence
at the site of the first recurrence. Age was determined as the patient's age at the time
of diagnosis. The American Society of Anaesthesiologist (ASA) classification system
was employed to categorize patients' physical status. (30) Tumour size was assessed as
the maximum diameter of the tumour mass through imaging or pathology reports.
Tumour grade was categorized as either low- or high-grade based on the Fédération
Nationale des Centres de Lutte Contre le Cancer (FNCLCC) grading system. Tumours
originating below or within the deep fascia were classified as deep-seated. NF1 status
was extracted from pathological reports and was established either when explicitly
mentioned in the report or when there was a pathology report of previous plexiform
neurofibroma resections or the presence of two or more neurofibromas.

Surgical margin was categorized as RO (microscopically negative, no tumour cells
found in surgical borders), R1 (microscopically positive) or R2 (macroscopically
positive). Tumour site was divided into extremity, central (including thorax, abdomen,
pelvis, retroperitoneal), and head and neck categories. Triton status was extracted from
pathological reports and was confirmed either when explicitly mentioned or when
the report indicated MPNST with rhabdomyoblastic differentiation. RTX-associated
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MPNST was defined as having previously received radiation therapy at the same site
as the primary tumour bed. The study's endpoints included LR1, LR2, and OS.

Statistical analysis

All statistical analyses were performed in R (version 4.2.2). Baseline characteristics as
well as treatment modalities were compared between patients with and without an

LR1 and LR2 during follow-up.

Opverall survival was defined as the duration from definitive surgery to either the date
of death or the date of the last follow-up. Time-to-LR was defined as the time interval
between definitive surgery and date of first LR. Time-to-LR2 was defined as the time
interval between LR1 and date of LR2. Estimated median survival was calculated
using the Kaplan-Meier method for several covariates of interest.

Multivariable Cox Proportional Hazards (PH) models were used to estimate the
effect of several covariates on the development of an LRI, OS after the LR1, and
the development of an LR2. In the multivariate models with LR1 or LR2 as primary
outcome, death was considered as a competing risk. The selection of candidate
predictors for the various outcomes was based on clinical expertise and existing
literature. Univariable and multivariable analyses with 95% confidence intervals
(CI) were used to estimate the effects of the covariates on the different outcomes.
Variables with a p-value < 0.25 from the univariable analyses were included for further
evaluation when constructing the multivariable model.

Proportional hazards were assessed visually with the Schoenfeld residuals. Missing
values were imputed using multiple imputations (MI) (m = 20), and estimates were
pooled using Rubin’s rule. (31) A p-value < 0.05 was considered statistically significant.
Results from the Cox PH models were described in hazard ratios (HR) with 95% CI.
All statistical tests were two-sided. The packages ‘mice’ for MI, ‘survival’, ‘rms” and
‘survminer’ were used for the survival and competing risk analyses.

RESULTS

Patient population

A total of 755 patients were included in the MONACO database. Patients who
presented with a metastasis at presentation (n = 102), who were not treated surgically
for the primary tumour (n = 49), who had an R2 resection (n = 76), with missing data
on LR1 (n = 12), and patients with incomplete time-to-event information (n = 9)
were excluded in this analysis (Figure 1). Of the 507 patients included in this study,
142 developed an LR1 during the follow-up period. Of the 142 patients with an LR1,
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patients without treatment for their recurrence (n = 50), patients with a metastasis
during their LR1 (n = 13), patients with an R2 margin (n = 1) and patients with
missing data on their LR2 (n = 7) were excluded from further analysis.

755 patients included in MONACO
study

4 Excluded (n=248) )

*  Metastasis at presentation (n=102)
*  No sutgety for ptimaty tumour

(n=49)
» *  R2resection for ptimary tumour (n
=76)
*  Missing data of first local recurrence
(n=12)

*  Incomplete time-to-event

v K information (n=9) /

507 patients included in analysis ]

Figure 1. Study Flow chart

N: number of patients

Patient and tumour characteristics are summarized in Table 1. The median follow-up
time for all patients was 66.9 months (IQR 108.7). The median follow-up time for
survivors was 111.1 months (IQR 123.1). There was a trend for a higher incidence of
NF1 in patients with an LR1 (40.0% vs 31.1%). In LR1 patients, there was a slight
male prediction (51.4%). Tumours were usually large (25cm, 53.5%), and most were
located in the extremities (50.3%). Microscopically positive margins (R1) were more
common in patients with an LR1 (39.4% vs 33.2%). Patients with an LR1 were
mostly treated with surgery only for their primary tumour (39.5%) or surgery and

adjuvant RTX (45.9%) (Table 2).

Table 1. Patient characteristics of 138 MPNST patients with a first local recurrence

Variable Overall (n=507) No LR1 (n=365) LR1 (n=142)
Age (years)
Mean (SD) 43.3 (19.5) 43.2 (20.3) 43.43 (17.6)
Male gender 270 197 (54.1%) 73 (51.4%)
Missing 1 1 -
ASA
I 160 120 (59.1%%) 40 (51.3%)
II 107 73 (36.0%) 34 (43.6%)
I 14 10 (4.9%) 4 (5.1%)
Missing 226 162 64
NF1
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Variable Overall (n=507) No LR1 (n=365) LR1 (n=142)
No 322 241 (68.9%) 81 (60.0%)
Yes 163 109 (31.1%) 54 (40.0%)
Missing 22 15 7

Tumour size
<5cm 130 113 (37.5%) 17 (17.0%)
5-10 cm 164 117 (38.9%) 47 (47.0%)
>10 cm 107 71 (23.6%) 36 (36.0%)
Missing 106 64 42

Tumour depth
Superficial 73 58 (25.4%) 15 (17.4%)
Deep 241 170 (74.6%) 71 (82.6%)
Missing 193 137 56

Tumour grade
High grade 284 201 (83.4%) 83 (92.2%)
Low grade 47 40 (16.6%) 7 (7.8%)
Missing 176 124 52

Triton tumour
No 303 219 (91.2%) 84 (95.5%)
Yes 25 21 (8.8%) 4 (4.5%)
Missing 179 125 54

RTX-associated
No 444 325 (93.4%) 119 (88.1%)
Yes 39 23 (6.6%) 16 (11.9%)
Missing 24 17 7

Site of primary tumour
Head and neck 71 58 (6.0%) 15 (10.6%)
Extremities 255 184 (50.7%) 71 (50.0%)
Central 177 121 (33.3%) 56 (39.4%)
Missing 21 21 -

Metastasis during LR1
No 475 365 (100.0%) 110 (77.5%)

Yes 32 0 32 (22.5%)

Surgical margin
RO 328 257 (74.7%) 71 (55.9%)
R1 143 87 (25.3%) 56 (44.1%)

Missing 36 21 15

Reresection for primary tumour
No 365 254 (75.8%) 111 (83.5%)

Yes 113 81 (24.2%) 32 (22.5%)

Missing 39 30 9

LR1: first local recurrence, n: number of patients, SD: standard deviation, ASA: The American Society of
Anaesthesiologist classification system, NF1: neurofibromatosis type 1, RTX: radiotherapy
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Table 2. Initial treatment

Variables

Overall (n=507)

No LR1 (n=365)

LR1 (n=142)

Total treatment
Surgery alone
Surgery + RTX
Surgery + CTX
Surgery + RTX + CTX
Surgery with missing in (neo)adjuvant therapies
Any type of radiotherapy
No
Yes
Missing
Pre- or postoperative radiotherapy
No
nRTX
aRTX
Missing
Any type of chemotherapy
No
Yes
Missing
Pre- or postoperative chemotherapy
No
nCTX
aCTX
Both
Missing
Primary wound closure
No
Yes
Non-functional reconstruction
No
Yes
Missing
Functional reconstruction
No
Yes
Missing

192
223
18
53
21

210
280
17

210
74
200
23

419
71
17

419
44
25

17

41
287

386
73
48

444
19
44

137 (41.6%)
160 (43.8%)
14 (3.8%)
39 (10.7%)
15

151 (42.7%)
203 (57.3%)
11

151 (43.1%)
61 (17.4%)
138 (39.4%)
15

298 (84.9%)
53 (15.1%)
14

298 (84.9%)
37 (10.5%)
14 (4.0%)

2 (0.6%)

14

35 (14.6%)
204 (85.4%)

277 (82.9%)
57 (17.1%)
31

322 (95.3%)
16 (4.7%)
27

55 (40.4%)
63 (46.3%)
4(2.9%)
14 (10.3%)
6

59 (43.4%)
77 (56.6%)
6

59 (44.0%)
13 (9.7%)
62 (46.3%)
8

121 (87.1%)
18 (12.9%)
3

121 (87.1%)
7 (5.8%)
11 (9.1%)

3

6 (6.7%)
83 (93.3%)

109 (87.2%)
16 (12.8%)
17

122 (97.6%)
3 (2.4%)
17

LR1: first local recurrence, n: number of patients, RTX: radiotherapy, CTX: chemotherapy, nRTX:
neoadjuvant radiotherapy, aRTX: adjuvant radiotherapy, nCTX: neoadjuvant chemotherapy, aCTX:

adjuvant chemotherapy
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Risk Factors for the development of an LR1 in primary MPNST

One-hundred-forty-two patients (28.0%) developed an LR1 after they underwent
surgery for their primary tumour. The median time to an LR1 was 10.6 months
(IQR 16.7). On multivariable analysis, factors independently associated with the
development of an LR1 were a high tumour grade (HR 2.63; 95% CI, 1.15-5.99),
microscopically positive margins (R1) (HR 2.19; 95% CI, 1.51-3.16), and a tumour size
>5cm (HR 2.14; 95% CI, 1.21-3.78) (Table 3). On the contrary, the use of RTX (HR
0.62; 95% CI, 0.43-0.89) was associated with a reduced risk for development of an LRI.

Table 3. Univariate and multivariable analysis of risk factors for the development of a first local recurrence

Univariable Multivariable
Variables HR (95% CI) p-value HR (95% CI) p-value
Age (per 10 years) 1.01 (0.928-1.11) 0.767
NF1
No 1 - 1 -
Yes 1.49 (1.04-2.13) 0.030 1.14 (0.779-1.66) 0.507
Tumour grade
Low grade 1 - 1 -
High grade 2.38 (1.10-5.16) 0.032 2.63 (1.15-5.99) 0.026
Tumour size
<5 cm 1 - 1 -
25 cm 2.45 (1.47-4.08) 0.001 2.14 (1.21-3.78) 0.011
Triton
No 1 -
Yes 0.683 (0.271-1.73) 0.424
Tumour depth
Superficial 1 - 1 -
Deep 1.41 (0.841-2.37) 0.198 1.07 (0.607-1.90) 0.807
Site of primary tumour
Head and neck 1 - 1 -
Extremities 1.26 (0.717-2.21) 0.425 1.10 (0.593-2.03) 0.768
Central 1.65 (0.934-2.93) 0.087 1.28 (0.682-2.38) 0.447
Margin primary tumour
RO 1 - 1 -
R1 2.06 (1.45-2.93) <0.001 2.19 (1.51-3.16) <0.001
Radiotherapy primary tumour
No 1 - 1 -
Yes 0.809 (0.544-1.14) 0.230 0.616 (0.426-0.892) 0.012
Chemotherapy primary tumour
No 1 -
Yes 0.897 (0.544-1.48) 0.669

HR: hazard ratio, CI: confidence interval, NF1: neurofibromatosis type 1
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Treatment of LR1

Of the patients developing an LR1, 92 (64.9%) patients were surgically treated for
their recurrence (Table 4). RO resections were achieved in 37 (37.8%) patients. R1
resections were achieved in 13 (13.3%) patients, and three patients had an R2 margin
(3.1%) as final surgical margin. First local recurrences were mainly treated with sur-
gery only (50.7%). In 29 (20.4%) patients with an LR1, no treatment was performed.
Out of the 59 (41.5%) LR1 patients without primary RTX, 15 (25.4%) patients still
underwent RTX for their LR1. Of the patients treated with RTX, 2.8% of patients
received neoadjuvant and 14.8% adjuvant RTX to surgery. In total, 5.6% of patients
received only RTX as treatment for their recurrence.

Table 4. Treatment of recurrences

Variable LR1 (n=142) LR2 (n=38)
Time to local recurrence

Mean (SD) 23.3 (35.0) 17.6 (19.4)
Surgery for LR1/LR2

No 44 (32.4%) 14 (37.8%)
Yes 92 (67.6%) 23 (62.2%)
Missing 6 1

Surgical margin

RO 37 (37.8%) 8 (21.1%)
R1 13 (13.3%) 3 (7.9%)
R2 3 (3.1%) 1 (2.6%)
No surgery 44 (45.9%) 14 (68.4%)
Missing 46 12
Treatment of LR1/LR2

No treatment
Surgery
Surgery + RTX
Surgery + CTX
Surgery + RTX + CTX
RTX
CTX
Missing
Radiotherapy
No
nRTX
aRTX
Missing
Chemotherapy
No

84

29 (21.3%)
72 (52.9%)
16 (11.8%)
3 (2.2%)

1 (0.7%)

8 (5.9%)

7 (5.1%)

6

65 (72.2%)
4 (4.4%)
21 (23.3%)
52

80 (87.9%)

9 (24.3%)
18 (48.6%)
3 (8.1%)
1(2.7%)
1(2.7%)
4(10.8%)
1 (2.7%)

1

13 (61.9%)

8 (38.1%)
17

21 (87.5%)
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Variable LR1 (n=142) LR2 (n=38)
nCTX 3 (3.3%) 1 (4.2%)
aCTX 7 (7.7%)

Both 1(1.1%) 2 (8.3%)

Missing 51 14

LR1: first local recurrence, LR2: second local recurrence, n: number of patients, SD: standard deviation,
RTX: radiotherapy, CTX: chemotherapy, nRTX: neoadjuvant radiotherapy, aRTX: adjuvant radiotherapy,
nCTX: neoadjuvant chemotherapy, aCTX; adjuvant chemotherapy

Risk Factors for Overall Survival in MPNST patients with an LR1

The median survival from diagnosis of an LR1 till death or last follow-up date was
39.2 months (95% CI 22.3-60.0) (Figure 2). Out of the 142 patients with an LRI,
32 (22.5%) also had a concurrent metastasis. On multivariable analysis, factors
independently associated with OS in patients with an LR1 consisted of only a metastasis
during the recurrence (HR 1.79; 95% CI 1.02-3.14). Surgical treatment, on the other
hand, improves OS in patients with a local recurrence (HR 0.38; 95% CI 0.22-0.64)
(Table 5). The median survival in patients surgically treated for their LR was 56 months,
compared to 43 months in patients without surgery for their LR.
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Figure 2. Survival plot of survival after first Local Recurrence (LR1)

85



Chapter 4

Table 5. Univariable and multivariable analysis of risk factors for overall survival in patients with a first
local recurrence

Univariable Multivariable

Variables HR (95% CI) p-value HR (95% CI) p-value
Age (per 10 years) 1.05 (0.938-1.17) 0.415

NF1

No 1 -

Yes 0.98 (0.614-1.53) 0.938

Tumour grade

Low grade 1 - 1 -
High grade 2.35 (1.42-3.88) 0.001 2.06 (0.846-5.00) 0.121
Tumour size

<5 cm 1 - 1 -

>5 cm 1.66 (0.815-3.38) 0.170 1.24 (0.59-2.61) 0.573
Tumour depth

Superficial 1 - 1 -
Deep 2.30 (1.42-3.71) 0.001 1.98 (0.985-3.96) 0.061
Site of primary tumour

Head and neck 1 -

Extremities 1.13 (0.570-2.25) 0.723

Central 1.37 (0.681-2.74) 0.382

Margin primary tumour

RO 1 - 1 -

R1 1.35 (0.880-2.07) 0.174 1.08 (0.654-1.78) 0.769
Radiotherapy primary tumour

No 1 -

Yes 1.27 (0.830-1.94) 0.275

Surgery LR1

No 1 - 1 -

Yes 0.364 (0.238-0.557) <0.001 0.375 (0.221-0.636)  <0.001
Margin LR1

RO 1 -

R1 1.39 (0.743-2.62) 0.307

R2 0.777 (0.425-1.42) 0.418
Radiotherapy LR1

No 1 - 1 -
nRTX 0.465 (0.275-0.784) 0.005 1.34 (0.526-3.40) 0.545
aRTX 0.583 (0.325-1.05) 0.075 0.752 (0.388-1.46) 0.404
Metastasis during LR1

No 1 - 1 -

Yes 2.532 (1.62-3.97) <0.001 1.79 (1.02-3.14) 0.046

HR: hazard ratio, ClI: confidence interval, NF1: neurofibromatosis type 1, LR1: first local recurrence,
nRTX: neoadjuvant radiotherapy, aRTX: adjuvant radiotherapy
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Risk factors for the development of a LR2 and treatment

A total of 71 patients were treated with curative intent for their LR1. Among these, 38
(53.5%) patients who underwent surgical treatment for their LR1 experienced an LR2
(Table 6). The median time from the surgical treatment of an LR1 to the development
of an LR2 was 17.6 months (IQR 16.1). Out of the patients who developed an LR2,
32 (84.2%) were solely treated with surgery for their LR1. A total of 12 patients
also received RTX following their surgery for their LR1. Among these 12 patients, 4
(33.3%) patients developed an LR2. Various potential risk factors for the development
of an LR2 were analysed univariabely (Table 7). However, on univariable analysis, no
statistically significant risk factors contributing to the occurrence of an LR2 could be

identified.

Of the patients developing an LR2, 23 (60.5%) patients were surgically treated for
their recurrence (Table 4). RO resections were achieved in 8 (21.1%) patients. R1
resections were achieved in 3 (7.9%) patients, and one patient had an R2 margin
(2.6%) as final surgical margin. Second local recurrences were mainly treated with
surgery only (47.4%). In nine patients (23.7%) with an LR2, no treatment was
performed. RTX combined with surgery was administered in 3 (7.9%) patients and
RTX alone in 4 (10.5%).

Table 6. Patient characteristics of patients with and without a second local recurrence after surgically treated
first local recurrence

Variable Overall No LR2 LR2
(n=71) (n =33) (n = 38)
Age (years)

Mean (SD) 42.4 (15.6) 40.2 (15.3) 44.3 (15.8)
Male gender 34 19 (57.6%) 15 (39.5%)
ASA

I 27 14 (70.0%) 13 (68.4%)

11 11 5 (25.0%) 6 (31.6%)

11T 1 1(5.0%) -

Missing 32 13 19
NF1

No 44 22 (68.8%) 22 (61.1%)

Yes 24 10 (31.2%) 14 (38.9%)

Missing 3 1 2
Tumour size

<5cm 11 5 (21.7%) 6 (25.0%)

5-10 cm 10 5(21.7%) 5 (20.8%)

210 cm 26 13 (56.5%) 13 (54.2%)

Missing 24 10 14
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Variable Overall No LR2 LR2
(n=71) (n=33) (n =38)
Tumour depth
Superficial 10 4 (18.2%) 6 (28.6%)
Deep 33 18 (81.8%) 15 (71.4%)
Missing 28 11 17
Tumour grade
High grade 41 22 (95.7%) 19 (82.6%)
Low grade 5 1 (4.3%) 4 (17.4%)
Missing 25 10 I5
Triton tumour
No 44 23 (100.0%) 21 (95.5%)
Yes 1 - 1 (4.5%)
Missing 26 10 16
Site of primary tumour
Head and neck 6 1 (3.0%) 5 (13.2%)
Extremities 44 23 (69.7%) 21 (55.3%)
Central 21 9 (27.3%) 12 (31.6%)
Surgical margin LR1
RO 29 18 (81.8%) 11 (57.9%)
R1 12 4 (18.2%) 8 (42.1%)
Missing 30 11 19
Treatment of LR1
Surgery* 55 23 (69.7%) 32 (84.2%)
Surgery + RTX 12 8 (24.2%) 4 (10.5%)
Surgery + CTX 3 1 (3.0%) 2 (5.3%)
Surgery + RTX + CTX 1 1 (3.0%) -
Radiotherapy for LR1
No 33 14 (60.1%) 19 (82.6%)
nRTX 2 1 (4.3%) 1 (4.4%)
aRTX 11 8 (34.8%) 3 (13.0%)
Missing 25 10 15
Chemotherapy for LR1
No 40 21 (91.3%) 19 (90.5%)
nCTX 3 1 (4.3%) 2(9.5%)
Both 1 1 (4.3%) 0 (0%)
Missing 24 10 14

* Patients who received surgery alone or with unknown (neo)adjuvant treatment. LR2: second local
recurrence, n: number of patients, SD: standard deviation, ASA: The American Society of Anaesthesiologist
classification system, NF1: neurofibromatosis type 1, LR1: first local recurrence, RTX: radiotherapy, CTX:
chemotherapy, nRTX: neoadjuvant radiotherapy, aRTX: adjuvant radiotherapy, nCTX: neoadjuvant
chemotherapy
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Table 7. Univariable analysis of risk factors for the development of a second local recurrence

Variables Univariable p-value
HR (95% CI)

Tumour grade

Low grade 1

High grade 0.627 (0.262-1.50) 0.308
Tumour size

<5 cm 1

25 cm 1.01 (0.376-2.69) 0.991
Site of primary tumour

Head and neck 1

Extremities 0.404 (0.150-1.08) 0.081
Central 0.605 (0.213-1.72) 0.352
Margin LR1

RO 1

R1 2.01 (0.832-4.87) 0.140
Radiotherapy LR1

No 1

nRTX 1.05 (0.376-2.92) 0.930
aRTX 0.373 (0.111-1.25) 0.125
Chemotherapy LR1

No 1

nCTX 1.17 (0.389-3.49) 0.786
Both 1.10 (0.398-3.02) 0.861

HR: hazard ratio, CI: confidence interval, LR1: first local recurrence, nRTX; neoadjuvant radiotherapy,
aRTX: adjuvant radiotherapy, nCTX: neoadjuvant chemotherapy

DISCUSSION

This study aimed to characterize treatment and outcomes of local recurrences in
patients with MPNSTs and to identify risk factors for recurrence, treatment, and
predictors of OS after LR1. A high grade, large tumour size (=5 centimetre), and
microscopically positive margins were independent risk factors for the development
of an LR1. The administration of RTX for the primary tumour reduced the risk of
the development of an LR1. The treatment of LRs varied, and most patients were
treated with surgery alone or with surgery and RTX. Synchronous metastasis during a
local recurrence had a negative impact on OS, while a surgically treated recurrence is
expected to improve overall survival.
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Risk Factors for the development of a LR1 in primary MPNST

Among all types of sarcomas, MPNSTs have one of the highest recurrence rates. (32)
However, in current literature, only a small number of papers identified risk factors for
the developmentofan LR1 in MPNST. According to the literature (Appendix Table 1),
a high tumour grade, microscopically positive margins and a large tumour size are
important prognostic factors for the occurrence of an LR1 in MPNST patients, which
is consistent with the findings of this study. (21, 33, 34) The importance of surgical
quality seems crucial in the development of a recurrence. A study demonstrates that
poor surgical margins for primary tumours have a significant impact on local control
and a minor effect on metastasis-free survival and cause-specific mortality. (35)

One study suggests that trunk wall MPNSTs yield a higher risk for LR, however, this
was not seen in this study. (33) While NF1 has been associated with worse prognosis,
most likely due to a higher biological risk for metastasis, it does not seem to be a risk
factor for LR. (5, 17) However, studies have reported that patients with NF1 are
more likely to have larger tumours, which are associated with LR. (11, 33)

While contradictory results have been reported in literature regarding the use of RTX
in patients with MPNSTs, the current study demonstrates that RTX is associated with
a reduced risk of developing an LR1. (7, 11, 32, 33, 36-38) This finding is in line with
the use of RTX in other types of STS. (39, 40) According to the NCCN and ESMO
guidelines, RTX is recommended in the treatment of STS when achieving a complete
(RO) resection is not feasible, as well as in cases of a high-grade STS. (19, 41) In STS,
both neoadjuvant RTX and adjuvant RTX have shown to provide equal levels of local
control. (42-44) However, in current literature, there is still some discussion in the
use of RTX in patients with MPNSTs when an RO resection is expected. (32, 45, 46)

Overall Survival after Local Recurrence

MPNSTs have been associated with poor prognosis, with five-year survival rates
ranging from 40.6% to 61.9%. (7, 8, 12, 37, 38, 45, 47, 48) In the literature, it
remains unclear what the actual impact of local recurrences is on OS and what
prognostic factors are relevant for STS patients, including MPNST patients. (49)
Clinical investigations have been conducted on survival after LR1 in more frequent
types of STS. (50, 51) However, significant factors that affect survival after an LR1
are still unknown for MPNSTs. Several clinical and pathological variables could
have a significant effect in predicting survival after a recurrence. The occurrence of
concomitant metastasis during an LR1 was independently associated with worse OS
following the LR1 diagnosis. This observation is consistent with the findings of another
paper focused on primary STS. (50) In the study, all types of STS were included of
which 6.5% were MPNSTs. However, further investigation is needed to explore the
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relationship between histologic subtypes and LRs, as it is reasonable to assume that
tumours with different subtypes may demonstrate distinct clinical behaviours and
modified survival outcomes. (50)

In this cohort, a microscopically positive margin was not identified as an independent
risk factor for OS after LR diagnosis. Also, tumour grade did not emerge as a significant
prognostic factor influencing survival in MPNST patients after LR1. However, it
should be acknowledged that the findings of this study may have been affected by a
limited number of cases involving low-grade tumours (7 out of 142). In contrast to
other retrospective studies, tumour size was not identified as a significant factor. (12,
13, 33, 45) The variability in the chosen cut-offs observed in other published cohorts,
ranging from 5 to 15 cm, could possibly explain this discrepancy. The use of RTX did
not have a significant influence on survival in our study. The current literature on the
use of RTX still presents inconclusive results. Some studies demonstrate improved
survival in patients receiving RTX, while others do not show improved long-term

survival. (6, 12, 36, 45, 47, 52-54)

A recurrence that has been treated surgically is expected to improve the 2-year survival
in patients diagnosed with an LR1. This is in line with one other large cohort study
(n =477) in which complete surgical resection of the tumour is a significant prognostic
factor for patients with recurrent STS. (50)

Treatment of Local Recurrences in MPNST

The occurrence of an LR1 after prior resection, with or without RTX, significantly
impacts patients' well-being. Managing an LR1 becomes challenging due to the
complexities of prior therapies and recurrence in a previously irradiated area. The
treatment of recurrences depends on several factors, including the patient’s physical
condition, preferences, and the feasibility of curative interventions. The feasibility of
a curative treatment depends on various tumour characteristics, one of which is the
presence of concomitant metastasis, which is a poor prognostic factor as shown in this
study. One study states that the occurrence of an LR1 is strongly influenced by the
feasibility of surgical intervention for the primary tumour. (55) However, these results
could be hampered by indication bias since patients were more likely to be selected for
surgery based on tumour and patient characteristics.

For primary MPNSTs, surgical resection is the recommended treatment, aiming to
achieve complete removal with clear margins as the primary objective. (22) Although
adjuvant or neoadjuvant therapy is being increasingly considered, its effectiveness in
improving survival in primary MPNSTs has not been consistently demonstrated. (48)
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As discussed above, according to the ESMO and NCCN guidelines, the standard of
care for primary STS is surgery combined with RTX. (19, 41) The NCCN guideline
suggests that for patients with recurrent STS, treatment decisions should follow the
same algorithm as for patients with a new primary lesion. If an LR1 can be excised, the
decision to use re-irradiation should be made on a case-by-case basis due to varying
outcomes reported in the literature. (41) Although MPNSTs generally exhibit more
aggressive behaviour than most types of STS, risk factors for the development of an
LR1 in other types of STS include high grade, microscopically positive margins, and
tumour size, consistent with findings in our cohort. (50, 56) This suggests that the
same treatment strategy for recurrences may be applicable for recurrent MPNSTs as
well. The authors suggest surgery as the primary treatment modality for patients with
recurrent MPNSTs, while a personalized approach may be most effective for adjuvant
treatment. When considering the use of RTX as adjuvant treatment, it is important
to take into account the disadvantages, such as wound complications in preoperative
RTX and late radiation toxicities in postoperative RTX. These factors should be
considered in the decision-making process as they can have a negative impact on
functional outcome scores in patients. (25, 57) Furthermore, it is important to
consider that around 10% of MPNSTs can arise as a result of previous irradiation,
particularly among NF1 patients. (58) This should also be taken into account during
the decision-making process.

Despite curative treatment in patients with an LRI, there is still a high risk of
developing an LR2. However, there is no literature available on risk factors for the
development of an LR2 in MPNST patients, and only a small amount of papers have
been published on LR2 in other types of STS. (49, 59, 60)

Approximately 54% of patients with an LR1 requiring surgical treatment develop an LR.
This is consistent with an study investigating LR2 in patients with STS who underwent
surgical treatment for their LR1, which reported a second recurrence rate of 50%. (59)
Two other studies reported an LR2 rate ranging from 24 to 37% in patients with STS.
In current study, no statistically significant predictors for the development of an LR2 in
patients with an LR1 were found. Most patients with an LR2 in our study underwent
surgical treatment, consistent with the literature. (49, 60)

Strengths and Limitations

This multicentre retrospective study is subject to inevitable limitations arising from its
retrospective design, including potential selection bias due to selective loss of follow-
up and missing data. However, over 90% of the included patients were followed until
death, and multiple imputation technique was used to reduce this risk of bias. Due
to its retrospective nature, patients in this study underwent treatment over a span of
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nearly 30 years, potentially leading to variations in treatment standards that could
impact the results. Additionally, it is important to acknowledge that a central review
of pathology was not performed in this study, which could introduce limitations in
accurately diagnosing MPNST due to the absence of specific histologic criteria. Also,
due to the low number of patients treated for an LR1 and subsequently developing
an LR2, it is likely that univariate analyses could not find any significant risk factors.

Nevertheless, due to the size of this large international and nationwide study on
recurrent MPNST, new insights have been provided. Furthermore, as all included
patients were treated in specialized centres, the review of pathology might be of
lesser significance. This design enhances the generalizability of the data and models
by minimizing the potential for selection or referral bias. As STS can present very
heterogeneously, research on a single histological subtype level is necessary to improve
our understanding of tumour behaviour and to aid tailoring ideal treatment and
outcomes. In contrast to most population-based studies on (recurrent) MPNST, this
study incorporated significant entity-specific details, including NF1- and Triton-
status, as well as important clinical and treatment information on local recurrences.

CONCLUSION

Almost 30% of the MPNST patients develop an LR. Consistent with the literature,
this study demonstrated that risk factors associated with a higher risk of a recurrence
were a high grade, microscopically positive margins, and tumour size. The use of RTX
is associated with a reduced risk of the development of a recurrence. The treatment of
local recurrences varied, and most patients were treated with surgery only or surgery
with RTX. Synchronous metastasis during an LR1 had a negative impact on OS,
while surgically treated cases showed longer OS. Despite curative treatment of an
LR1, 54% developed an LR2 during follow-up.
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APPENDIX

Table 1. Overview of predictors for the development of a LR1 in cohort studies

Study n of Type of  Analysis Factors influencing Risk of LR1
patients  STS

NF1 Grade Tumor  Depth Site Margin RTX

size (R1)
Current study 499 MPNST MV NS + + NS NS + +
Stucky et al. 175 MPNST uv NS NS NS NS NS NS NS
Anghileri et al. 205 MPNST MV NS + + NA + + NS
Wang et al. 43 MPNST MV NA + NS NA NA NS NS

LR1: first local recurrence, n: number of patients, NF1: neurofibromatosis type 1, RTX: radiotherapy, MV:
multivariate analysis, UV: univariate analysis, NS: not significant, +: significant, NA: not available
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ABSTRACT

Background

Malignant peripheral nerve sheath tumours (MPNSTs) are aggressive soft tissue
sarcomas with dismal prognosis. Pathological and genetic markers may predict more
aggressive behaviour in MPNSTs, but have uncommonly been investigated and few
are used in daily practice. This study reviews the prognostic value of immunohisto-
chemical markers and genetic alterations in MPNST.

Methods

A systematic search was performed in PubMed and Embase databases according to the
PRISMA guidelines. Search terms related to ‘MPNST’ and ‘prognostic’ were used.
Studies investigating the association of immunohistochemical markers or genetic
alterations with prognosis were included. Qualitative synthesis was performed on all
studies. A distinction was made between univariable and multivariable associations.

Results

Forty-six studies were included after full-text screening. Sixty-seven different
immunohistochemical markers were investigated. Absence of S$100 and H3K27me3
and high Ki67 and p53 staining were most commonly independently associated with
worse survival and disease-free survival. Several genetic alterations were investigated
as well with varying association to survival. TP53, CDK4, RASSF1A alterations were
independently associated with worse survival, as well as changes in chromosomal

length in Xp, 10q, and 16p.

Conclusion

MPNSTs harbour complex and heterogeneous biology. Immunohistochemical
markers and genetic alterations have variable prognostic value. Absence of S100 and
H3K27me3 and increased Ki67 can be of prognostic value. Alterations in TP53 or
increase in p53 staining may distinguish MPNSTs with worse outcomes. Genetic
alterations and staining of other cell cycle regulatory and Ras pathway proteins may
also help stratifying patients with worse outcomes. A combination of markers can
increase the prognostic value.
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INTRODUCTION

Malignant peripheral nerve sheath tumours (MPNSTs) are rare and aggressive soft
tissue sarcomas (STS) that carry a dismal prognosis. (1-3) Neurofibromatosis type 1
(NF1) patients have an increased risk of developing these tumours and encompass
approximately 25-50% of MPNST patients. (1-5) The VFI gene is commonly affected
in MPNSTs which causes loss of the neurofibromin protein which inhibits the Ras
enzyme. (6) Activation of the Ras pathway leads to upregulation of the mitogen-
activated protein (MAPK) and phosphoinositide 3-kinase (PI3K) pathways. (7)
Besides the common knockdown of NF1, alterations in several genes including 7753,
SUZI12, EED, PTEN, and CDKNZ2A as well as upregulation of several tyrosine kinases
contribute to the formation of MPNST. (8-12) MPNSTs are known for harbouring
complex genomic alterations, but despite our increasing understanding of underlying
biology, prognosis has not ameliorated the past decades and median survival stagnates

at 5-6 years. (2, 3)

Staging of MPNSTs is important to increase accuracy of outcome prediction, but
it may also facilitate treatment stratification. However, the clinical American Joint
Committee of Cancer (AJCC) STS staging system is less applicable in MPNST. (4,
5, 13) The histologic Fédération Nationale des Centres de Lutte Contre le Cancer
(FNCLCC) grading system used in STS is of prognostic value since low grade
MPNST (FNCLCC grade 1) has improved survival. (2) However, only 10% of
MPNSTs are grade 1 and the FNCLCC grading can likely only distinguish prognosis
between grade 1 and 3. (2, 5) Moreover, the histological distinction between low-
grade MPNST and benign neurofibroma with atypia is difficult as objective criteria
are lacking, causing interobserver variability. In the context of NF1, the diagnosis
of progression to MPNST is even more challenging. Recently, a consensus view has
been published defining “atypical neurofibromatous neoplasm of uncertain biologic
potential (ANNUBP)” as an intermediate lesion in NF1 patients. (14) While driver
mutations are increasingly being studied, the transition of neurofibromas to MPNSTs
is not yet fully understood. Clinical parameters as predictors of outcome have been
studied more commonly, but independent predictors are found inconsistently. (3)
Although radiation-induced MPNSTs have repeatedly been associated with worse
survival, the influence of NF1 disease on survival has been subject of debate. (3, 13,
15) Better classification systems for MPNSTs are therefore urgently needed.

Currently, surgery remains the only proven treatment to improve survival. (1-3)
Chemotherapy has limited effect in localized disease and its use is controversial.
Some studies suggest a minor benefit in high-grade, large, and deep MPNST. (16-18)
Moreover, 10-20% of patients present with metastatic or unresectable disease and up
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to 50% of patients will develop metastases over time. (1-5, 13, 19) Targeted therapies
are warranted, but so far none have been proven effective. (20) Immunohistochemical
and genetic markers may predict more aggressive behaviour in MPNSTs, but their
association with oncological outcome has uncommonly been investigated and few are
yet used in daily practice for prognostication. For this reason, this systematic review set
out to summarize current knowledge on the prognostic value of immunohistochemical
and genetic markers. Such markers may enhance prognostication and aid in elucidating
driver mutations of malignancy.

METHODS

Literature search

A systematic search was performed in Embase and PubMed databases according to
the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA)
guidelines, in order to identify all potentially relevant articles as of March 2020. The
string was built with the help of a professional librarian using search terms related
to ‘MPNST’ and ‘prognostic’. The exact search syntaxes for PubMed and Embase
are shown in Appendix A. Studies were included that evaluated the association of
immunohistochemical markers and genetic alterations to oncological outcomes in
MPNST patients. Exclusion criteria included lack of full text or studies without
specific analyses fitting our inclusion criteria. The initial review was conducted by two
independent authors (E.M. and I.A.). Disagreements were solved through discussion
in which one additional author was involved (C.V.).

Data extraction and synthesis

Data extracted from studies included: study period, total number of patients, mean
age and range, percentage NF1 patients, markers and genetic alterations investigated
for prognostic value, and analyses used to identify prognosticators. For all markers
and genetic alterations investigated additional information was extracted: number
of patients with survival data, population with ‘positive’ test, oncological outcome
analysed, and whether its prognostic value was corrected for common clinical prognostic
factors. Whenever the marker was independently associated with outcome, the hazard
ratio was noted. Common factors for which could have been adjusted in multivariable
models included: age, presence of NF1, tumour size, tumour site, metastasis at
diagnosis, tumour depth, tumour grade, and surgical margin. (3) All results of the
predictive value of markers were presented or re-calculated to represent the marker
cut-off as a negative predictor of survival. Qualitative synthesis was performed for all
studies, summarizing results based on type of analysis. Immunohistochemical markers
were further stratified into markers of differentiation, receptors and their ligands,
Ras pathway, cell cycle regulation, p53 pathway, vascularization, and others. For each
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immunohistochemical marker cumulative incidence of univariable and multivariable
association to survival (disease-specific or overall) or disease-free survival (recurrence,
metastasis, or both) were calculated.

RESULTS

After removal of duplicates, a total of 1882 articles were identified in PubMed and
Embase databases (Figure 1). Title and abstract screening resulted in 55 potentially
relevant articles, of which 46 were selected for qualitative synthesis after full-text
screening. Mean age differed between 11 and 50 years old (range of all patients
1-94). Prevalence of NF1 patients in study populations ranged from 0-100% (mean:
48.0%). Immunohistochemical markers were studied exclusively in 36 studies,
genetic alterations in 7 studies, and both in 3 studies (Table 1). A total of 67 different
immunohistochemical markers and numerous genetic alterations were evaluated

(Table 2, Figure 2).
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Table 1. Study characteristics of included studies

Author, year Study N  Age(range) NF1 Markers and genetic Analysis type*
period alterations

Alaggio, 2013 1990-2007 35 11 (1-18) 42.9% BIRCS RT-PCR
Benassi, 1998 NA 17 NA NA Laminin receptor IHC
Benassi, 2001 NA 15 NA NA MMP-2, MMP-9, TIMP-2  THC
Brekke, 2009 1980-2002 64  41(13-85) 43.8% p53, p-RB, CDK2, CDK4, IHC

cyclin D1, cyclin D3, cyclin

El, p14, p16, p18, p21,

p27, MDM2, Ki67
Brekke, 2010 1980-2002 48  37(11-79) 583%  Xqloss, 10q loss, 16p gain, aCGH

16q loss, 5p gain, 2q gain,

6q gain, 7q gain, Xp loss,

10p loss, 4q loss, 20q gain,

1q gain
Cleven, 2016 1979-2007 162 NA 49.4%  H3K27me3 IHC
Danielsen, 2015 1973-2008 91 48 (11-79)  48.4% RASSFIA Methylation-

specific PCR

Endo, 2011 1964-2008 99  NA 33.3%  pl4, pl5, pl6, Ki67 IHC
Endo, 2013 1964-2010 88  NA 40.9%  p-Ake, p-mTOR, p-S6RD,  THC

p-p70S6K, p-4E-BP1,

p-MEK, p-ERK, Ki67
Fan, 2014 NA 56 NA NA MET, MDM2, p53 IHC
Fukushima, 2017  1964-2011 82  NA 39.0% HIF-1K, HIF-2K, MVD, IHC

Ki67
Gong, 2018 2006-2015 14 46 (23-66)  21.4% Ki67 IHC
Hakozaki, 2014 1992-2008 44 50 (15-86)  47.7% COX-2 IHC
Halling, 1996 NA 28 39 (15-84) 50.0% p53 IHC
Holand, 2018 1980-2010 100 36 (11-82) 50.0% TP53, MDM?2 aCGH, RT-PCR
Holtkamp, 2007  NA 36 40(13-78)  61.1%  MMP-13, p53 codon PCR, IHC
Holtkamp, 2008 NA 34 NA 76.5% CDKN2A MLPA
Ikuta, 2014 1986-2011 30  45(17-77)  53.3%  HA, HAS1, HAS2, HAS3  THC
Jia, 2019 2002-2011 30 49 (11-71) NA Decorin IHC
Keizman, 2009 1994-2006 51 41 (NVA) 51.0% EGFR IHC
Kobayashi, 2006 1964-2004 96 43 (0-86) 41.2% CHEFR, Ki67 IHC
Kolberg, 2015 1980-2002 63  33(13-85)  44.4%  Survivin, TK1, TOP2A IHC
Kourea, 1999 NA 35  NA(NA) NA p53, p-RB, p21, p27, cyclin  THC

D1, cyclin E, Ki67
Krawczyk, 2019 1992-2013 26 10 (NA) 34.6%  Survivin, cyclin D1, IHC

osteopontin, fibronectin,

p53
Kresse, 2008 NA 7 47 (24-78) NA 17q23.2-q25.3, TOP24, aCGH, RT-PCR

ETV4, HOXB7, BIRCS,

miR142p-3p, miR142-5p,

miR201, miR21, miR338
LaFemina, 2013 1982-2011 105 38(16-87)  40.0% S100 IHC

107



Chapter 5

Author, year Study N  Age(range) NF1 Markers and genetic Analysis type®
period alterations
Le Guellec, 2016 1990-2013 124 37 (7-94) 54.8% $100, MDM2, desmin IHC
Leroy, 2001 1988-1999 17 32(17-56) 100% p53 IHC
Lu, 2018 1990-2012 74 39 (11-79) 58.1% ATRX IHC
Meis, 1992 1965-1985 70 10 (0-15) 20.5% S100 IHC
Nobeyama, 2016 NA 20 (15-70) 100% MAGEA3 Methylation-
specific PCR
Otsuka, 2018 1975-2016 145 48 (1-88) 29.7%  H3K27me3 IHC
Panse, 2017 NA 39 NA NA p-STAT3 IHC
Pekmezci, 2017 1991-2012 39 37 (11-72) 66.7% H3K27me3 IHC
Skotheim, 2003 1980-2000 51 50 (20-86) 37.3% TOP2A, Ki67 IHC
Tabone, 2008 1985-2005 52 23 (3-60) 50.0%  EGFR IHC
Torres, 2011 1986-2006 96  NA 57.3% MET, HGE p-MET, p53, IHC
S100
Vasconcelos, 2019 1990-2010 29  NA (22-83)  58.6% MCD, MVD, Ki67 IHC
Wang, 2015 2001-2012 43 49 (VA) 14.0% S100, vimentin, GFAD, IHC
NSE, Ki67, SMA, CD57
Wasa, 2008 1987-2006 22 43 (16-83) 50.0% VEGE MVD IHC
‘Watanabe, 2001 NA 49 41(17-86)  44.9% p53, Ki67, MDM2, p21 IHC
Yu, 2011 NA 123 NA 382%  SOX5, NOLI, MLF2, aCGH, RT-

FOXM]1, FKBP4, CDK4, PCR, FISH,
TSPAN31, ERBB2, MYC, IHC
TP53,
SOX5, FOXMI, Myc, p53

Yuan, 2017 1999-2016 159 40 (5-76) 44.0% $100, Ki67, vimentin, NE ~ THC
GFAP

Zhang, 2017 1991-2011 58 47 (6-86) 0.0% CXCR4, CXCL12, cyclin IHC
D1

Zhou, 2016 NA 63 NA NA FGFR1, FGFR2, FGFR4, FISH, THC
FGFRI

Zou, 2009 1986-2006 140 35 (1-80) 51.4% S100, Ki67, p53, VEGE, IHC
EGFR, p-MEK

* used for correlation with outcome.

4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1, aCGH: array-based comparative
genomic hybridization, CDK: cyclin dependant kinase, CHFR: checkpoint with forkhead-associated
domain and ring finger, COX-2: cyclooxygenase-2, CXCR4: C-X-C motif chemokine receptor 4,
CXCL12: C-X-C motif chemokine ligand 12, EGFR: epidermal growth factor receptor, ERK: extracellular
signal-regulated kinases, FISH: fluorescence in situ hybridization, FGFR: fibroblast growth factor receptor,
FOXM1: forkhead box protein M1, GFAP: glial fibrillary acidic protein, H3K27me3: trimethylation of
lysine 27 of histone H3, HA: hyaluronan, HAS: hyaluronan synthase, HIF: hypoxia-inducible factor,
IHC: immunohistochemistry, MCD: mast cell densityy MDM2: mouse double minute 2 homolog,
MEK: mitogen-activated protein kinase kinase, Met: metastasis, MLPA: multiplex ligation-dependent
probe amplification, MMP-13: matrix metallopeptidase 13, mTOR: mammalian target of rapamycin,
MVD: microvessel density, N: total number of patients, NA: not available, NF1: neurofibromatosis type
1p-: phosphorylated, RASSF1A: Ras association domain family member 1, isoform A, RT-PCR: reverse
transcription polymerase chain reaction, S6RP: ribosomal protein S6, SMA: smooth muscle actin, STAT3:
Signal transducer and activator of transcription 3, TIMP-2: tissue inhibitor of metalloproteinase 2, TK1:
thymidine kinase 1, TOP2A: topoisomerase 2-alpha, VEGF: vascular endothelial growth factor
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Figure 2. Cellular pathways in MPNST

Differentiation

Seven mesenchymal and neuronal differentiation markers were evaluated (Table 2),
most commonly S100. (4, 21-25) In univariable analysis complete absence of S100
was found negatively associated with survival in 4/6 studies. Two studies showed the
absence of S100 to be an independent predictor of worse survival with HR 4.5 (95%
CI: 2.0-12.1) and HR 6.6 (95% CI: 1.8-23.8). (4, 21) All seven markers were also
evaluated for association with disease-free survival (DFS). Negative S100 staining was
associated with worse DES in 2/4 studies, of which one study showed an independent
association (HR 4.2, 95% CI: 1.5-12.3). (21) Negative smooth muscle actin (SMA)
and CD57 staining were also found associated with worse DES in univariable analysis
in one study, but not in multivariable analysis. (22)
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Table 2. Prognostic value of immunohistochemical markers

Survival® Disease-free survival®
Marker N  Univariable Multivariable N Univariable Multivariable

+ NA + - + NA + -
Differentiation
S100 7 57% 25% 50% 25% 4 50% 50% 50% 0%
GFAP 2 0% NA NA NA 2 0% NA NA NA
Vimentin 2 0% NA NA NA 2 0% NA NA NA
NSE 1 0% NA NA NA 1 0% NA NA NA
SMA 1 0% NA NA NA 1 100% 0% 0% 100%
Desmin 1 0% NA NA NA 1 0% NA NA NA
CD57 1 0% NA NA NA 1 100% 0% 0% 100%
Vascularization
MVD 4 25% 0% 100% 0% NA NA NA NA
VEGF 2 50% 100% 0% 0% NA NA NA NA
Receptors and ligands
EGFR 3 67% 100% 0% 0% 1 100% 100% 0% 0%
MET 2 0% NA NA NA 1 0% NA NA NA
p-MET 1 100% 0% 100% 0% 0 NA NA NA NA
HGF 1 0% NA NA NA 0 NA NA NA NA
CXCR4 1 100% 0% 0% 100% 1 0% NA NA NA
CXCL12 1 0% NA NA NA 1 0% NA NA NA
FGFR1 1 100% 0% 100% 0% 1 0% NA NA NA
FGFR2 1 0% NA NA NA 1 0% NA NA NA
FGFR4 1 0% NA NA NA 1 100% 0% 0% 100%
HA 1 100% 0% 0% 100% 1 100% 0% 100% 0%
HAS1 1 0% NA NA NA 1 0% NA NA NA
HAS2 1 0% NA NA NA 1 0% NA NA NA
HAS3 1 0% NA NA NA 1 0% NA NA NA
Decorin 1 100% 100% 0% 0% 0 NA NA NA NA
Ras pathway
p-MEK 2 0% NA NA NA 0 NA NA NA NA
NF 1 0% NA NA NA 1 0% NA NA NA
p-ERK 1 0% NA NA NA 0 NA NA NA NA
p-Akt 1 0% NA NA NA 0 NA NA NA NA
p-mTOR 1 100% 0% 100% 0% 0 NA NA NA NA
p-p70S6K 1 0% NA NA NA 0 NA NA NA NA
p-4E-BP1 1 0% NA NA NA 0 NA NA NA NA
p-S6RP 1 100% 0% 100% 0% 0 NA NA NA NA
COX-2 1 100% 0% 100% 0% 0 NA NA NA NA
Myc 1 100% 0% 0% 100% 0O NA NA NA NA
Cell cycle regulation
p53 10 40% 25% 75% 0% 3 67% 50% 50% 0%
MDM2 4 0% NA NA NA 2 50% 100% 0% 0%
Cyclin D1 4 25% 0% 100% 0% 3 33% 0% 100% 0%
p21 0% NA NA NA 1 0% NA NA NA

110



Prognostic markers in MPNST

Survival® Disease-free survival®
Marker N  Univariable Multivariable N Univariable Multivariable

+ NA + - + NA + -
Cyclin E 2 0% NA NA NA 1 0% NA NA NA
p-RB 2 0% NA NA NA 1 100% 100% 0% 0%
pl4 2 100% 0% 50% 50% 0 NA NA NA NA
pl6 2 50% 0% 100% 0% 0 NA NA NA NA
p27 2 50% 100% 0% 0% 1 0% NA NA NA
pls 1 0% NA NA NA 0 NA NA NA NA
pl8 1 0% NA NA NA 0 NA NA NA NA
FOXM1 1 100% 0% 100% 0% 0 NA NA NA NA
SOX5 1 0% NA NA NA 0 NMNA NA NA NA
CDK2 1 0% NA NA NA 0 NA NA NA NA
CDK4 1 0% NA NA NA 0 NA NA NA NA
Cyclin D3 1 0% NA NA NA 0 NA NA NA NA
HIF1K 1 100% 0% 100% 0% 0 NMNA NA NA NA
HIF2K 1 0% NA NA NA 0 NA NA NA NA
CHFR 1 100% 0% 100% 0% 0 NA NA NA NA
Epigenetic modulation
H3K27me3 3 67% 0% 50% 50% 1 0% NA NA NA
TOP2A 2 100% 50% 0% 50% 1 100% 100% 0% 0%
Other
Ki67 13 62% 0% 25% 75% 5 40% 0% 50% 50%
Survivin 2 50% 0% 0% 100% 1 0% NA NA NA
ATRX 1 100% 0% 100% 0% 0 NA NA NA NA
TK1 1 100% 0% 0% 100% O NA NA NA NA
MCD 1 0% NA NA NA 0 NA NA NA NA
p-STAT3 1 100% 100% 0% 0% 1 0% NA NA NA
Osteopontin 1 0% NA NA NA 1 0% NA NA NA
Fibronectin 1 0% NA NA NA 1 0% NA NA NA
MMP-2 0 MNA NA NA NA 1 0% NA NA NA
MMP-9 0 M NA NA NA 1 0% NA NA NA
MMP-13 0 NA NA NA NA 1 0% NA NA NA
TIMP-2 0 NA NA NA NA 1 0% NA NA NA
Laminin receptor 0 NA NA NA NA 1 100% 100% NA NA

“Univariable analysis: significant effect (+), not significant effect (-); Multivariable analysis: not performed
(IVA), significant effect (+), nog significant effect (-)

4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1, CDK: cyclin dependent kinase,
CHEFR: checkpoint with forkhead-associated domain and ring finger, COX-2: cyclooxygenase-2, CXCR4:
C-X-C motif chemokine receptor 4, CXCL12: C-X-C motif chemokine ligand 12, DFS: disease-free
survival (either time to recurrence, metastasis, or both), EGFR: epidermal growth factor receptor, ERK:
extracellular signal-regulated kianses, FGFR: fibroblast growth factor receptor, FOXM1: forkhead box
protein M1, GFAP: glial fibrillary acidic protein, H3K27me3: trimethylation of lysine 27 of histone H3,
HA: hyaluronan, HAS: hyaluronan synthase, HIF: hypoxia-inducible factor, MCD: mast cell density,
MDM2: mouse double minute 2 homolog, MEK: mitogen-activated protein kinase kinase, MMP: matrix
metalloproteinase, mMTOR: mammalian target of rapamycin, MVD: microvessel density, N: number of
studies, NA: not applicable, NF: neurofibromin, p-: phosphorylated, S: survival (either disease-specific or
overall), S6RP: ribosomal protein S6, SMA: smooth muscle actin, STAT3: Signal transducer and activator
of transcription 3, TIMP-2: tissue inhibitor of metalloproteinase 2, TK1: thymidine kinase 1, TOP2A:
topoisomerase 2-alpha, VEGF: vascular endothelial growth factor
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Vascularization

Microvascular densitiy (MVD) and vascular epithelial growth factor (VEGF) staining
were evaluated as vascularization markers (Table 2). (4, 26-29) High MVD was
associated with worse survival in 1/4 studies. This association was also significant in
multivariable analyses (HR 7.3, 95% CI: 1.4-38.5). (29) High VEGF staining was
associated with worse survival in 1/2 studies, but this was not studied in a multivariable
model. (26) No markers were studied for association with DFS.

Receptors and ligands

Immunohistochemical expression of 9 different receptors or their ligands were
evaluated, most commonly the epidermal growth factor receptor (EGFR, Table 2). (4,
23, 30-36) Increased EGFR staining was associated with worse survival in univariable
analysis in 2/3 studies, but this was not evaluated in a multivariable model. (4, 30,
32) Increased phosphorylated MET (p-MET), C-X-C motif chemokine receptor 4
(CXCR4), and low fibroblast growth factor receptor 1 (FGFR1) staining were also
associated with worse survival in univariable analysis, but only p-MET (HR 1.04,
95% CI: 1.0-1.1) and FGFR1 (HR 2.8, 95% CI: 1.2-6.7) were independently
associated with survival. (23, 31, 34, 36) Increased EGFR and FGFR4 were associated
with worse DFS, but only in univariable analyses. (30, 36) On a genetic level, no
amplification of FGFRI on fluorescence in situ hybridization (FISH) was associated
with worse survival and DFS in univariable analysis (Appendix B). (36) Copy number
alterations in ERBB2 were not associated with survival. (37)

Extracellular matrix

Twelve extracellular matrix markers were studied, of which none was evaluated more
than once (Table 2). (34, 35, 38-41) Only increased hyaluronan (HA) and decorin
staining were associated with decreased survival, but none in a multivariable model.
(34, 35) Increased HA and laminin receptor were associated with worse DFS, but
only HA was associated with worse DES in a multivariable model (HR 5.7, 95% CI:
1.2-26.4). (34, 38)

Ras pathway

Ten different Ras pathway proteins were stained, but only phosphorylated MAPK
kinase (MEK) was evaluated more than once (Table 2). (4, 7, 21, 37, 42) Increased
phosphorylated mammalian target of rapamycin (p-mTOR), phosphorylated ribosomal
protein S6 (p-S6RP), cyclooxygenase-2 (COX-2), and Myc staining were associated
with worse survival univariable analysis. (7, 37, 42) Only increased p-mTOR (HR
2.6, 95% CI: 1.3-5.5), p-S6RP (HR 2.5, 95% CI: 1.3-5.5), and COX-2 (HR 3.0,
95% CI: 1.1-10.2) staining were independently associated with worse survival. (7, 42)
No Ras pathway associated immunohistochemical marker was found associated with
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DES. On a genetic level, copy number alterations of MYC were not associated with
survival. (37) Methylation of RASSFIA gene was associated independently with worse
survival in one study (HR 5.2, 95% CI: 1.4-19.4, Appendix B). (43) This association
was however only found in the NF1 subpopulation.

Cell cycle regulation

Sixteen immunohistochemical markers of cell cycle regulation were evaluated, most
commonly p53 (Table 2). (4, 23, 24, 27, 31, 33, 37, 40, 44-52) Low pl4, pl6,
checkpoint with forkhead-associated domain and ring finger (CHFR), and increase
in p53, p14, cyclin D1, p27, and forkhead box protein M1 (FOXM1) staining were
associated with worse survival in univariable analysis. (4, 23, 27, 37, 40, 44, 45, 48,
51) Positive p53 staining was independently associated with survival in 3/4 studies
(HR 1.8, 95% CI: 1.0-3.3, HR 2.3, 95% CI: 1.2-4.5, and HR 6.4, 95% CI: 1.5-
29.0). (4, 23, 52) Increased staining of cyclin D1 (HR 15.9, 95% CI: 2.0-125.0),
HIFla (HR 8.3, 95% CI: 2.8-28.9), FOXM1 (HR 1.9, 95% CI: 1.1-3.3), and
decreased staining of p16 (HR 2.2, 95% CI: 1.5-3.2) and p14 (HR 2.7, 95% CI: 1.8-
4.2) were also independently associated with worse survival in one study each. (27,
28, 37, 40) Positive staining of p53, MDM2, cyclin D1, and p-RB were associated
with worse DFS in univariable analysis. (33, 40, 48) Only cyclin D1 (HR 11.1, 95%
CI: 2.8-47.6) and p53 (HR 3.2, 95% CI: 1.0-10.4) were independently associated
with worse DFS in one study. (40) On a genetic level, mutation, homozygous loss,
or loss of heterogeneity of 7P53 was associated with worse survival in 2/3 studies
(Appendix B). (37, 41, 53) The copy number gain of MDM2 and CDK4 as well as
amplification on FISH of CDK4 were associated with worse survival. (37, 53) Gain
(HR 4.2, 95% CI: 1.4-12.4) or amplification (HR 2.0, 95% CI: 1.0-4.0) of CDK4
was independently associated with worse survival. (37) The combination of either
MDM?2 gain or TP53 aberration made a high-risk group (16%) for worse survival
with a HR 3.4 (95% CI: 1.4-8.3). (53) In the same study, a gene expression profile
was made and a score of 20.12 was present in 66.7% of the population which was
associated with worse survival as well (HR 4.0, 95% CI: 1.3-12.1). Another study on
DNA copy number changes found a significant association with worse survival for
gain at 17q23.2-25.3, but not in several related genes or micro-RNAs in this region.
(54) The association was not evaluated in a multivariable model. A gain in FOXMI
was worse survival in another study. (37) Only the polymorphism of p53Pro’* was
associated with worse DES in one study. (41) This association was not evaluated in a
multivariable model.

Epigenetic modulation

Two epigenetic modulating proteins were investigated as immunohistochemical

markers (Table 2). (44-46, 55, 56) Loss of trimethylation of lysine 27 of histone

113



Chapter 5

H3 (H3K27me3) and increased topoisomerase 2-alpha (TOP2A) staining were
both associated with decreased survival. (44, 45, 55, 56) Only H3K27me3 was
independently associated with worse survival (HR 2.6, 95% CI: 1.2-5.7) in one out
of two studies. (44, 45) Increased TOP2A staining was also associated with worse
DES in one study. (55) High copy number changes of 7OP2A were not associated
with worse survival (Appendix B). (54)

Other

Thirteen other immunohistochemical markers were studied, most commonly the
proliferation marker Ki67. (4, 7, 21, 22, 28, 29, 37, 40, 47, 48, 51, 52, 55-59) On
average a cut-off at 20.9% (range: 5-30%) for high Ki67 staining was used and it
was significantly associated with worse survival in 8/12 studies, of which two studies
showed an independent association (HR 2.4, 95% CI: 1.1-4.9 and HR 10.2, 95%
Cl: 3.6-32.1). (27, 28) Increased survivin, thymidine kinase 1 (TK1), phosphorylated
signal transducer and activator of transcription 3 (p-STAT3), and hypoxia-induced
factor 1-alpha (HIFla) and decreased ATRX staining were associated with worse
survival. (28, 56, 57) Both decreased ATRX (HR 5.3, 95% CI: 1.4-20.4) and positive
HIFla staining (HR 8.3, 95% CI: 2.8-28.9) were independently associated with
worse survival. (28, 57) One study showed that when there was high survivin and
high TKI staining or low survivin and high TOP2A staining a high-risk group of
patients could be stratified with HR 4.6 (95% CI: 1.5-14.4). (56) Increased staining
of Ki67 and laminin receptor were associated with worse DFS. (21, 38, 58) Only
high Ki67 staining was shown to have an independent association with worse DFS in
1/2 studies (HR 3.8, 95% CI: 1.7-8.5). (21) Four studies investigated several other
genetic alterations, including two on B/RCS, the gene encoding survivin. (54, 60-62)
One out of two studies showed that an increase in BIRC5 mRNA was associated with
worse survival in univariable analysis. (60) Gain at 17q23.2-25.3 was associated with
worse survival in univariable analysis in another study. (54) One study investigated
the effect of chromosomal gains and losses and showed an independent effect on
worse survival for Xq loss (HR 3.6, 95% CI: 1.6-8.3), 10q loss (HR 3.2, 95% CI:
1.4-7.7), and 16p gain (HR 2.5, 95% CI: 1.0-6.2). (62) Together a high-risk group
(63% of population) was obtained for either gain or loss which resulted in a HR
11.0 (95% CI: 3.5-35.0) after correction for several clinical characteristics. A gain
in SOX5 and NOLI were associated with worse survival in one study, but only in
univariable analyses. (37) Finally, methylation of MAGEA3 was also associated with
worse survival in univariable analysis. (61)
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DISCUSSION

The underlying biology of MPNSTs remains complex as is highlighted by the diverse
findings of studies included in this review. Many markers and genetic alterations have
been proposed to be of prognostic value, yet outcomes are infrequently repeated.
Alterations in 7P53 or its resulting increased p53 staining were commonly found
associated with survival and DFS as were several other proteins and genes involved in
cell cycle regulation. Epigenetic modulatory proteins, especially loss of H3K27me3,
and more general markers as absence of S100 and increased Ki67 were commonly
found to be of prognostic value too.

Prognostication in MPNST

The predictive value of clinical parameters including patient and tumour characteristics
has been studied more commonly than immunohistochemical or genetic biomarkers
in MPNST. Increasing age, large tumour size, metastatic disease at diagnosis, and
tumours not amenable to complete resection are the most commonly found predictors
of worse survival in MPNST. (2, 3, 5, 13, 25, 63) This emphasizes the importance of
early diagnosis of MPNST in order to completely resect tumours, along with finding
new systemic therapies to improve the prognosis of irresectable and metastatic disease.
Non-extremity tumour sites have also been shown to have a negative impact on survival,
however this may be truer for those arising in retroperitoneal or pelvicssites. (1, 3, 5, 13,
64) Tumour depth used to be incorporated for prognostication in the AJCC staging
system for STS but has varyingly been shown to be of prognostic value in MPNST.
(2, 3,5, 13, 25, 63) The importance of NF1 disease has also been subject of debate. A
meta-analysis in 2012 showed no difference in survival for patients in papers published
after 2000. (15) However, recent large cohorts did find an independent association
with worse survival for NF1 patients. (3, 13, 65, 66) Altogether, clinical parameters
seem to be able to predict some part of a patient’s course of disease. The addition
of tumour biology to clinical parameters may further increase our ability to stratify
subgroups of patients based on prognosis. 7P53 is one of the few recurrently mutated
genes found in MPNST. 7P53 mutations and high p53 staining were independently
associated with survival or DES in 5 different studies. (4, 23, 40, 52, 53) This may
indicate that aberrations in this gene may indeed be of clinical importance. Other
genes involved in cell cycle regulation such as CDKN2A and downstream proteins
are commonly altered and may not only contribute to tumourigenesis but also be of
clinical significance, supporting a belief that dysregulations in this cellular pathway
are of overall importance. Loss of polycomb regressive complex 2 (PRC2) has recently
been shown to be common in MPNSTs due to mutations in EED and SUZ12. (9, 67)
This results in loss of H3K27me3 which can reliably distinguish high-grade MPNSTs
from their benign counterparts by immunohistochemistry. (68, 69) MPNSTs without
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loss of H3K27me3 staining may also be associated with less aggressive behaviour as
many low-grade MPNSTs are known to retain this expression. (14, 44) Preclinical
research on targeted therapies has most frequently shown promising results targeting
proteins in the Ras pathway, especially when combined with other target drugs, but
unfortunately no clinical trial has proven benefit to date. (20) Activated proteins
in the Ras pathway, including p-mTOR, p-4E-BP1, p-S6RP, COX-2, and Myc as
well as methylation of RASSFIA may however predict worse survival. (7, 37, 42,
43) Targeting vascular pathways in MPNSTs may be beneficial, but unfortunately
few studies have focused on this. Studies included in this review also showed that
increased vascularity, as evidenced by increased microvascular density as well as
increased expression of VEGE, may be associated with more aggressive biological
behaviour. (26, 29) It seems that many other targets may be of prognostic value as
well emphasizing the need for further research into MPNST tumour biology. Survivin
markers may for instance stratify a subgroup of patients and survivin has been shown a
viable target in a xenograft mouse model. (70) Seeing as MPNSTs are heterogenic and
markers such as p53 are not MPNST specific, combined scores of different markers
and genetic alterations may be of most clinical importance. Four studies in this review
highlight this phenomenon demonstrating increased prognostic value when markers

are combined. (27, 53, 56, 62)

Strengths and limitations

Unfortunately, due to the large heterogeneity of published studies meta-analyses were
not presumed feasible. All studies included in this review were retrospective of nature
inherently harbouring bias. None of the markers and genetic alterations found in these
studies were prospectively validated. Moreover, many did not evaluate the prognostic
value of their markers in a multivariable model nor on their discriminative ability.
Studies that evaluated the prognostic value of markers in a multivariable model were
nonetheless not always capable to correct for all common clinical variables. MPNSTs are
rare sarcomas, which in combination with their complex biology, makes it difficult to
obtain enough cases to create valuable models. Butas shown in this review, several markers
and genetic alterations may already be of clinical importance as they have shown an
independent association with survival in addition to clinical parameters. Future research
should therefore be encouraged to replicate these results using larger datasets obtained
by large-scale international collaborations. Important immunohistochemical staining
may include Ki67, $100, p53, and H3K27me3 in all patients, and possibly further
staining of proteins associated with cell cycle regulation. In turn individual prediction
models for MPNST patients specifically may arise taking their significant heterogeneity
into account. Such models may better elucidate patient selection for (neo)adjuvant
treatment and targeted therapies, which should then be validated in a prospective
database. But as MPNSTs remain rare entities one may also turn to exploratory analyses
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using machine learning techniques on large STS genetic databases to identify attractive
genes as biomarkers or prognostic markers in subtypes of STS. (71)

CONCLUSION

MPNSTs harbour complex and heterogenic biology and currently lack adequate
staging systems. Immunohistochemical markers and genetic alterations are varyingly
of prognostic value. Absence of $100 and H3K27me3 and increased Ki67 staining
were commonly found to be of independent prognostic value alongside of clinical
parameters. Alterations in 7P53 or its consequential increase in p53 staining seems
to distinguish a subgroup of MPNSTs with worse outcomes. Immunohistochemical
staining and associated genetic alterations of proteins involved in cell cycle regulation
and the Ras pathway may also help stratifying patients with worse outcomes. Ideal
staining of these pathways for prognostic purposes has yet to be determined. Other
markers will likely need further evaluation for validation. A combination of markers
may increase the prognostic value.
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APPENDIX

Appendix A. Search syntaxes for the Pubmed and Embase databases

PubMed search: (((prognos*[Title/Abstract]) OR predict*[Title/Abstract]) AND ((MPNST*[Title/
10-03-2020 Abstract] OR malignant peripheral nerve sheath tum*[Title/Abstract] OR malignant
neurilemmoma|Title/Abstract] OR malignant schwannoma[Title/Abstract] OR
neurofibrosarcoma(Title/Abstract] OR Neurilemmoma[MeSH])))

Embase search: (‘prognos*’:ab,ti OR ‘predict*:ti,ab) AND (‘MPNST*:ab,ti OR ‘malignant peripheral
10-03-2020 nerve sheath tum*:ab,ti OR ‘malignant neurilemmoma’:ab,ti OR ‘malignant
schwannoma’:ab,ti OR ‘neurofibrosarcoma’:ab,ti OR ‘malignant neurilemoma’/exp) AND
([article]/lim) AND ([Embase]/lim)
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Chapter 6

ABSTRACT

Background

Volatile Organic Compounds (VOC) are widely investigated as a new diagnostic
biomarker in medicine. The aim of this pilot study is to assess whether an electronic
nose can detect patients with soft tissue sarcoma (STS) based on Volatile Organic
Compound profiles in exhaled breath.

Methods

In this cross-sectional pilot study, patients with primary histologically proven STS
were included for breath analysis from March 2018-2022. Persons matched on sex
and age were included for the control group. Machine-learning techniques were used
to develop the best fitting model. Ten-fold cross-validation was used for internal
validation.

Results

Fifty-nine breath samples were collected (29 STS and 30 control). The final model
yields an area under the curve of 0.85 with a sensitivity and specificity of 83% (95%
CI 64-93) and 60% (95% CI 41-77), respectively.

Conclusion

This study suggests that exhaled VOC analysis could serve as a non-invasive diagnostic
biomarker for the detection of STS with a good performance.
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Detection of STS based on VOC-profile in exhaled breath

INTRODUCTION

Differentiating soft tissue sarcomas (STS) from benign soft tissue tumours is
challenging in daily practice. The incidence of STS is less than 4.7 per 100,000
persons per year in Northern Europe (1) and it has been estimated that benign soft
tissue tumours occur 300 times more often than their malignant counterparts. (2-
4) Besides the rarity, STS often present as asymptomatic or unspecific lumps. These
difficulties explain why STS are often thought to be benign. This results in frequently
performed unplanned excisions, in which the STS is inadvertently and inadequately
removed without an appropriate diagnosis, preoperative imaging or planning. (5)
Referrals after unplanned excisions account for 8-53% of the new patients treated in
sarcoma centres. (3, 6-11) These patients often require re-excision due to incomplete
surgical margins. (12, 13)

Although core needle biopsy is an invasive procedure that is prone to various
complications, it is the gold standard for differentiating STS from benign soft tissue
tumours. Because benign tumours are very common, there is a serious need for novel
non-invasive diagnostic tools that accurately detect patients with STS. Achievement
of a higher pre-test probability for STS could reduce the number of unplanned
excisions and re-excisions, but could also reduce the number of imaging assessments
and biopsies during routine follow-up.

In the past years, Volatile Organic Compounds (VOC) were widely investigated as
a new diagnostic biomarker in medicine. VOC profiles could be detected in breath,
blood, saliva, semen, milk, faeces, urine and on the skin. (14) Several studies have
been performed with a non-invasive electronic nose (eNose) in which VOC profiles
were detected from exhaled breath. VOC analyses seem promising for the detection of
several cancer types such as lung, breast, prostate, colorectal, head and neck carcinoma.
(15-17) However, no studies have been performed investigating the discriminative
ability of the eNose for STS. Therefore, the aim of this pilot study is to assess whether
the eNose can discriminate between patients with and without STS based on VOC
profiles in exhaled breath.

METHODS

Study design

This prospective proof-of-principle study was conducted in a specialized sarcoma centre
outpatient clinic in a tertiary hospital in the Netherlands (Leiden University Medical
Centre) between March 2018 and March 2022. Ethical approval was obtained by the
institutional review board prior to the study (P18.046). All study participants provided
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written informed consent before breath testing. The measurements were performed in
parallel with the regular diagnostic work-up. No formal sample size calculation was
performed for this pilot study. Based on previous studies with an electronic nose, a
sample size of 25 participants per study arm was considered sufficiently powered for
a pilot study. (18, 19) The primary outcome of this pilot study was the discriminative
ability (Area Under the ROC Curve) of the VOC profiles recorded by the eNose.

Participants

Patients who were referred to our outpatient clinic for suspected primary STS were
approached to participate in this study. Patients were included in this study if they had
a histologically proven primary high-grade STS. Patients were excluded if they were
younger than 18 years, had a history of cancer or chronic respiratory conditions (e.g.,
COPD or asthma), were previously treated with radiotherapy and/or chemotherapy,
received any prior treatment for STS, or were diagnosed with distant metastasis within
3 months after inclusion. Also, patients who did not complete the breath test were
excluded. Individuals with no suspicion for STS who visited our outpatient clinic for
other conditions, or accompanied a patient to our outpatient clinic, and employees at
our department were asked to participate in this study as healthy controls. Individuals
with a suspected STS who turned to be a benign tumour (e.g., schwannoma, lipoma,
haemangioma) were excluded in this analysis. The control group was matched to our
STS population based on age and sex in a 1:1 ratio. The same exclusion criteria were
applied to the control group. In addition, we performed a secondary analysis with less
stringent inclusion criteria in order to expand the sample size. In this analysis we also
included patients with a low-grade STS in the sick group and patients with a rejected
STS in the control group.

Materials and study procedure

The eNose used in this study (Aconose, The eNose Company, Zutphen, The
Netherlands) is a handheld, battery-powered electronic nose which enables to analyse
VOC:s. Participants were instructed to breathe through a disposable connecting
mouthpiece for 5 minutes. The mouthpiece contained a carbon filter, and a nose
clip was placed on the nose of the participants to avoid entry of non-filtered air
during the measurement to eliminate exogenous influences on VOC. In addition,
the mouthpiece contained a high-efficiency particulate air (HEPA) filter and one-way
valves to prevent viral and bacterial contamination of the device. In the first 2 minutes
of each measurement the lungs were rinsed with clean filtered air to further eliminate
exogenous VOCs. During the remaining 3 minutes the exhaled breath was guided
over three micro hotplate metal-oxide sensors with different material properties. The
hotplate was periodically heated between 260- and 340-degrees Celsius simulating
multiple identical sensors that are operating at different temperatures. The VOCs in
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the exhaled breath induce a redox reaction on the metal-oxide sensor surfaces, causing
a conductivity change. These changes in conductivity over time result in a unique
VOC profile for each participant. The total measurement took 15 minutes, consisting
of 5 minutes breathing followed by 10 minutes of regeneration of the eNose. Figure 1
of the appendix depicts the eNose and test setup.

For the measurement all participants were asked to abstain from food, drink (except
water), and smoking for at least 3 hours prior to the study visit to minimize exogenous
VOCGs. (20) Tumour characteristics (histological subtype and tumour grade) and
medical history (previous malignancies and chronic respiratory conditions) were
collected from clinical records.

Statistical analysis

Baseline characteristics were described with proportions for categorical variables
and means with standard deviations or medians with interquartile ranges (IQRs)
for continuous variables. Differences in continuous variables were assessed with the
Mann-Whitney U test. Differences in categorical variables were assessed with the
Pearson’s Chi-square test.

An eNose measurement resulted in a time series of conductivity values for each sensor.
Multiple machine learning models were built using different sensor combinations and
classifiers. Data compression was performed using a Tucker3-like tensor decomposition
technique. While applying 10-fold cross validation, models were ranked on AUC (Area
Under the Curve). The validation results were averaged over the ten rounds, resulting
in a combined AUC. The Random Forest classifier turned out to be most favourable.
Data compression and data analyses were integrated in a proprietary software program
(Aethena, The eNose Company, Zutphen, the Netherlands). Descriptive statistics
were performed in R (version 4.1.2). (21)

A p-value <0.05 was considered statistically significant. Results from the final models
were described by means of the most optimal AUC with corresponding sensitivity and
specificity with 95% confidence intervals (CI). For each analysis, two cut-off values
for the predicted response value of the final model were presented with corresponding
sensitivity and specificity. The cut-off value was set manually at a predictive value
of 0.0 and at a value at which the sensitivity was maximized with an acceptable
specificity (250%). The predicted response value for the STS and control population
was presented in a scatterplot.
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RESULTS

Twenty-five patients with high-grade STS and 25 controls, matched on age and sex,
were included for the first analysis. For the second analysis with less stringent inclusion
criteria, 29 patients with STS and 30 controls were included. Baseline demographics
and clinical characteristics are presented in Table 1.

Figure 1A depicts the receiver operating characteristic (ROC) curve of model 1 with
a fair discriminative ability with an AUC of 0.78. Figure 1B depicts a scatterplot of
the predicted value of each measurement of model 1. Setting the predictive value at
0.0 resulted in a sensitivity and specificity of 72% (95% CI 50-87) and 76% (95% CI
54-90), respectively. A threshold of -0.3 resulted in a sensitivity and specificity of 84%
(95% CI 63-95) and 52% (95% CI 32-73), respectively. Figure 2 depicts the ROC
curve (A) and scatterplot (B) of model 2 with less stringent inclusion criteria. This
model showed that an increased sample size resulted in a better discriminative ability
with an AUC of 0.85. At a threshold of 0.0, the sensitivity and specificity were 72%
(95% CI 53-87) and 90% (95% CI 72-97), respectively. A threshold of -0.2 resulted
in a sensitivity and specificity of 83% (95% CI 64-93) and 60% (95% CI 41-77),
respectively. In the appendix a scatterplot of individual predicted values stratified by
histologic subtype is presented (Figure 2).
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Table 1. Baseline characteristics

Model 1 Model 2
STS Control pP STS Control r
(N=25) (N=25) (N=29) (N=30)
Age (in years) 0.669 0.679
Median [IQR] 57 [39-65] 54 [44-61] 56 [39-63] 59 [45-62]
Sex 1 0.693
Female 8 (32.0%) 8 (32.0%) 11 (37.9%) 10 (33.3%)
Male 17 (68.0%) 17 (68.0%) 18 (62.1%) 20 (66.7%)
Histological subtype
LPS 6 (24.0%) - 6(20.7%) -
LMS 2 (8.0%) - 3 (10.3%) -
MEFS 5 (20.0%) - 7 (24.1%) -
MPNST 5 (20.0%) - 5(17.2%) -
SS 2 (8.0%) - 2 (6.9%) -
UPS 2 (8.0%) - 2 (6.9%) -
Other 3 (12.0%) - 4 (13.8%) -
Tumour size (in mm)
Median [IQR] 60 [46-84] - 60 [46-84]] -
Tumour grade
1 0 (0.0%) - 4 (13.8%) -
2 14 (56.0%) - 14 (48.3%) -
3 8 (32.0%) - 8 (27.6%) -
nH;tg }ci_tir::\i:ise specified 3 (12.0%) } 20030 .
Location
Extremity 21 (84.0%) - 24 (82.8%) -
Trunk wall 3 (12.0%) - 4(13.8%) -
Uterus 1 (4.00%) - 1 (3.45%) -

IQR: interquartile range, LPS: liposarcoma, LMS

sarcoma

: leiomyosarcoma, MFS: myxofibrosarcoma, MPNST:
malignant peripheral nerve sheath tumour, SS: synovial sarcoma, UPS: undifferentiated pleomorphic
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Figure 1A. Receiver operating characteristic curve for the best fit of model 1 (AUC: 0.78) B. Scatterplot of
individual predicted values based on the cross-validated model 1.

The red circles represent patients with STS. The green squares represent the controls. AUC: Area under the
curve, STS: Soft tissue sarcoma
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Figure 2A. Receiver operating characteristic curve for the best fit of model 2 (AUC: 0.85) B. Scatterplot of
individual predicted values based on the cross-validated model 2.

The red circles represent patients with STS. The green squares represent the controls. AUC: Area under the
curve, STS: Soft tissue sarcoma
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DISCUSSION

In this proof-of-principal study, we examined that the eNose could well distinguish
patients with and without STS, suggesting that exhaled VOC analysis with eNose
could become a promising non-invasive diagnostic tool to achieve a higher pre-test
probability for STS, and potentially reduce the number of unplanned excisions, re-
excisions, and biopsies. With an AUC of 0.85 of the second model and a corresponding
sensitivity and specificity of 83% and 60%, respectively, the discriminative ability
could be considered good. Larger multicentre studies are needed to confirm current
findings, improve accuracy, and extend the validity of the current models.

In the last years, several phase I studies have demonstrated the diagnostic ability of
VOC patterns in exhaled breath for several cancer types. (15-17) No studies so far
have assessed the diagnostic performance of VOC profiles as diagnostic biomarker for
STS. VOC:s are a group of organic carbon and hydrogen-containing compounds that
are found in various cellular functions such as oxidative stress and energy metabolism.
Oxidative stress and altered cellular energy metabolism have been implicated
in the pathophysiology of cancer in order to support continuous cell growth and
proliferation. (22, 23) Changes in VOC concentrations reflect these altered metabolic
and pathophysiological processes in the human body. (24) In breath there are almost
1,500 VOC:s reported. (14) For most of the VOCs, the biochemical process for their
production remains unknown. Several studies have shown that different cancer types
and diseases reveal different VOC profiles, suggesting that VOC profiles could be
diagnostic biomarkers for a broad range of diseases. (25, 26) Analysis of VOCs in
exhaled breath is not yet implemented in clinical practice for any of the studied

diseases. (15, 16)

Some limitations of this pilot study must be overcome in future studies. This study
showed an overall good discriminative ability of the eNose. However, due to the limited
sample size, the machine learning models built on our data could partially be based on
artefacts in the data (e.g., due to contamination of exogenous VOCs) instead of true
differences in VOC profile that were caused by the pathophysiology of the malignancy.
Therefore, future larger studies are needed to update the models and externally validate
the models. As shown in our second model, the discriminative ability of the model
might even further improve with larger sample sizes. In most diagnostic studies,
such as this study, the primary target is endogenous VOCs. However, human breath
contains a mixture of endogenous and exogenous VOCs. Exogenous VOCs could
arise from room air volatile, but also dietary habits and medication could influence
the exhaled VOC profiles. (24, 27) In a large cohort of healthy volunteers, smoking
behaviour, and to a lesser extent age, BMI, and gender influence VOC profiles in the
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general population. (28) To minimize the effect of these influencing factors, we have
matched the STS population with the control group by age and gender, performed all
eNose measurements in the same testing area, and asked participants to abstain from
food, drink, and smoking for 3 hours before testing. Furthermore, as radiotherapy and
chemotherapy cause oxidative stress, inflammation and tissue damage, participants
who received these treatments in history were excluded. (29, 30) We did not match
patients based on BMI and other influencing factors, such as smoking status and
comorbidities, because of the small sample size. The likelihood that these and other
(unknown) influencing factors were not well distributed between the STS and
control group is higher than in larger cohorts. For future studies, standardisation of
the study procedure and breath collection, especially for training models, is crucial.
Furthermore, studies should include controls from the same target population as the
STS population (e.g., benign soft tissue tumours) to inform clinical application and
should be externally validated in other target populations to assess generalizability of
the models. In this pilot study only internal cross-validation was performed.

This proof-of-concept study aimed to assess the feasibility of an eNose for detection of
STS at the beginning of a patient’s work-up, when referred to a sarcoma centre with
a primary nonspecific tumour of the soft tissue. The reported results were based on
maximizing the sensitivity with acceptable specificity. Depending on the use of the
eNose in clinical practice other cut-off values might be preferable. In a primary or
secondary health care setting, the prevalence of benign soft tissue tumours is much
higher than the prevalence of STS. The physician needs to decide whether to treat
the tumour as a benign tumour or to refer the patient to a tertiary sarcoma centre
for biopsy, which is the gold standard for diagnosis STS. (12, 31) This decision is
nowadays based on physical examination and imaging. However, the large number
of unplanned excisions in patients with STS reflects the inaccuracy of the current
diagnostic work-up. (3, 6-11) Patients with asymptomatic benign tumours do often
not need any treatment, while patients with primary STS need appropriate treatment
in a sarcoma centre with an oncological resection with wide surgical margins and often
(neo)adjuvant therapy. (12, 31) As a core needle biopsy is an invasive procedure and
benign tumours are very common in this setting, not all patients with a nonspecific
tumour of the soft tissue get a biopsy. A non-invasive diagnostic tool, such as
a breath test, could help to decide which patient should get a biopsy in a tertiary
sarcoma centre. In this case, maximizing the sensitivity, in order to minimize the
risk of untreated or unplanned excisions for STS (false negatives), at the expense of
more false positives referred to a sarcoma centre, would be clinically most desirable.
Especially, in superficial and small STS the share of unplanned excisions is high. (6,
8-11) Therefore, the use of a non-invasive breath test in this target population and
setting seems most promising and desirable.
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Besides the use of an eNose as pre-test at the beginning of each patient’s work-up to
decide whether further diagnostic tests, such as a biopsy are needed, the eNose could
also play a role in monitoring the response to cancer therapy, surveilling patients after
successful treatment or differentiating between high- and low-risk STS. It is likely
that for each application different VOC models with different cut-off values need to
be built and validated. Furthermore, further studies are needed to assess the minimum
detectable tumour volume for the eNose.

CONCLUSION

This study suggests that VOC in exhaled breath could become a new diagnostic bio-
marker for the detection of STS. Future studies are needed to validate these promising
preliminary findings before VOC analyses could be incorporated in clinical practice.
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APPENDIX

Figure 1. The eNose and test setup
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Figure 2. Scatterplot of individual predicted values based on the cross-validated model 2 stratified by his-
tologic subtype.

The circles represent patients with STS. The green squares represent the controls. LPS: liposarcoma, LMS:
leiomyosarcoma, MES: myxofibrosarcoma, MPNST: malignant peripheral nerve sheath tumour, SS: syno-
vial sarcoma, UPS: undifferentiated pleomorphic sarcoma
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ABSTRACT

Background

This study aimed to assess the performance of currently available risk calculators in a
cohort of patients with MPNST and to create an MPNST-specific prognostic model
including type-specific predictors for overall survival (OS).

Methods

This is a retrospective multicentre cohort study of patients with MPNST from eleven
sarcoma centres. All patients diagnosed with primary MPNST who underwent
macroscopically complete surgical resection from 2000-2019 were included in this
study. A multivariable Cox proportional hazard model for OS was estimated with
pre-specified predictors (age, grade, size, NF-1 status, triton status, depth, tumour
location and surgical margin). Model performance was assessed for the Sarculator
and PERSARC calculators by examining discrimination (C-index) and calibration
(calibration plots and observed-expected statistic; O/E-statistic). Internal-external
cross-validation by different regions was performed to evaluate the generalizability of
the model.

Results

A total of 507 patients with primary MPNSTs were included from 11 centres in 7
regions. During follow-up (median 8.7 years), 211 patients died. The C-index was
0.60 (95% CI 0.53-0.67) for both Sarculator and PERSARC. The MPNST-specific
model had a pooled C-index of 0.69 (95%CI 0.65-0.73) at validation, with adequate

discrimination and calibration across regions.

Conclusion

The MPNST-specific MONACO model can be used to predict 3-, 5-, and 10-year OS
in patients with primary MPNST who underwent macroscopically complete surgical
resection. Further validation may refine the model to inform patients and physicians
on prognosis and support them in shared decision-making.
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INTRODUCTION

Prognostic tools are important instruments for clinical decision making in soft tissue
sarcomas (STS). STS is a heterogeneous group of malignant tumours with more than
100 different histological types that can affect patients of all age groups. (1) Given
the heterogeneity of prognosis within the STS spectrum, several classification systems
have been developed to classify patients into different risk groups. Traditionally, the
Fédération Nationale des Centres de Lutte Contre le Cancer (FNCLCC) grading
system and American Joint Committee of Cancer (AJCC) staging system were used
to classify STS patients in different risk groups. (2, 3) However, in the last decade
several new prognostic tools have been developed incorporating patient, tumour
and treatment characteristics that generate individual prognosis for patients with
STS. Two widely used prognostic tools for STS of the extremities are Sarculator and
PERSARC. (4, 5) These tools can be used for the most common histological types
such as leiomyosarcoma, liposarcoma, undifferentiated pleomorphic sarcoma, synovial
sarcoma, and malignant peripheral nerve sheath tumours (MPNSTs). Although
applicable to a wide range of STSs, these tools are limited to general predictors and do
not incorporate type-specific prognostic factors.

MPNST is a rare and aggressive sarcoma type that accounts for 2-6% of all STS. (6-8)
While most STS arise de novo, MPNSTs can be associated with neurofibromatosis
type 1 (NF-1). (1) Approximately 30-50% of the MPNSTs are NF-1-associated. (9,
10) The NF1 gene is commonly affected in MPNSTs which causes loss-of-function
of neurofibromin and inhibition of RAS oncogenes. (11) Several studies have shown
that NF-1 status is a negative predictor for overall survival (OS) and distant metastasis
(DM). (10, 12) In addition, MPNSTs can present with partial rhabdomyoblastic
differentiation (triton tumour) which appear to have a poorer prognosis compared
with conventional MPNSTs. (13)

Considering that, in contrast to other STS types, MPNSTs can occur in patients with
NF-1 and can present with partial rhabdomyoblastic differentiation, one may argue
that the commonly used generic prognostic tools for STS, such as Sarculator and
PERSARC (4, 5), could be improved by MPNST-specific predictors such as NF-1
and triton status. As shown in a recent study, Sarculator is a good model to predict
survival in patients from the United States with resected STS of the extremities. (14)
However, the performance in patients with MPNSTs was poorer than in patients with
other histological types. (14) Furthermore, the Sarculator models were only built on
patients of 18 years and older with a retroperitoneal or extremity STS and PERSARC
was only built on patients of 18 years and older with high-grade extremity STS. (4,
5, 15) While, around 50% of the MPNSTs is located outside the extremities and
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retroperitoneum and approximately 10% of the patients is younger than 18 years old.

(16)

The firstaim of this study is to assess the performance of both Sarculator and PERSARC
in an external cohort of MPNST patients. Furthermore, we extend and update these
models by developing an MPNST-specific prognostic tool that is can be used for a
wider range of patients with primary MPNST.

METHODS

Study design

A retrospective multicentre international cohort study, the MPNST Oncological And
Clinical Outcome Consortium (MONACO), was undertaken after approval of the
institutional review boards of all included centres. Patients from eleven secondary or
tertiary sarcoma centres diagnosed with histologically proven primary MPNST who
were surgically treated with curative intent from 1 January 2000 to 31 December
2019 were included in this study. The following patients were excluded: patients with
macroscopic residual disease (R2) after definitive surgery; patients with incorrectly
registered time-to-event outcomes; patients with local recurrence (LR) who were
previously resected elsewhere; patients with synchronous metastasis, defined as distant
disease before date of definitive surgery. The list of participating centres is available in

Appendix A.

Study procedure

Clinical and pathological data were retrieved from medical records or from existing
prospective sarcoma databases. All included centres adhere to the clinical guidelines of
the European Society for Medical Oncology (ESMO) and the National Comprehensive
Cancer Network (NCCN) for STS. (17, 18) Follow-up usually consisted of clinical
examination and imaging (CT scan or X-ray of the chest and MRI for local control)
once every 4 months for 2 years, every 6 months up to 5 years after definitive treatment,
and thereafter yearly.

External validation and extension approach

To validate and extend the prognostic models for MPNSTs, we undertook three
steps. First, we validated the original PERSARC and Sarculator models for STS of
the extremities (eSTS) in a subset of our cohort. This subset included all patients
with primary high-grade (II/III) MPNST of the extremities. Model performance was
assessed at 5 years from definitive surgery. Secondly, the original models were updated
and extended by using the original predictors plus the MPNST-specific predictors. In
this model, patients were included without eligibility restrictions on age, location, and
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grade. Finally, the extended model was internally-externally cross-validated across 7
regions. This means that each region was left out once while models were developed
in the remaining 6 regions. (19) As this split based on regions is not random, it
qualifies as external validation. (19) We used regions instead of centres to ensure
sufficient number of events within each split. A list of the specified regions is available

in Appendix A.

Time-to-event was defined as the time interval between date of definitive surgery
(T=0) and death from any cause. The outcomes of interest were OS at 3, 5, and 10
years.

The American Joint Committee on Cancer criteria were used for building a high-
quality extended prognostic model. (20) The Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) statement
was followed for reporting the validation and extension of the prediction models
(Appendix B provides TRIPOD checklist). (21)

Candidate predictor variables

The prognostic factors included in the model were pre-specified based on Sarculator,
PERSARC and literature review for MPNST-specific predictors. (10, 12, 13, 16, 22,
23) The included predictors were: age, grade, size, NF-1 status, triton status, depth,
tumour location and surgical margin. All possible interaction terms with NF-1,
location, and triton, were considered clinically plausible.

Age was determined as age at the time of diagnosis. Grade was based on the FNCLCC
grading criteria (grade I, I, and III). (2) Tumour size was defined as the largest diameter
(in cm) on imaging or based on pathology report if imaging was not available. A tumour
was categorized as NF-1-associated by confirmed genetic testing of an NF1 mutation
or by clinical evaluation. (24) Triton status was extracted from pathological reports
and was concluded either when stated as such in the report or when MPNST with
rhabdomyoblastic differentiation was reported. Depth was assessed on imaging and
categorized as superficial or deep in relation to the investing fascia. Tumour location
was categorized as extremity (including plexus), central (including thorax, abdomen,
pelvis, retroperitoneal, or head and neck. Tumour margins were classified as negative
(RO) or microscopically positive (R1) based on pathology reports. Macroscopically
incomplete resections (R2) were excluded. The assessors of the predictors were
inherently blinded for the outcome (death) due to the longitudinal nature of this
study. OS was defined as the time interval between definitive surgery and date of
death or date of last follow-up.
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Model validation and extension

No formal sample size calculation was performed. All available data were used to
maximise the robustness of our analyses. We ensured that we had at least 10 events
per parameter for modelling pre-specified predictors in our full model. (25, 26) We
determined the amount of optimism of the final model using bootstrap resampling
(1000 replications). (25, 26) Shrinkage of regression coefficients was also estimated
with this bootstrap validation procedure to improve predictions in future patients by
preventing too extreme predictions due to overfitting. (25)

Multivariable Cox proportional hazard models were used for OS. The proportional
hazard assumption was assessed visually with the Schoenfeld residuals. The possible
non-linearity of the continuous variables age and size was modelled using restricted
cubic splines (4 knots) in initial univariate analyses. Subsequently, we used simple
parametric transformations, based on visual assessment. (25, 26) The chosen
transformation was based on visual inspection and supported by Akaike information
criterion (AIC), which penalizes for model complexity. The full model included all
pre-specified predictors, the selected parametric transformation for the continuous
variables and the potential interaction terms. All clinically plausible interactions
were tested using a global test followed by individual testing if the global test was
significant. (26) A p-value <0.20 was considered as threshold for the selection of
interaction terms. (27)

To make efficient use of the available data, multiple imputation by chained equations
was used to fill is missing data for a completed data set. (28) The variables included
in the imputation model were: age, American Society of Anaesthesiologists physical
status (ASA) score, NF-1, prior radiotherapy on same location, nerve type, tumour
size, tumour depth, triton, grade, margins, radiotherapy, and chemotherapy (CTX).
Furthermore, we included the event indicator and Nelson-Aalen estimator for the
cumulative baseline hazard in the imputation model. (28) Twenty imputed datasets
were created as part of the multiple imputation (m=20). Estimates from the imputed
datasets were combined using Rubin’s rules. For one centre, no information on grade,
depth and triton was available, as these variables were not included in their database.
This centre was only included as validation cohort in the internal-external cross
validation procedure after imputation of the systematically missing variables. It was
not used for model development.

Model performance was assessed by examining discrimination and calibration.
Discrimination was measured using the concordance index (C-index). Discrimination
of a time-to-event model relates to how well the model could distinguish between
patients with a shorter time-to-event from patients with a longer time-to-event. A
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C-index of 0.5 indicates that the model is no better than chance, whereas a C-index of
1 indicates perfect discrimination. (29) Calibration was assessed with the Observed/
Expected (O/E) statistic, and visually by plotting the predicted against the observed
OS at 3, 5, and 10 years. The 45 degrees line is a reference for perfect calibration. (30)

The clinical usefulness of the model was assessed by decision curve analysis (DCA).
(31) Clinical guidelines recommend considering perioperative CTX in a selected
group of patients based on risk-predicting tools such as the MPNST-specific model.
(17) For illustrative purposes a decision threshold for treatment with perioperative
CTX was set at 34%, based on literature, to calculate the net benefit, sensitivity, and
specificity of the prediction tool at this threshold. (32) This threshold implies that
we allow for overtreatment of approximately 2 patients (who would survive without
additional treatment) per correctly treated patient (who would die without additional
treatment), since a 1:2 ratio implies a probability threshold of 33%.

To provide individual predictions based on the updated model, a web-based tool was
builtand published on www.evidencio.com (MONACO prediction tool: Survival after
resection of malignant peripheral nerve sheath tumours). An interactive tool in Excel
spreadsheet is available including all estimates to validate, update, and incorporate the
predictors in existing or new tools.

Baseline characteristics were described with proportions for categorical variables and
medians with interquartile ranges for continuous variables. Median follow-up was
assessed with the reverse Kaplan-Meier method. 5-year OS stratified for baseline
characteristics was estimated using the Kaplan-Meier method. All statistical tests
were two-sided with a statistical significance level set at p <0.05. The 95% confidence
interval (CI) of the O/E statistic was estimated using bootstrapping (B=1000). All
statistical analyses were performed in R (version 4.1.2) with the packages ‘mice’,
‘survival’, ‘boot’, ‘rms’ and ‘dcurves’. (33)

RESULTS

Study population

A total of 507 patients with primary MPNST surgically treated with curative intent
were included in this study (Appendix C). Among them, 168 patients (33%) had
NF-1 and 39 (10%) had a triton tumour. The median follow-up was 8.7 years. Baseline
characteristics for the total population are presented in Table 1 and Appendix D.
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Table 1. Baseline characteristics

Variable Overall (N=507) 5-yr OS (95%CI)
Age (years)
Median (IQR) 43 (30-57) <44: 69 (63-75)

244: 60 (54-67)
Neurofibromatosis type 1

No 336 (66.7%) 67 (62-72)

Yes 168 (33.3%) 61 (53-69)

Missing 3

Location

Central 188 (37.1%) 62 (55-70)

Extremity 266 (52.5%) 68 (62-75)

Head and neck 53 (10.5%) 59 (47-74)

Size (cm)

Median (IQR) 7 (4-11) <7:75 (69-81)
>7: 58 (51-65)

Missing 59

Depth

Deep 267 (70.4%) 61 (55-67)

Superficial 112 (29.6%) 80 (72-88)

Missing 128

Triton

No 351 (90.0%) 68 (63-73)

Yes 39 (10.0%) 54 (40-74)

Missing 117

Grade (FNCLCC)

1 66 (21.9%) 92 (85-100)

2 68 (22.6%) 71 (61-84)

3 167 (55.5%) 60 (53-69)

Missing 206

Surgical margin

RO 388 (76.5%) 68 (62-73)

R1 119 (23.5%) 54 (46-65)

Radiotherapy

Adjuvant 169 (33.8%) 58 (51-67)

Neoadjuvant 99 (19.8%) 62 (52-74)

No radiotherapy 232 (46.4%) 72 (66-78)

Missing 7

Chemotherapy

Adjuvant 31 (6.2%) 66 (50-87)

Neoadjuvant 89 (17.8%) 64 (54-75)

No chemotherapy 379 (76.0%) 65 (60-70)

Missing 8

Status

Dead 211/507 65 (61-69)

IQR: Interquartile range, FNCLCC: Fédération Nationale des Centres de Lutte Contre Le Cancer.
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Validation of Sarculator and PERSARC

A subset of 207 patients, that met all the inclusion criteria of both Sarculator for eSTS
and PERSARC, was considered to assess the performance of these prediction tools in
an MPNST population (Appendix E). Figure 1 depicts the calibration performance
(O/E-statistic) and discriminative ability (C-index) of both tools across region. The
C-index was 0.60 for both Sarculator and PERSARC. The predictions by Sarculator
were slightly too high (O/E-statistic 0.81, 95%CI 0.71-0.91), and near perfect for
PERSARC (O/E-statistic 0.95, 95%CI 0.83-1.05). The calibration plots are presented
in Appendix F.

A
Sarculator O/E C-statistic
Region (95% Cl) (95% Cl) Weight (%)

1 0.59 (0.28-0.91) 0.57 (0.37-0.78) 9.66
2 0.56 (0.00-0.96) 0.58 (0.30-0.85) 4.83
3 0.76 (0.37-1.21) 0.56 (0.29-0.82) 6.28
4 0.87 (0.52-1.14) 0.54 (0.28-0.81) 8.70
5 —_— 0.76 (0.51-0.93) 0.54 (0.29-0.78) 246
6 —— 1.00 (0.88-1.17) 0.58 (0.29-0.86) 34.8
7 0.73 (0.46-1.04) 0.59 (0.31-0.87) 11.1

Summary ‘ 0.81 (0.71-0.91) 0.60 (0.53-0.67) 100

T T T
0.5 1 1.5
O/E
B
PERSARC O/E C-statistic
Region (95% Cl) (95% ClI) Weight (%)

1 0.71(0.32-1.12) 0.55 (0.30-0.81) 9.66
2 0.66 (0.00-1.13) 0.59 (0.21-0.97) 4.83
3 0.93 (0.51-1.56) 0.58 (0.24-0.92) 6.28
4 1.00 (0.55-1.32) 0.57 (0.26-0.89) 8.70
5 — 0.86 (0.56-1.05) 0.56 (0.27-0.85) 246
6 —— 1.16 (1.00-1.36) 0.59 (0.29-0.89) 34.8
7 0.89 (0.60-1.32) 0.59 (0.30-0.88) 1.1

Summary ’ 0.95 (0.83-1.05) 0.60 (0.53-0.67) 100

T T T
0 0.5 1 1.5 2

O/E

Figure 1. Calibration (O/E-statistic) and discrimination (c-statistic) of Sarculator for eSTS (A) and PER-
SARC (B) on different regions (see Appendix A).

Model extension: the MONACO tool

The final multivariable Cox model included all main effects, in which tumour size was
square root transformed and age was modelled as linear variable (Table 2). None of the
pre-specified interaction terms were statistically significant. All regression coefhicients
were multiplied by a shrinkage factor of 0.88 to account for overfitting in predictions.
Table 3 depicts an overview of the characteristics of the Sarculator, PERSARC and
MONACO tools, respectively.

163



Chapter 7

Table 2. Results of the final MONACO model before and after shrinkage (factor=0.88)

HR (95%CI) HR after shrinkage
Age (per 10 years) 1.29 (1.17-1.42) 1.25
Size (per V1 cm) 1.37 (1.10-1.71) 1.32
NF1
No 1 1
Yes 1.38 (0.95-2.02) 1.33
Location
Central 1 1
Extremity 0.83 (0.58-1.19) 0.85
Head and neck 1.69 (0.93-3.08) 1.59
Depth
Deep 1 1
Superficial 0.49 (0.31-0.78) 0.53
Triton
No 1 1
Yes 1.07 (0.64-1.80) 1.06
Grade
1 1 1
2 1.63 (0.84-3.17) 1.54
3 2.71 (1.50-4.90) 2.39
Margin
RO 1 1
R1 1.89 (1.32-2.69) 1.74

HR: hazard ratio, CI: confidence interval

Table 3. Comparison of model characteristics of Sarculator for eSTS, PERSARC and MONACO tool

Sarculator for eSTS PERSARC MONACO
Eligibility criteria
18 years and older 18 years and older All ages

Primary (non-metastatic) STS of the
extremities

All FNCLCC grades (1/2/3)
Surgically treated with
macroscopically negative margins

Primary (non-metastatic) STS of the
extremities

High grade (2/3)

Surgically treated (no restrictions on
surgical margins)

Primary (non-metastatic) MPNST
All FNCLCC grades (1/2/3)
Surgically treated with
macroscopically negative margins

Predictors

Age Age Age

Grade (1/2/3) Grade (2/3) Grade (1/2/3)

Size Size Size

Histology Histology Histology
Depth Depth
Margin NF1
Radiotherapy Triton

Location

Development cohort

Patients treated in Milan (Italy)
between 1994-2013 (n=1452)

Patients treated in 5 international
centres between 2001-2014 (n=766)

Patients treated in 11 international
centres between 2000-2019

Nr. of patients with MPNST in development cohort

N =85 (6%)

N =91 (12%)

N =391 (100%)

Outcomes

OS and DM (at 5 and 10 years) from OS, DM and LR (at 3, 5, and 10

definitive surgery

years) from definitive surgery

OS (at 3, 5, and 10 years) from
definitive surgery

FNCLCC: Fédération Nationale des Centres de Lutte Contre le Cancer, OS: Overall survival, DM: Distant
metastasis, LR: Local recurrence, NF1: Neurofibromatosis type 1
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Model performance of the MONACO tool

The C-index for the final model was 0.73 (95% CI 0.69-0.77) and calibration at
5-year OS was adequate (Figure 2). The C-index for the seven regions ranged from
0.59 to 0.76 with a pooled C-index of 0.69 (95%CI 0.65-0.73, Figure 3). The model
was reasonably calibrated across the regions (Figure 3, Appendix G).

1.0 P
= = Ideal calibration
—— Calibration curve
- = 95%Cl
0.8 — Calibration in quintiles
[%2]
(@]
T>~ 0.6 —
T}
°
)
2
o 0.4 —
7]
o
(@)
0.2 —
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Predicted 5-yr OS from developed model

Figure 2. Calibration plot and distribution of the predictions based on the MONACO model at 5 years

from definitive surgery

MONACO tool O/E
Region (95% CI)
0.86 (0.67-1.02)
0.67 (0.42-0.95)
1.01(0.76-1.21)
1.04 (0.81-1.23)
0.83 (0.69-0.96)
1.10 (0.98-1.21)
0.96 (0.77-1.12)
0.95 (0.88-1.01)

1 —

—

o

T
O/E

N o g B~ W N

Summary

T T
0 0.5

C-statistic
(95% ClI)
0.66 (0.55-0.78)
0.68 (0.55-0.81)
0.76 (0.66-0.86)
0.65 (0.51-0.79)
0.59 (0.49-0.69)
0.68 (0.60-0.76)
0.74 (0.65-0.84)
0.69 (0.65-0.73)

Weight (%)

1.4
6.51
9.47
8.88
229
28.0
12.8
100

Figure 3. Discrimination (c-statistic) and calibration (O/E-statistic) of the MONACO model in an

internal-external cross validation procedure across regions (see Appendix A)
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Clinical applicability

Figure 4 depicts the decision curve of the MONACO model for the total population.
This figure illustrates that using the MONACO model is clinically useful if the
decision-maker — physician and/or patient —would opt for an intervention if the
5-year risk of death is 210%. Applying a risk-based cut-off for perioperative CTX
of 34% (5-year OS < 66%) results in a net benefit of 0.12 when using the MPNST-
specific MONACO model. This is a higher net benefit compared with treating all or
none of the patients with perioperative CTX (Table 4). The net benefit represents the
proportion of extra true positives while accounting for false positives, meaning that 12
patients would get CTX recommended who would otherwise die within 5 years, while
zero patients would receive unnecessary CTX per 100 patients. At this risk threshold
the sensitivity and specificity of using the extended model were 61% (95%CI 53-68)
and 73% (95%CI 68-78%), respectively.

0.34

% 0.2 .

c

o reat All

e === Treat None

)

Z 0.1+ === MONACO tool
0.04

0% 25% 50% 75% 100%
Threshold Probability

Figure 4. Decision curve analysis.

The y-axis is the net benefit, which is the sum of true positives and a weighted number of false positives. The
x-axis is the preference of the patient or physician. The unit of preference is the 5-year probability of death.
The lines represent the different treatment strategies: treat all patients (solid line), treating none (dotted
line), or using the MONACO prediction tool to decide which patients to treat or not to treat, with the cut-
off for treatment at the threshold probability (dashed line). Preference refers to how one values the harms
and benefits of a certain intervention or treatment. This may vary from patient to patient or physician to
physician. For example, one physician would only want to treat patients with a certain treatment, taking
harms and benefits of the treatment into account, if the patients’ 5-year risk of death is more than 33%.
The threshold probability of physician’s preference is then 33%, implying that overtreatment of 2 patients
(unnecessary perioperative chemotherapy) are worth 1 necessary treatment. At this threshold probability
the use of the MONACO model results in a higher net benefit that treating all or none of the patients with
the certain treatment.
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Table 4. Calculation of net benefit for different treatment strategies

Strategy True positives: patients treated False positives: patients treated Net benefit
with CTX who would otherwise =~ with CTX who will not die
die within 5 years within 5 years

Treat all with CTX 178 329 0.02

Treat none with CTX 0 0 0

Treat with CTX if 5-year 108 88 0.12

mortality >34% according to

MONACO

CTX: Perioperative chemotherapy

DISCUSSION

The present study validated and extended existing personalised risk assessment tools
for a wider range of patients with MPNSTs based on type-specific predictors. This
MPNST-specific model, the MONACO tool, calculates the 3-, 5- and 10-year survival
in patients with primary MPNST who underwent macroscopically complete surgical
resection with curative intent. This is the first study that assessed the performance of
existing generic prognostic tools in an MPNST population and updated the models
with type specific predictors. All estimates have been published online to validate,
update, or incorporate the estimated predictors in existing or future prediction tools.

Several prediction models have been developed for patients with primary STS. Most of
the externally validated models were built for all histological types and did not include
type specific predictors. (4, 5, 34, 35). In this study we assessed the performance of
well-known Sarculator and PERSARC calculators in a multicentre cohort of patients
with MPNST. Both had a comparable moderate discriminative ability and comparable
calibration performance.

As £50% of the MPNSTs are located outside the extremities and retroperitoneum and
+10% of the patients are younger than 18 years, the Sarculator and PERSARC tools
may not be applicable for a large proportion of patients with MPNST. In addition,
MPNSTs differ from other STS as they are associated with NF-1 and rhabdomyoblastic
differentiation, which are common MPNST specific negative predictors for OS.
(10, 12, 13, 16, 23) By extending the existing models the c-statistic improved from
0.60 for both Sarculator and PERSARC to around 0.70 at external validation.
(19) Reassessment of the generic predictors and assessment of the MPNST specific
predictors allowed us to further improve the ability to predict survival in patients
with MPNST. However, there are several other prognostic markers that could further
improve our model, while aiming for a right balance between the prognostic ability of
the model and its clinical usability. A recent systematic review provided an overview
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of all published prognostic molecular and immunohistochemical markers. (36) In
addition, there are several international initiatives for multi-omics characterization
of MPNSTs that could further improve our prognostic performance. (37) With this
study we intended to initiate an MPNST specific prognostic model that could be
further extended, updated, and recalibrated together with the research community.
Through Evidencio (MONACO prediction tool: Survival after resection of malignant
peripheral nerve sheath tumours), each institution could validate (and recalibrate) the
MONACO prediction tool for its own MPNST population.

To our knowledge, only one model has previously been developed specifically for
patients with MPNSTs. (38) However, this nomogram did not include MPNST-
specific predictors and important generic predictors such as tumour size and grade.
Furthermore, this nomogram was built based on the Surveillance, Epidemiology and
End Results (SEER) database including patients with MPNST diagnosed from 1973.
This is an important limitation since treatment and prognosis could be different at
that time. In addition, this study included patients with distant disease at the time of
presentation. (38)

Strengths and limitations

An important strength of the present study is that it is based on large cohorts of patients
with MPNST including MPNST-specific predictors. The inclusion of patients from
multiple centres allowed for assessment of performance across a spectrum of settings.
(19) Other strengths are the easily determinable predictors included in the MONACO
model. In addition to being used to obtain personalized survival probabilities and
to inform patients and physicians about prognosis for shared decision-making, the
MONACO tool can also be used in research settings to adjust for confounders or to
assess heterogeneity in treatment effect based on prognosis. (39)

In this paper the clinical usefulness of the MONACO tool was illustrated with a decision
curve, which is a relatively novel approach to performance assessment (Figure 4).
The MONACO prediction tool can have a positive impact on decision making on
perioperative CTX as illustrated for a decision threshold for perioperative CTX of
34% (5-year OS of <66%). (32) The decision threshold of 34% implies that the
benefit of perioperative CTX for a patient who would otherwise die, is approximately
worth the harm of two unnecessary treatments of patients who would survive without
perioperative CTX. Obviously, the decision threshold may vary from patient to patient
and from physician to physician. The MONACO tool has a positive net benefit across
a wide range of possible thresholds, in particular between 25 and 60%.
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This study has some limitations. One region did not record data on tumour depth,
grade, and triton status. we included this region only for validation of the MONACO
model. Also, longer follow-up would clarify prognosis after 5 years. Furthermore, no
central pathology review was performed. Although this resembles clinical practice,
we recognize that diagnosing MPNST can be challenging due to the lack of specific
histologic criteria and overlapping morphologic features with other types of nerve
sheath tumours. (40) Histologic evaluation sometimes require correlation with
clinical and radiological findings in order to classify a tumour as MPNST. Due to
these diagnostic challenges, some MPNSTs might have been misclassified. In line
with improved histologic criteria and advances in (molecular) pathology in the last
decades, we have restricted our inclusion period from 2000 onwards, to minimize this
misclassification bias.

Finally, prediction tools should ideally be updated to improve local validity. (41)
As reflected in the internal-external cross-validation, model performance differs to
some extent across regions. (25) In this study, we did not yet update the model with
setting-specific estimates. Through Evidencio, one could recalibrate the MONACO
prediction tool for a specific population of patients with MPNST.

CONCLUSION

The survival of patients with primary MPNST surgically treated with curative
intent can be predicted by a simple tool including MPNST-specific predictors. The
MONACO tool may benefit from further validation and is applicable for a wider
range of patients with MPNST compared with the existing generic STS prediction
tools. All estimates have been published online to validate, update, or incorporate the
estimated predictors in existing or future prediction tools.
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APPENDIX
Appendix A. List of included centres stratified by region
Region Centre
1 Amsterdam University Medical Centre, Amsterdam, The Netherlands
The Netherlands Cancer Institute, Amsterdam, The Netherlands
2 Diakonessenhuis, Utrecht, The Netherlands
University Medical Centre Utrecht, Utrecht, The Netherlands
3 Erasmus Medical Centre Cancer Institute, Rotterdam, The Netherlands
4 Leiden University Medical Centre, Leiden, The Netherlands
5 Mayo Clinic Hospital, Rochester, Minnesota, United States
6 Fondazione IRCCS Instituto Nazionale dei Tumori, Milan, Italy
7 Maastricht University Medical Centre, Maastricht, The Netherlands

Radboud University Medical Centre, Nijmegen, The Netherlands
University Medical Centre Groningen, Groningen, The Netherlands

Appendix B. TRIPOD checklist

Section/Topic

Item Checklist Item Page

Title and abstract

Title

Abstract

Introduction

Background and

objectives

Methods

Source of data

Participants

Identify the study as developing and/or validating a multivariable
1 DV prediction model, the target population, and the outcome to be 1

predicted.
Provide a summary of objectives, study design, setting,

2 D;V  participants, sample size, predictors, outcome, statistical analysis, 2
results, and conclusions.

Explain the medical context (including whether diagnostic

or prognostic) and rationale for developing or validating the

D;v

3 multivariable prediction model, including references to existing 3
models.
Specify the objectives, including whether the study describes the

3b DV o 4
development or validation of the model or both.
Describe the study design or source of data (e.g., randomized

4a D;V trial, cohort, or registry data), separately for the development and 4
validation data sets, if applicable.
Specify the key study dates, including start of accrual; end of

4b DV o 4
accrual; and, if applicable, end of follow-up.
Specify key elements of the study setting (e.g., primary care,

S5a DV secondary care, general population) including number and 4, Al
location of centres.

5b D;V Describe eligibility criteria for participants.

5¢ DV Give details of treatments received, if relevant.
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Outcome

Predictors

Sample size

Missing data

Statistical

analysis methods

Risk groups
Development vs.

validation

Results

Participants

Model
development

Model

specification

Model

performance

174

6a

6b

7a

7b

10a

10b

10c

10d

10e

12

13a

13b

13c

14a

14b

15a

15b

Clearly define the outcome that is predicted by the prediction
D;v . .
model, including how and when assessed.

Report any actions to blind assessment of the outcome to be

D;vV
predicted.

Clearly define all predictors used in developing or validating the
D;V  multivariable prediction model, including how and when they

were measured.

Report any actions to blind assessment of predictors for the

DV
outcome and other predictors.

D;V Explain how the study size was arrived at.
Describe how missing data were handled (e.g., complete-case

DV analysis, single imputation, multiple imputation) with details of
any imputation method.

D Describe how predictors were handled in the analyses.

D Specify type of model, all model-building procedures (including
any predictor selection), and method for internal validation.

v For validation, describe how the predictions were calculated.

DV Specify all measures used to assess model performance and, if

’ relevant, to compare multiple models.

v Describe any model updating (e.g., recalibration) arising from the
validation, if done.

D;V  Provide details on how risk groups were created, if done.

v For validation, identify any differences from the development data
in setting, eligibility criteria, outcome, and predictors.
Describe the flow of participants through the study, including
the number of participants with and without the outcome and, if

DV . . .
applicable, a summary of the follow-up time. A diagram may be
helpful.
Describe the characteristics of the participants (basic

DV demographics, clinical features, available predictors), including

’ the number of participants with missing data for predictors and

outcome.
For validation, show a comparison with the development data of

A\ the distribution of important variables (demographics, predictors
and outcome).

D Specify the number of participants and outcome events in each
analysis.

D If done, report the unadjusted association between each candidate
predictor and outcome.
Present the full prediction model to allow predictions for

D individuals (i.e., all regression coeflicients, and model intercept or
baseline survival at a given time point).

D Explain how to the use the prediction model.

DV Report performance measures (with Cls) for the prediction

model.

15

7-9

7-9

appendix

appendix
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If done, report the results from any model updating (i.e., model

Model-updating 17 v 12
P & specification, model performance).
Discussion
Limitations 18 DV Discuss any limitations of tl.ie study. (s.uch as nonrepresentative 16
sample, few events per predictor, missing data).
For validation, discuss the results with reference to performance in
19a \Y% I
the development data, and any other validation data.
Interpretation Give an overall interpretation of the results, considering
19b DV objectives, limitations, results from similar studies, and other 14
relevant evidence.
Discuss the potential clinical use of the model and implications
Implications 20 DV P h p 15-16
for future research.
Other information
Supplementary Provide information about the availability of supplementary
. . 21 Dyv 7
information resources, such as study protocol, Web calculator, and data sets.
Funding 97 DV Give the source of funding and the role of the funders for the I

present study.

*Items relevant only to the development of a prediction model are denoted by D, items relating solely to a
validation of a prediction model are denoted by V, and items relating to both are denoted D;V.

Patients with histologically proven
MPNST treated between 2000-
2019 (n=729)

Excluded (n=222):

*  Not surgically treated (n=86)

e Missing date of surgery (n=38)

*  Synchronous metastasis (n=43)

e Presented with local recurrence
(2=3)

* Incotrect time-to-event data
(n=4)

*  R2 surgical margin or missing
surgical margin (n=78)

Patients included in this study
(n=507)

Appendix C. Study flow chart
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Chapter 8

ABSTRACT

Background

This study aimed to provide an insight into clinical decision-making and surveillance
strategy of sarcoma specialists for patients with primary soft tissue sarcoma of the
extremities (eSTS). The secondary aim was to quantify the role of patient- and
tumour-specific factors in the perioperative management.

Methods

Members of sarcoma societies were sent a web-based 21-item survey about eSTS
management. The survey concerned only primary resectable high-grade eSTS in
adults.

Results

The study enrolled 396 respondents. The majority of the surgical specialists thought the
evidence for perioperative chemotherapy (CTX) for high-grade eSTS was insufficient.
Radiotherapy (RTX) was less frequently offered in Asia than in North America and
Europe. The specialties and continents also differed regarding the importance of
patient and tumour characteristics influencing RTX and CTX recommendation. For
surveillance after initial treatment outpatient visits, chest computed tomography (CT)
scans, and magnetic resonance images of the extremity were the methods primarily
used. The specialists in North America preferred chest CT scan over chest x-ray,
whereas those in Asia and Europe had no clear preference.

Conclusion

Specialty and continent are important factors contributing to the variation in clinical
y g
practice, treatment recommendations, and surveillance of patients with primary

resectable high-grade eSTS.
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INTRODUCTION

Soft tissue sarcomas (STSs) are a heterogeneous group of tumours with a mesenchymal
origin. This group of malignant tumours has more than 80 histologic subtypes and
accounts for 1% of all adult malignancies. (1) STSs are rare with an estimated
incidence of around 5 patients per 100,000 persons in Europe every year. (2, 3) All
this together makes it challenging to generate high level evidence for the management
of primary STS.

The National Comprehensive Cancer Network guideline (NCCN) (4) and the
European Society of Medical Oncology guideline (ESMO) (5) are two broadly used
international clinical practice guidelines for the management and surveillance of
STS. The two guidelines are similar and agree that surgery is the cornerstone for
the treatment of soft tissue sarcoma of the extremities (eSTS). (4, 5) Perioperative
radiotherapy (RTX) is recommended to improve local control in settings wherein
adequate margins are not possible or for high-grade, deep-seated tumours, or tumours
5 cm in size or larger. (4, 5) Perioperative chemotherapy (CTX) is not standard
practice, but it can be offered as an option to high-risk patients after shared decision

making. (4, 5)

Although several studies have shown that adherence to guidelines results in better
patient outcomes, 32-70% of patients with STS are not consistently treated in
accordance with the clinical guidelines. (6-11) This study aimed to acquire insight into
the variation of eSTS management by assessing the influence of clinical specialty and
continent on clinical practice and surveillance. Additionally, this study investigated
the extent to which selected patient and disease characteristics are used to distinguish
between high- and low-risk patients and the extent to which these factors are used in
clinical decision-making for perioperative treatment.

METHODS

Survey design

The survey used for this study was developed by the authors after literature review and
a small focus group discussion. Pilot testing of the survey was performed internally
for content and face validity at Leiden University Medical Centre, The Netherlands
Cancer Institute and Erasmus MC Cancer Institute in The Netherlands. Online survey
software (Qualtrics; Provo, UT, USA) was used to administer the survey, which was
open to respondents for a 4-month period from 2 March to 2 July 2020.
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The study population received an invitation e-mail from the participating sarcoma
societies describing the purpose of the survey and containing an electronic link to the
online survey software. The study population received two new invitations in a time
frame of 4 months as reminder. An opt-out option was provided in the request e-mail.

The survey included questions pertaining respondent characteristics, the current
clinical practice, the importance of selected patient and disease characteristics in the
recommendation of perioperative treatment, and follow-up evaluation. Most questions
required scoring of characteristics on a 5-point Likert scale. The survey was designed
with closed-ended questions only to allow a completion time of approximately 10
minutes. The respondents were allowed to leave a question blank.

The 21-items survey is available in Appendix A. The questions in the survey concerned
only primary eSTS in adults (age 218 years). Additional treatment with isolated limb
perfusion, immunotherapy and regional hyperthermia are not considered in this
survey.

Survey responses were anonymously collected and no information that could
potentially identify a respondent was collected. This study was approved by the
institutional Medical Ethical Committee Leiden-Den Haag-Delft (N20.016) and
complied with the regulations governing Good Clinical Research Practice and General
Data Protection Regulation.

Study population

The target group for the questionnaire comprised clinically active international
members of the Connective Tissue Oncology Society (CTOS), the European
Musculo-Skeletal Oncology Society (EMSOS), and the Asia Pacific Musculoskeletal
Tumour Society (APMSTS). Respondents who were not physicians or did not have a
self-declared interest in STS were excluded from the study.

Real-world data

Findings on perioperative treatment in eSTS were compared with real-world data of
6265 patients with surgically treated primary high-grade eSTS (age >18 years) from
21 sarcoma centres. Details on this retrospective cohort were reported by Acem et al.
(12)

Statistical analysis

All analyses were performed in the statistical program R (R Core Team, Vienna,
Austria). (13) Respondent characteristics and other categorical variables are described
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in absolute values and proportions. 5-point Likert scale scores were displayed in
proportions and means (mean 5-pt LSS) with standard deviations (SD).

All the questions were stratified by specialty and continent. The respondents with a
specialty in both medical and radiation oncology (clinical oncology) were classified as
medical oncologist. Respondents from Africa, Central and South America, Australia,
New Zealand, Oceania were excluded from the analyses that were stratified by
continent due to insufficiently large sample sizes.

Differences in outcomes on the 5-point LSS were tested with the One-way analysis
of variance (ANOVA) test. Differences in categorical outcomes were tested with
the chi-square test or Fisher’s exact test when the value of at least one cell in the
contingency table was below 5. Bonferroni correction was used to account for multiple
testing. Blank questions were considered missing and were not imputed.

RESULTS

Demographics

The survey was received by 1386 potential respondents and completed by 428
respondents (response rate 30.9%), of whom 396 met the inclusion criteria. The study
excluded respondents without a special interest in STS (n = 31) and respondents who
were not physicians (n = 1). The last question of the survey was answered by 255
respondents (64.4%). Appendix B presents a flowchart of the respondent inclusion.

The baseline characteristics of the respondents are depicted in Table 1. Most of the
respondents were orthopaedic oncologists (43.2%, n=171), practiced in Europe
(44.9%, n=155), and had more than 15 years of experience after fellowship (36.9%,
n=146).
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Table 1. Baseline characteristics of the respondents

Characteristics Overall (N=396)
Specialty

Medical oncology 89 (22.5%)
Orthopaedic oncology 171 (43.2%)
Radiation oncology 28 (7.1%)
Surgical oncology 83 (21.0%)
Other * 25 (6.3%)
Years since completion of fellowship

I am a fellow in-training 15 (3.8%)
<5 years 73 (18.5%)
5-10 years 90 (22.8%)
11-15 years 65 (16.5%)
>15 years 151 (38.3%)
Missing 2

Current practice location

Africa 3 (0.8%)
Asia 83 (21.0%)
Australia/New Zealand/Oceania 16 (4.0%)
Central/South America 7 (1.8%)
Europe 155 (39.1%)
North America 132 (33.3%)
Number of new cases annually

<5 28 (7.1%)
5-25 95 (24.0%)
25-50 92 (23.2%)
>50 181 (45.7%)

*Including paediatric and adolescent oncology and pathology.

Distinction between high- and low-risk patients

The characteristics primarily used to distinguish between high- and low-risk eSTS
patients were grade (mean 5-pt LSS, 4.93), histologic subtype (mean 5-pt LSS, 4.65),
and size (mean 5-pt LSS, 4.51) (Figure 1). Gender (mean 5-pt LSS, 1.52) and age
(mean 5-pt LSS, 2.66) were the least important factors used to distinguish between
high- and low-risk eSTS patients.
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Mean 5-pt LSS (SD)

I 4.93 (0.017) - Grade
| N 4.65(0.033) - Histological subtype
n I 451 (0.043) - Size
| I 4.40(0.051) - Resectability
I Il 4.40 (0.045) - Tumor differentiation
([ I 409 (0.059) - Depth
| I  4.06 (0.054) - Mitotic rate
| I 3.95 (0.058) - Infiltrative growth pattern
| . I  3.73 (0.059) - Localization
| I  3.25 (0.068) - Extent of tumor necrosis on MRI
| I  3.06 (0.066) - Presence of genetic prognostic marker(s)
| I  2.84 (0.067) - (Other) oncological diseases in history
| I  2.86 (0.070) - Performance score
e B 2.6 (0.070) - Age
I ] 152 (0.044) - Gender
0% 20% 40% 60% 80% 100%

m1:Never m2:Seldom 3: Sometimes 4: Frequently m5: Always

Figure 1. The use of patient and disease characteristics to distinguish between high-risk and low-risk eSTS
patients (n=348)

5-pt LSS:5-point Likert Scale Score. SD: standard deviation

For surgical specialties, extent of tumour necrosis on MRI (mean 5-pt LSS, 3.51)
and infiltrative growth pattern (mean 5-pt LSS, 4.12) were more important for
distinguishing between high- and low-risk patients than non-surgical specialties
(mean 5-pt LSS, 3.51 vs 2.84 [p < 0.001] and 4.12 vs 3.56 [p < 0.001], respectively).
For non-surgical specialties, size (mean 5-pt LSS, 4.75) was more important for
distinguishing between high- and low-risk patients than surgical specialties (mean
5-pt LSS, 4.40; p < 0.001). The use of patient and disease characteristics stratified by
specialty are depicted in Appendix C.

To distinguish between high- and low-risk patients, the specialists in Asia and Europe
gave a higher rating of importance than the specialists in North America for extent of
tumour necrosis on MRI (mean 5-pt LSS, 3.75 vs. 2.80 [p < 0.001] and 3.43 vs 2.80
[p < 0.001], respectively) and infiltrative growth pattern (mean 5-pt LSS, 4.21 vs 3.71
[p <0.001] and 4.11 vs 3.71 [p = 0.004], respectively).

Current practice of RTX in the management of high-grade eSTS

Of the 301 respondents, 142 (47.2%) treated their high-risk eSTS patients frequently
(275%) with perioperative RTX. In Asia, RTX was offered less often (17.5%) than
in Europe (52.1%; p < 0.001) or North America (62.4%; p < 0.001) (Figure 2A).
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This was in accordance with the real-world data showing that 19.6% of the patients
received RTX in Asia compared with 62.2% in Europe (p < 0.001) and 74.3% in
Europe and North America (p < 0.001) (Appendix D).

A. RTX (n=301) B. CTX (n=267)
100% 100%
) ) N = - = m Frequently (275%)
B
809 oy, A == B
o - o | K m Often (60-75%)
60% 60% Sometimes (40-60%)

i _A09
40% - - 40% Occasionally (25-40%)
- Seldom (10-25%)

20% | 20%
Rarely (1-10%)
o N e s EEEN T
0% 0% m Never (0%)
OVERALL  ASIA EUROPE  NORTH OVERALL ASIA  EUROPE NORTH
AMERICA AMERICA

Figure 2. What percentage of your high-grade eSTS patients receive perioperative treatment? A. Radio-
therapy. B. Chemotherapy

Factors influencing RTX recommendation

The factors most likely to influence perioperative RTX recommendation were the
margins achieved (mean 5-pt LSS, 4.58), the anticipated margins (mean 5-pt LSS,
4.63), and grade (mean 5-pt LSS, 4.59) (Figure 3). The least important factors
influencing RTX recommendation were gender (mean 5-pt LSS, 1.38) and presence
of a genetic prognostic marker or markers (mean 5-pt LSS, 2.44).

For surgical specialties, infiltrative growth pattern was a more important factor
influencing CRTX recommendation (mean 5-pt LSS, 4.13) than nonsurgical specialties
(mean 5-pt LSS, 3.51; p < 0.001). For nonsurgical specialties, grade (mean 5-pt LSS,
4.74), performance score (mean5-pt LSS, 3.33), and oncologic history (mean 5-pt
LSS, 2.82) were more important factors influencing CRTX recommendation than
surgical specialties (mean 5-pt LSS: 4.52 [p = 0.025], 2.87 [p = 0.005], and 2.35
[p = 0.004], respectively). The use of patient and disease characteristics for RTX
recommendation stratified by specialty are depicted in Appendix E.

The specialists in Europe and North America rated grade for recommendation of
perioperative RTX as more important than did the specialists in Asia (mean 5-pt LSS,
4.69 vs 4.22 [p = 0.003] and 4.83 vs 4.22 [p < 0.001], respectively). The specialists
in North America rated size for the recommendation of perioperative RTX as more
important than did the specialists in Asia and Europe (mean 5-pt LSS, 4.59 vs. 4.12
[p =0.001] and 4.59 vs 4.29 [p = 0.020], respectively).
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Mean 5-pt LSS (SD)

4.58 (0.055) - Margin achieved

4.63 (0.042) - Resectability (anticipated margin)
4.59 (0.047) - Grade

4.44 (0.049) - Histological subtype

4.34 (0.056) - Size

4.16 (0.060) - Localization

3.96 (0.071) - Depth

3.94 (0.070) - Infiltrative growth pattern

3.41 (0.076) - Mitotic rate

3.00 (0.074) - Performance score

2.89 (0.076) - Age

2.72 (0.074) - Extent of tumor necrosis on MRI

2.53 (0.073) - (Other) oncological diseases in history
2.44 (0.071) - Presence of genetic prognostic marker(s)
1.38 (0.044) - Gender

Q
X

6 20% 40% 60% 80% 100%

m1:Never m2:Seldom 3: Sometimes 4: Frequently m5: Always
Figure 3. Factors influencing RTX recommendation (n=291)
5-pt LSS:5-point Likert Scale score. SD: standard deviation

Use of a prediction tool for RTX recommendation

Of the 296 respondents 219 (74%) would consider using a prediction tool to indicate
perioperative RTX for eSTS patients. Surgical oncologists (92.2%) would consider
using a prediction tool more often than orthopaedic oncologists (65.7%; p < 0.001).
Specialists in Asia were less likely to consider using a prediction tool (50%) than
specialists in Europe (76.1%; p < 0.001) or North America (84.2%; p < 0.001).

Current practice of CTX in the management of high-grade eSTS

Of the 276 respondents, 194 (70.3%) treated more than 10% of their high-risk eSTS
patients with perioperative CTX (Figure 2B). No significant differences were found
among continents in the use of CTX for high-grade eSTS. However, the real-world
data showed a significant difference in the use of CTX among continents. In Asia,
CTX was administered to 30.6% of the patients, whereas perioperative CTX was
administered to 12.6% of the patients in Europe (p < 0.001) and to 3.3% of the
patients North America (p < 0.001) (Appendix D)

Of the 276 respondents, 173 (62.7%) did not think the evidence was sufficient to
use of perioperative CTX for patients with primary high-grade eSTS. The majority of
the orthopaedic (74%) and surgical (73.3%) oncologists (p < 0.001) considered the
current level of evidence for the role of CTX in high-grade eSTS to be insufficient,
compared with 35.7% of the medical oncologists (p < 0.001). The attitude toward the
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role of perioperative CTX in primary high-grade eSTS did not differ across continents
(p =0.137).

Older age (= 70 years) was thought by 120 (43%) of the 278 respondents to be an
absolute contraindication for perioperative CTX.

Factors influencing CTX recommendation

The factors most likely to influence perioperative CTX recommendation were
histological subtype (mean 5-pt LSS 4.73), grade (mean 5-pt LSS 4.55), and size
(mean 5-pt LSS 4.20) (Figure 5). Gender (mean 5-pt LSS 1.40) and extent of tumour
necrosis on MRI (mean 5-pt LSS 2.81) were the least important factors influencing
CTX recommendation (Figure 4A).

For non-surgical specialties depth (mean 5-pt LSS: 3.92), location (mean 5-pt LSS:
3.62), performance score (mean 5-pt LSS: 4.36), and size (mean 5-pt LSS: 4.57)
were more important factors influencing CTX recommendation compared with
surgical specialties (mean 5-pt LSS: 3.41, p=0.004; 3.20, p=0.020; 3.64, p<0.001;
3.98, p<0.001, respectively). The use of patient and disease characteristics for CTX
recommendation stratified by specialty are depicted in Appendix F.

The specialists in Asia and Europe compared with the specialists in North America
gave a higher rate of importance to extent of tumour necrosis on MRI (mean 5-pt LSS,
3.13 vs 2.30 [p < 0.001] and 3.08 vs 2.30 [p < 0.001], respectively) and infiltrative
growth pattern (mean 5-pt LSS, 3.36 vs 2.76 [p = 0.005] and 3.30 vs. 2.76 [p =

0.003], respectively) for a perioperative CTX recommendation.

The respondents would consider perioperative CTX primarily for synovial sarcoma
(mean 5-pt LSS, 4.13), rhabdomyosarcoma (mean 5-pt LSS, 4.05), and myxoid
liposarcoma with a round cell component (mean 5-pt LSS, 3.52). Perioperative
CTX would be considered the least for fibrosarcoma (mean 5-pt LSS, 2.55) and
myxofibrosarcoma (mean 5-pt LSS, 2.61) (Figure 4B).
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A. (n=268)

0% 20%  40% 60%  80%
B. (n=263)

0

X

20% 40% 60% 80%

m1:Never m2:Seldom

3: Sometimes

Mean 5-pt LSS (SD)
4.73 (0.038) - Histological subtype
4.55 (0.057) - Grade
4.20 (0.068) - Size
3.97 (0.074) - Tumor differentiation
3.87 (0.079) - Performance score
3.94 (0.073) - Age
3.77 (0.078) - Resectability (anticipated margin)
3.56 (0.084) - Margin achieved
3.58 (0.082) - Depth
3.57 (0.082) - Mitotic rate
3.36 (0.084) - Localization
3.11 (0.084) - Infiltrative growth pattern
2.94 (0.084) - Presence of genetic prognostic marker(s)
2.95 (0.081) - (Other) oncological diseases in history
2.81 (0.081) - Extent of tumor necrosis on MRI
1.40 (0.046) - Gender

100%

Mean 5-pt LSS (SD)
4.13 (0.055) - Synovial sarcoma
4.05 (0.061) - Rhabdomyosarcoma
3.52 (0.079) - Myxoid round cell liposarcoma
3.49 (0.078) - Angiosarcoma
3.33 (0.079) - Undifferentiated pleomorphic sarcoma
3.18 (0.079) - Pleomorphic liposarcoma
2.93 (0.084) - Myxoid liposarcoma
3.05 (0.080) - Dedifferentiated liposarcoma
3.14 (0.074) - Leiomyosarcoma
2.90 (0.076) - Spindle cell sarcoma
2.83 (0.076) - MPNST
2.65 (0.083) - Alveolar soft part sarcoma
2.65 (0.078) - Epithelioid sarcoma
2.55 (0.072) - Fibrosarcoma
2.61 (0.073) - Myxofibrosarcoma

100%

4: Frequently m5: Always

Figure 4A. Factors influencing CTX recommendation. 4B. For which histological subtypes would you

generally consider perioperative CTX?

5-pt LSS:5-point Likert Scale score, SD: standard deviation, MPNST: Malignant Peripheral Nerve Sheath

Tumour.

Use of a prediction tool for CTX recommendation

Of the 277 respondents, 224 (80.9%) would consider using a prediction tool to
indicate perioperative CTX for eSTS patients. The specialists did not differ significantly

in their attitude toward using a prediction tool for CTXs. The surgical oncologists
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(92.2%) would consider using a prediction tool more often than the orthopaedic
oncologists (65.7%; p < 0.001). The specialists in Asia were less likely to consider
using a prediction tool (62.7%) than the specialists in Europe (82.9%; p = 0.007) or
North America (88.4%; p < 0.001).

Follow-up evaluation

Outpatient visits, chest CT scan, and MRI of the extremity were the most common
methods for follow-up evaluation. The frequency of each method declined with time
(Table 2). Specialists in North America preferred chest CT scan over chest x-ray with
a median number of chest CT scan of 4 times (mean 3.33) in the first year compared
with no chest x-rays (mean 0.860) (p<0.001). After the first year, chest CT scan
remained the preferred method in North America. Neither of the two methods were
clearly preferred by specialists in Asia (median for CT vs. x-ray in the first year, 2 vs.
3; p = 0.276) or Europe (median for CT vs. x-ray in the first year, 2 vs. 2; p = 0.520).
In the first 5 years of surveillance, 29% of the respondents never used chest x-ray, and
12% of the respondents never used chest CT scan. The outpatient clinic visit sequence
used primarily in the first 5 years was 4-4-2-2-2 (16.9%; 42 of 248).

Table 2. follow-up schedule per year after initial treatment for high-grade eSTS (n=252)

Mean frequency per year (median)

Modality Year 1 Year 2 Year 3 Year 4 Year 5
Outpatient visit 3.94 (4) 3.47 (4) 2.66 (2) 2.43 (2) 2.29 (2)
X-chest 1.89 (2) 1.82 (2) 1.49 (1) 1.39 (1) 1.27 (1)
CT-chest 2.65 (3) 2.48 (3) 1.95 (2) 1.70 (1) 1.48 (1)
X-extremity 1.17 (0) 0.968 (0) 0.807 (0) 0.892 (0) 0.743 (0)
CT-extremity 0.565 (0) 0.591 (0) 0.489 (0) 0.525 (0) 0.397 (0)
MRI-extremity 2.55(3) 2.43 (2) 1.94 (2) 1.86 (1) 1.65 (1)
PET-CT scan 0.667 (0) 0.510 (0) 0.384 (0) 0.358 (0) 0.476 (0)

Most of the respondents (56.9%) felt comfortable to end the surveillance in patients
with primary high-grade eSTS after 9-10 years of follow-up evaluation. Whereas 8.6%
would follow their patients for more than 16 years or for the whole lifetime, 26% of
the respondents ended the surveillance after 5-6 years (Figure 5).
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0.40%

m 3-4 years
m 5-6 years
m 7-8 years

9-10 years

5.1%

56.5% m 11-15 years

m 216 years

Figure 5. Duration of follow-up after primary treatment (n= 255)

DISCUSSION

This study aimed to provide an insight into variation in the clinical decision-making
processes between specialties and continents for the treatment of resectable high-grade
eSTS. In addition, it aimed to analyse the relative role of specific tumour and patient
factors in the clinical decision-making with regard to the perioperative treatment of
these patients. This study illustrates a wide variation among specialties and continents
regarding the management and surveillance of patients with eSTS. Also, the results
indicate a variation in risk factors considered to be indications for perioperative
treatment. However, consensus exists regarding the risk factors frequently leading to
recommendation for RTX (margins, grade, histologic subtype, size) and CTX (size,
histologic subtype, grade).

This study demonstrated a notable difference in RTX practice among continents, in
accordance with the included real-world data. (12) In Europe and North America,
most of the respondents treat 75% or more of their patients with high-grade resectable
eSTS using perioperative RT'X, compared with only 17.5% of the respondents in Asia.
Also, we observed a greater variation of RTX use in Asia than in Europe and North
America. These results are supported by a systematic review including 24 studies of
the Asia-Pacific region in which the use of RTX ranged from 1 to 100% preoperatively
and from 6 to 88% postoperatively. (14) The on-average lower rates of RTX use
and greater variation in RTX use in Asia might be explained by a generally lower
accessibility to radiotherapy in certain Asia-Pacific regions. (15)
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The survey did not demonstrate a difference in CTX practice among continents.
However, a notable difference in CTX use among the continents was observed in the
real-world data, with CTX administration more prevalent in Asia than in Europe and
North America. (12) However, the real-world data included only one high-volume
centre from North America and only Japanese centres from Asia. (12)

The attitude toward the role of CTX in the management of eSTS varies widely. More
than 70% of the orthopaedic and surgical oncologists did not think the evidence is
sufficient for CTX in primary high-grade resectable eSTS, compared with 35% of
the medical oncologists. Substantial variation also exists in the current practice of
perioperative chemotherapy, with 30% of the respondents never or rarely using CTX,
but with almost half of the respondents (47%) using perioperative CTX for more than
25% of their patients with primary high-grade eSTS. The variation in CTX practice
might reflect a difference in interpretation of the available evidence on the role of
perioperative CTX in primary eSTS. Other factors that might explain the variation
are the availability of perioperative treatment and the variety of compensation and
health care systems.

Several studies have suggested that a selected group of high-risk patients might benefit
from perioperative CTX. (16, 17) However, the identification of these high-risk
patients remains challenging. Our study demonstrated that the most important factors
physicians use to identify high-risk patients are grade, histological subtype and size.
These factors are also included in prediction tools such as the Sarculator and PERSARC.
(18, 19) The respondents of this study were predominantly positive about using such
prediction tools to select patients for perioperative treatment. Interestingly, genetic
prognostic markers are less widely used in the identification of high-risk patients,
whereas genetic prognostic markers seem promising in the identification of high-risk
patients. Chibon et al. (20) showed that the gene expression profile CINSARC was
a strong independent predictor for progressive disease and might identify high-risk
patients that benefit from CTX. (21, 22)

Physicians seem to use different factors as indicators for RTX compared to CTX,
which makes sense considering RTX aims to improve local control, whereas CTX
aims to prevent distant disease. Surgical margins play an important role in the
indication for RTX, as shown by Wasif et al.. (23) In contrast, the most important
factor in the indication for CTX is histologic subtype. Physicians would consider
perioperative CTX the most frequently for synovial sarcoma and rhabdomyosarcoma.
The importance of using these factors in the indication for RTX and CTX provides
an interesting insight in the clinical decision-making process of physicians. This could
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be helpful for future studies because it quantifies the importance of adjusting for these
factors in any observational study analysing the role of perioperative treatment.

The variation in administration of perioperative treatment among specialties and
continents might arise from the lack of available evidence on eSTS management
that may be sufficient to standardize clinical decision-making. The rarity of eSTS
makes it challenging to conduct well-powered trials of perioperative treatment. Also,
the multiple biologic subtypes, anatomic variability, and limited understanding of
tumour biology and the tumour immune microenvironment of multiple subtypes
impose difficulties on clinical trial design compared with clinical trials of perioperative
treatment for other more prevalent cancers with more homogeneous populations.
However, the variation in perioperative treatment also might arise from less knowledge
of the literature outside a practitioner’s clinical domain. (23, 24) In addition, the
clinical guidelines leave room for interpretation and variation. (4, 5) These factors
reflect the importance of a multidisciplinary expert board by reaching consensus
decisions and to facilitate personalized sarcoma care.

Only a few studies have investigated the optimal routine follow-up policy of
patients with localized high-grade eSTS. (25, 26) Therefore, the optimal frequency
and intensity of the routine follow-up policy remains unclear. The current clinical
guidelines recommend follow-up every 3-4 months in the first 2-3 years, then twice a
year up to the fifth year and once a year thereafter. (4, 5) The guidelines do not specify
whether chest CT scan or chest X ray should be used during follow-up. This study
showed that physicians in North America have a clear preference for chest CT scan
over chest X ray whereas in Asia and Europe no preference between these modalities
was found. The variability of follow-up strategies found in this study and in other
studies demonstrates the urgent need for well-designed prospective studies on follow-
up evaluation. (27-30)

This study had some limitations. Only closed-ended questions were used to minimize
the completion time and to maximize the completion rate. This resulted in a
simplification of the responses. To prevent a lack of depth in the questionnaire and
to prevent question order bias, a broad range of answers were included and arranged
alphabetically. We recognize that other variables not captured in the questionnaire
may also influence the choice for perioperative treatment.

Additionally, the use of a survey has the inherent limitation of selection bias because
only physicians inclined to respond took time to do so. Also, the survey was sent to
only active members of selected sarcoma societies, with some continents and specialties
underrepresented in this study, which might affect the generalizability of our results.
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Although electronic dissemination of the survey enables easy delivery and reply, many
e-mail addresses were invalid and many e-mails were bounced back from e-mail filters.
This might partially explain our moderate response rate of 31%. The high response
rate (79%) of those who did open the e-mail shows that once the e-mail received the
respondents, most went on and filled out the survey.

CONCLUSION

Although several studies have shown that adherence to clinical guidelines results in
better patient outcomes, this study shows remarkable variation in the management
of eSTS. Specialty and continent are important factors contributing to the variation
in clinical practice, treatment recommendations and surveillance of patients with

primary resectable high-grade eSTS.
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APPENDIX

Appendix A. Survey

What is the questionnaire about?

To investigate the variation in treatment policies regarding localized high grade (grade
2-3) soft tissue sarcomas of extremities (eSTS) and to get a better understanding of
important patient and disease characteristics influencing disease management we
would like to invite you to fill in this questionnaire.

The questionnaire consists of 20 questions. You can save the questionnaire at any time
and complete it later. The questionnaire takes about 10 minutes to complete.

The questions in this questionnaire concern only primary (non-metastasized) high
grade soft tissue sarcomas of extremities in adults (218 years). Additional treatment
with isolated limb perfusion (ILP), immunotherapy and regional hyperthermia (RH)
are not considered in this questionnaire.

Respondent characteristics
1. Are you a physician with an interest in soft tissue sarcomas? Yes/no

2. What is your speciality?
Medical oncology
Orthopaedic oncology
Radiation oncology

Surgical oncology
Other

° a0 T

3. How many years have elapsed since completion of your fellowship?

a. Tam a fellow in-training
b. <5 years

c. 5-10 years

d. 11-15 years

e. >15 years

f.  Other

4. Where do you practice?
a. Africa
b. Asia
c. Australia/New Zealand/Oceania
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d. Central/South America

e. Europe
f. North America

5. How many new cases of extremity soft tissue sarcoma do you treat in your hospital
annually? (average experience over the last 5 years):
a. <5 peryear
b. 5-25 per year
c. 25-50 per year
d. > 50 per year

S78 management
General

6. Which patient and/or disease characteristics do you use to distinguish between
high-risk and low-risk STS patients on a scale of 1-5 (1: never, 5: always)?

a. Age
b. Depth
c. Extent of tumour necrosis on MRI
d. Gender
e. Grade
f.  Histological subtype
g. Infiltrative growth pattern
h. Localization
i.  Mitotic rate
j.  Performance score (WHO/KPS)
k. Presence of genetic prognostic marker(s)
. Presence of (other) oncological diseases in history
m. Resectability: anticipated margin R0-R1-R2
n. Size
o. Tumour differentiation
Radiotherapy

7. What percentage of your patients with high-grade (grade 2-3) primary eSTS

receive (neo)adjuvant radiotherapy? (scroll bar)
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8. Which of the following patient and/or disease characteristics do generally influ-
ence your choice for treatment with (neo)adjuvant radiotherapy on a scale of 1-5
(1: never, 5: always)?

Age

Depth

Extent of tumour necrosis on MRI

Gender

Grade

Histological subtype

d

Infiltrative growth pattern
Localization

Margin achieved: RO-R1-R2
Mitotic rate

Performance score (WHO/KPS)

Presence of genetic prognostic marker(s)

FE@ oo a0 o

. Presence of (other) oncological diseases in history
Resectability: anticipated margin RO-R1-R2
Size

T e BB TR

Tumour differentiation

9. When making decisions regarding radiotherapy in addition to surgery in patients
with primary eSTS, at what cut-off value of the predicted 5-year local recurrence
rate would you recommend (neo)adjuvant radiotherapy? (scroll bar)*

10. When making decisions regarding radiotherapy in addition to surgery in patients
with primary eSTS, at what cut-off value of the absolute 5-year local recurrence
rate reduction (ARR) would you recommend (neo)adjuvant radiotherapy? (scroll

bar)*

11. Would you consider using a prediction tool for local recurrence, such as Sarculator
or Persarc, to indicate (neo)adjuvant radiotherapy in eSTS patients? Yes/No

Chemotherapy
12. What percentage of your patients with high-grade (grade 2-3) primary eSTS

receive (neo)adjuvant chemotherapy? (scroll bar)

13. Which of the following patient and/or disease characteristics do generally
influence your choice for treatment with (neo)adjuvant chemotherapy on a scale
of 1-5 (1= never, 5= always)?

a. Age
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14.

15.

16.

17.

18.

Depth

Extent of tumour necrosis on MRI
Gender

Grade

Histological subtype

Infiltrative growth pattern

Fo e oo o

Localization

Margin achieved: RO-R1-R2
Mitotic rate

Performance score (WHO/KPS)

Presence of genetic prognostic marker(s)

—-

. Presence of (other) oncological diseases in history
Resectability: anticipated margin R0-R1-R2
Size

T oB g T

Tumour differentiation

For what predicted 5-year mortality risk do you consider (neo)adjuvant
chemotherapy in addition to surgery in primary eSTS? (scroll bar)*

For what absolute 5-year mortality risk reduction (ARR) do you consider
chemotherapy in addition to surgery in primary eSTS? (scroll bar)*

Do you feel there is sufficient evidence to use (neo)adjuvant chemotherapy for

treatment of primary high-grade (grade 2-3) resectable eSTS? Yes/No

Would you consider using a prediction tool for overall survival and/or distant
metastasis risk, such as Sarculator or Persarc, to indicate (neo)adjuvant
chemotherapy in eSTS patients? Yes/No

In which STS histologic subtypes (grade 2/3, deep-seated, >5cm) would you
generally consider (neo)adjuvant chemotherapy on a scale of 1-5 (1= never,
5= always)?

a. Alveolar soft part sarcoma

Malignant peripheral nerve sheath tumour (MPNST)

b. Angiosarcoma

c. Dedifferentiated liposarcoma
d. Epithelioid sarcoma

e. Fibrosarcoma

f. Leiomyosarcoma

g.

h.

Myxofibrosarcoma
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—-

Myxoid liposarcoma
Pleomorphic liposarcoma
Rhabdomyosarcoma
Round cell liposarcoma
Spindle cell sarcoma
Synovial sarcoma

°op g T

Undifferentiated sarcoma

19. Would older age (>70 years) be an absolute contra-indication for (neo)adjuvant
chemotherapy? Yes/No

Follow-up

20. What is your follow-up schedule after initial treatment (with surgery and (neo)
adjuvant treatment if indicated) has been completed for primary high-grade
eSTS? Please enter the number of times during each time interval.

1" year 2" year 3" year 4" year 5% year

Outpatient clinic visit
X-thorax

CT thorax
X-extremity

CT extremity

MRI extremity
PET-CT scan

21. After how many years of disease free survival would you feel comfortable to end
the follow-up of your patient with primary high-grade eSTS?

*The results of question 9, 10, 14, 15 have not been reported, as these questions were
interpreted in multiple ways. Therefore, the results were not reliable.
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4 N
Target population

(n=1380)
& ¢ J
4 M

Filled out at least the baseline
characteristics of the sutvey

(n=428)

- /
{ Excluded (n=32):
> *  No special interest in STS (n=31)
* Nota physician (n=1)
e N
Met inclusion ctitetia

(n=396)
\ ¢ J
e A

Filled out the last question

(n=255)

. J

Appendix B. Flowchart of the respondents
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Appendix C. The use of patient and disease characteristics to distinguish between high-risk and low-risk
eSTS patients stratified by specialty

Mean 5-point Likert Scale Score (Standard error of the mean)

Overall Medical Orthopaedic Radiation Surgical p*
oncology oncology oncology oncology
Age 2.66 (0.070)  2.61(0.147)  2.69 (0.098) 2.08 (0.223) 2.83(0.168) 0.090
Depth 4.09 (0.059)  4.31 (0.106) 4.18 (0.080) 3.64 (0.336) 3.84 (0.136)  0.007

Extent of tumour necrosis ~ 3.25 (0.068)  2.88 (0.143)  3.53 (0.096) 2.71 (0.244) 3.45(0.147)  0.000
on MRI

Gender 1.52 (0.044) 1.37 (0.077) 1.54(0.070) 1.33(0.130) 1.72(0.105)  0.044
Grade 4.93 (0.017)  4.93 (0.036) 4.91(0.029) 5.00 (0.000) 4.92 (0.035) 0.602
Histological subtype 4.65(0.033)  4.73 (0.056) 4.59 (0.051) 4.38 (0.189) 4.70 (0.068) 0.052
Infiltrative growth pattern  3.95 (0.058)  3.50 (0.117)  4.15(0.079)  3.79 (0.225)  4.07 (0.136)  0.000
Localization 3.73(0.059) 3.77 (0.108) 3.78 (0.086) 3.64 (0.233)  3.50 (0.160) 0.370
Mitotic rate 4.06 (0.054) 4.11(0.103)  4.07 (0.079)  3.54(0.233)  4.20 (0.121)  0.046
Performance score 2.86(0.070) 3.00(0.157) 2.84(0.098) 2.83(0.274) 2.88(0.162) 0.833
Presence of genetic 3.06 (0.066) 3.02(0.148) 3.13(0.094) 2.75(0.250) 2.95(0.151) 0.478
prognostic maker(s)

Presence of (other) 2.84(0.067) 2.65(0.142) 2.97(0.095) 2.79(0.282) 2.67(0.153) 0.184
oncological diseases in

history

Resectability 4.40 (0.051) 4.43(0.101) 4.45(0.074) 4.46(0.217) 4.20(0.123) 0.337
Size 4.51 (0.043) 4.81(0.059) 4.52(0.056) 4.56(0.164) 4.10(0.132) 0.000

Tumour differentiation 4.40 (0.045)  4.20 (0.118)  4.46 (0.059)  4.40 (0.173)  4.51(0.076)  0.088

*Global P value for difference in distribution among specialty

Appendix D. Perioperative therapy in a cohort of high-grade eSTS patients

Overall Asia Europe North America’ p*
(N=6260) (N=1850) (N=3304) (N=1106)
Surgical margin <0.001
RO 5338 (87.9%) 1764 (95.4%) 2630 (84.5%) 944 (85.4%)
R1-R2 732 (12.1%) 86 (4.6%) 484 (15.5%) 162 (14.6%)
Missing 190 0 190 0
Radiotherapy <0.001
0 3016 (48.2%) 1488 (80.4%) 1247 (37.8%) 281 (25.5%)
1 3239 (51.8%) 362 (19.6%) 2055 (62.2%) 822 (74.5%)
Missing 5 0 2 3
Chemotherapy <0.001
0 5240 (83.7%) 1283 (69.4%) 2889 (87.4%) 1068 (96.7%)
1 1019 (16.3%) 567 (30.6%) 415 (12.6%) 37 (3.3%)
Missing 1 0 0 1

*Global P value for difference in distribution among continents

*Only data of one centre in North America was available
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Appendix E. Patient and disease characteristics influencing RTX recommendation stratified by specialty

Mean 5-point Likert Scale Score (Standard error of the mean)

Overall Medical Orthopaedic  Radiation Surgical P*
oncology oncology oncology oncology
Age 2.89(0.076)  2.79(0.158)  2.91(0.117)  2.95(0.270) 2.82(0.139) 0.912
Depth 3.96 (0.071)  4.20 (0.139)  3.94(0.105)  3.95(0.301) 3.78(0.157)  0.270

Extent of tumour necrosis  2.72 (0.074)  2.70 (0.164)  2.65(0.111)  2.74(0.274) 2.90(0.152) 0.710
on MRI

Gender 1.38 (0.044) 1.26(0.073) 1.38 (0.065) 1.21(0.123) 1.58(0.131)  0.097
Grade 4.59 (0.047) 4.77 (0.083)  4.46 (0.078)  4.65(0.209)  4.69 (0.066)  0.046
Histological 