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Abstract 
Background.   This study aimed to assess the performance of currently available risk calculators in a cohort of pa-
tients with malignant peripheral nerve sheath tumors (MPNST) and to create an MPNST-specific prognostic model 
including type-specific predictors for overall survival (OS).
Methods.   This is a retrospective multicenter cohort study of patients with MPNST from 11 secondary or tertiary 
centers in The Netherlands, Italy and the United States of America. All patients diagnosed with primary MPNST 
who underwent macroscopically complete surgical resection from 2000 to 2019 were included in this study. A 
multivariable Cox proportional hazard model for OS was estimated with prespecified predictors (age, grade, size, 
NF-1 status, triton status, depth, tumor 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 centers 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 discrimina-
tion and calibration across regions.
Conclusions.   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.

Key Points

•	 The MPNST-specific MONACO tool predicts overall survival with a good performance.

•	 This is the first prediction tool that incorporated MPNST-specific predictors.

•	 The MONACO tool can predict 3-, 5-, and 10-year survival in resected primary MPNST.

Survival after resection of malignant peripheral nerve 
sheath tumors: Introducing and validating a novel type-
specific prognostic model  
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Prognostic tools are important instruments for clinical 
decision-making in soft tissue sarcomas (STS). STS is a 
heterogeneous group of malignant tumors 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 
the 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 prog-
nostic tools have been developed incorporating patient, 
tumor, and treatment characteristics that generate indi-
vidual 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, syn-
ovial sarcoma, and malignant peripheral nerve sheath tu-
mors (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 ac-
counts 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 dif-
ferentiation (triton tumor) which appears 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 for predicting 
survival in patients from the United States with resected 
STS of the extremities.14 However, the performance in pa-
tients 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 ex-
tremity STS.4,5,15 While around 50% of the MPNSTs is lo-
cated outside the extremities and retroperitoneum and 
approximately 10% of the patients is younger than 18 years 
old.16

The first aim 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 can be used for a wider range of patients with pri-
mary MPNST.

Materials and Methods

Study Design

A retrospective multicenter international cohort study, the 
MPNST Oncological And Clinical Outcome Consortium 
(MONACO), was undertaken after approval of the institu-
tional ethical review boards (IRB) of all included centers. 
IRB waived the need for informed consent. Patients from 11 
secondary or tertiary centers 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 
centers is available in Appendix A.

Study Procedure

Clinical and pathological data were retrieved from medical 
records or from existing prospective sarcoma databases. 
All included centers 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 consists 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.

Importance of the Study

Sarculator and PERSARC are 2 well-known and well-
performing generic prediction tools for survival in 
patients with soft tissue sarcoma. These tools, how-
ever, do not include type-specific predictors, such as 
neurofibromatosis type 1 and triton status for malig-
nant peripheral nerve sheath tumors (MPNSTs). This 
study developed and internally–externally validated an 
MPNST-specific prediction tool, the MONACO tool, for 

overall survival. This is the first MPNST-specific predic-
tion tool that incorporated MPNST-specific predictors. 
The MONACO tool can be used to predict 3-, 5- and 
10-year overall survival in patients with resected pri-
mary MPNST and seems to outperform Sarculator and 
PERSARC. Further validation may enhance the model to 
inform patients and physicians on prognosis and sup-
port them in shared decision-making.
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External Validation and Extension Approach

To validate and extend the prognostic models for MPNSTs, 
we undertook 3 steps. First, we validated the original 
PERSARC and Sarculator models for STS of the extrem-
ities (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 pre-
dictors plus the MPNST-specific predictors. In this model, 
patients were included without eligibility restrictions on 
age, location, and 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 val-
idation.19 We used regions instead of centers to ensure a 
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 
the 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 valida-
tion and extension of the prediction models (Appendix B 
provides TRIPOD checklist).21

Candidate Predictor Variables

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

Age was determined as age at the time of diagnosis. The 
grade was based on the FNCLCC grading criteria (grades 
I, II, and III).2 Tumor size was defined as the largest diam-
eter (in cm) on imaging or based on pathology report if 
imaging was not available. A tumor was categorized as 
NF-1-associated by confirmed genetic testing of an NF1 
mutation or by clinical evaluation.24 Triton status was ex-
tracted from pathological reports and was concluded ei-
ther 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. Tumor location was 
categorized as extremity (including plexus), central (in-
cluding thorax, abdomen, pelvis, retroperitoneal, or head), 
and neck. Tumor margins were classified as negative (R0) 
or microscopically positive (R1) based on pathology re-
ports. Macroscopically incomplete resections (R2) were 
excluded. The assessors of the predictors were inherently 
blinded for the outcome (death from any cause) due to the 
longitudinal nature of this study. OS was defined as the 

time interval between definitive surgery and the date of 
death or date of last follow-up.

Model Validation and Extension

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

Multivariable Cox proportional hazard models were 
used for OS. The proportional hazard assumption was as-
sessed visually with the Schoenfeld residuals. The possible 
nonlinearity of the continuous variables age and size was 
modeled using restricted cubic splines (4 knots) in initial 
univariate analyses. Subsequently, we used simple para-
metric transformations, based on visual assessment.25,26 
The chosen transformation was based on visual inspection 
and supported by the Akaike information criterion (AIC), 
which penalizes for model complexity. The full model in-
cluded all prespecified predictors, the selected parametric 
transformation for the continuous variables and the poten-
tial 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 ≤ .20 
was considered as a threshold for the selection of interac-
tion terms.27

To make efficient use of the available data, multiple im-
putation by chained equations was used to fill in missing 
data for a completed data set.28 The variables included 
in the imputation model were: age, American Society of 
Anesthesiologists physical status (ASA) score, NF-1, prior 
radiotherapy on the same location, nerve type, tumor size, 
tumor 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 imputations 
(m = 20). Estimates from the imputed datasets were com-
bined using Rubin’s rules. For 1 center, no information on 
grade, depth, and triton was available, as these variables 
were not included in their database. This center was only 
included as a validation cohort in the internal–external 
cross-validation procedure after the imputation of the sys-
tematically missing variables. It was not used for model 
development.

Model performance was assessed by examining dis-
crimination 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 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 
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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)
≥44: 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

 � R0 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)

Abbreviations: FNCLCC: Fédération Nationale des Centres de Lutte Contre Le Cancer; IQR: interquartile range.
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OS at 3-, 5-, and 10-years. The 45 °C line is a reference for 
perfect calibration.30

The clinical usefulness of the model was assessed by 
decision curve analysis (DCA).31 Clinical guidelines recom-
mend to consider perioperative CTX in a selected group 
of patients based on risk-predicting tools such as the 
MPNST-specific model.17 For illustrative purposes a deci-
sion threshold for treatment with perioperative CTX was 
set at 34%, based on literature, to calculate the net ben-
efit, 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 built and published on www.
evidencio.com (MONACO prediction tool: Survival after 
resection of malignant peripheral nerve sheath tumors). 
An interactive tool in an Excel spreadsheet is available in-
cluding all estimates to validate, update, and incorporate 
the predictors in existing or new tools.

Baseline characteristics were described with propor-
tions for categorical variables and medians with in-
terquartile ranges for continuous variables. Median 
follow-up was assessed with the reverse Kaplan–Meier 
method. 5-year OS stratified for baseline characteris-
tics was estimated using the Kaplan–Meier method. All 
statistical tests were two-sided with a statistical signif-
icance level set at P ≤ .05. The 95% confidence interval 
(CI) of the O/E statistic was estimated using bootstrap-
ping (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 tumor. The median follow-up was 
8.7 years. Baseline characteristics for the total population 
are presented in Table 1 and Appendix D.

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 of Appendix F 
depicts the calibration performance (O/E-statistic) and dis-
criminative ability (C-index) of both tools across regions. 
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 calibra-
tion plots are presented in Figure 2 of Appendix F.

Model Extension: The MONACO Tool

The final multivariable Cox model included all main ef-
fects, in which tumor size was square root transformed and 
age was modeled as a linear variable (Table 2). None of the 
prespecified interaction terms were statistically significant. All 
regression coefficients were multiplied by a shrinkage factor 
of 0.88 to account for overfitting in predictions. Appendix 
G depicts an overview of the model characteristics of the 
Sarculator, PERSARC, and MONACO tools, respectively.

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  1). 
The C-index for the 7 regions ranged from 0.59 to 0.76 
with a pooled C-index of 0.69 (95%CI 0.65–0.73, Figure 2). 
The model was reasonably calibrated across the regions 
(Appendix H).

Clinical Applicability

Figure 3 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 ≥10%. 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 3). The net benefit represents the proportion of 
extra true positives while accounting for false positives, 
meaning that 12 patients would get CTX recommended 
and 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.

0.2
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Calibration curve
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Figure 1.  Calibration plot and distribution of the predictions 
based on the MONACO model at 5 years from definitive surgery.
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Discussion

The present study validated and extended existing per-
sonalized risk assessment tools for a wider range of pa-
tients with MPNSTs based on type-specific predictors. 
This MPNST-specific model, the MONACO tool, cal-
culates the 3-, 5- and 10-year survival in patients with 

primary MPNST who underwent macroscopically com-
plete 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 es-
timates have been published online to validate, update, 
or incorporate the estimated predictors in existing or fu-
ture prediction tools.

1.50.5
O/E

2

0.86 (0.67−1.02)

0.67 (0.42−0.95)

O/E
(95% CI)
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9.47

8.88
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0.68 (0.55−0.81)

0.76 (0.66−0.86)

0.65 (0.51−0.79)
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0.74 (0.65−0.84)

0.69 (0.65−0.73)

10

Figure 2.  Discrimination (c-statistic) and calibration (O/E-statistic) of the MONACO model in an internal–external cross-validation procedure 
across regions (see Appendix A).

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 √1 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

 � R0 1 1

 � R1 1.89 (1.32–2.69) 1.74
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Several prediction models have been developed for pa-
tients with primary STS. Most of the externally validated 
models were built for all histological types and did not in-
clude type-specific predictors.4,5,34,35 In this study we as-
sessed the performance of well-known Sarculator and 
PERSARC calculators in a multicenter cohort of patients 
with MPNST. Both had a comparable moderate discrimina-
tive ability and comparable calibration performance.

As ±50% of the MPNSTs are located outside the extrem-
ities 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 ex-
isting models the c-statistic improved from 0.60 for both 
Sarculator and PERSARC to around 0.70 at external vali-
dation.19 Reassessment of the generic predictors and as-
sessment 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 the right balance between the prognostic ability 
of the model and its clinical usability. A recent system-
atic review provided an overview of all published prog-
nostic 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 ma-
lignant peripheral nerve sheath tumors), each institution 
could validate (and recalibrate) the MONACO prediction 
tool for its own MPNST population.

To our knowledge, only 1 model has previously been de-
veloped specifically for patients with MPNSTs.38 However, 
this nomogram did not include MPNST-specific predictors 
and important generic predictors such as tumor size and 
grade. Furthermore, this nomogram was built based on 
the Surveillance, Epidemiology, and End Results (SEER) 
database including patients with MPNST diagnosed in 
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 centers allowed for the assessment of perfor-
mance 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 per-
sonalized 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 treat-
ment effects based on prognosis.39

Table 3.  Calculation of Net Benefit for Different Treatment Strategies

Strategy True Positives: Patients Treated with CTX 
Who Would Otherwise Die Within 5 Years

False Positives: Patients Treated with 
CTX Who Will Not Die Within 5 Years

Net 
Benefit

Treat all with CTX 178 329 0.02

Treat none with CTX 0 0 0

Treat with CTX if 5-year mor-
tality ≥ 34% according to MONACO

108 88 0.12

Abbreviation: CTX: perioperative chemotherapy.
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Figure 3.  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 from any 
cause. The lines represent the different treatment strategies: 
treating 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 cutoff for treatment at the threshold proba-
bility (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, 1 
physician would only want to treat patients with a certain treat-
ment, taking the 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 the 
overtreatment of 2 patients (unnecessary perioperative chemo-
therapy) is worth 1 necessary treatment. At this threshold proba-
bility, the use of the MONACO model results in a higher net benefit 
than treating all or none of the patients with the certain treatment.
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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 3). The 
MONACO prediction tool can have a positive impact on 
decision-making on perioperative CTX as illustrated by 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 other-
wise die is approximately worth the harm of 2 unnecessary 
treatments of patients who would survive without peri-
operative 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%.

This study has some limitations. One region did not 
record data on tumor depth, grade, and triton status. 
Therefore, we included this region only for validation 
of the MONACO model. In addition, no information on 
disease-specific death was available. Also, owing to the 
retrospective nature of this study loss to follow-up is an 
important limitation. Longer follow-up would further 
clarify the 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 tumors.40 Histologic evaluation sometimes 
requires correlation with clinical and radiological find-
ings in order to classify a tumor 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. In addition, no com-
plete case analysis could be performed to examine im-
portant differences between the results based on multiple 
imputations and the complete case dataset. However, an 
important advantage of multiple imputations, under the 
missing at-random assumption, lies in its ability to address 
biases that can arise in complete case analyses.41

Finally, prediction tools should ideally be updated to 
improve local validity.42 As reflected in the internal–ex-
ternal cross-validation, model performance differs to some 
extent across regions.25 In this study, we did not yet up-
date the model with setting-specific estimates. Through 
Evidencio, one could recalibrate the MONACO prediction 
tool for a specific population of patients with MPNST.

In 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 val-
idation 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.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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Lay Summary 

Malignant peripheral nerve sheath tumors (MPNST) are a type 
of cancer that develops from nerves in the body. It is difficult 
to know how long someone will live after being diagnosed with 
MPNST. The authors in this study aimed to find a way to predict 
survival after diagnosis of MPNST using factors such as age, 
tumor size, location, depth, NF-1 status, and other relevant in-
formation. To do this, they created a computer model that used 
the above information to predict survival. They tested the model 
on patients who had surgery for MPNST in the United States, the 
Netherlands, or Italy between 2000 and 2019. Their results show 
that these factors can be combined to predict survival at 3-, 5-, 
and 10- years after surgery with good, but not perfect, accuracy.
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