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Abstract
Background The Skeletal Oncology Research Group
(SORG) machine learning algorithm for predicting survival
in patients with chondrosarcoma was developed using data
from the Surveillance, Epidemiology, and End Results
(SEER) registry. This algorithm was externally validated
on a dataset of patients from the United States in an earlier

study, where it demonstrated generally good performance
but overestimated 5-year survival. In addition, this algorithm
has not yet been validated in patients outside the United
States; doing so would be important because external vali-
dation is necessary as algorithm performance may be mis-
leading when applied in different populations.
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Questions/purposes Does the SORG algorithm retain val-
idity in patients who underwent surgery for primary chon-
drosarcoma outside the United States, specifically in Italy?
Methods A total of 737 patients were treated for chon-
drosarcoma between January 2000 and October 2014 at the
Italian tertiary care center which was used for international
validation. We excluded patients whose first surgical pro-
cedure was performed elsewhere (n = 25), patients who
underwent nonsurgical treatment (n = 27), patients with a
chondrosarcoma of the soft tissue or skull (n = 60), and
patients with peripheral, periosteal, or mesenchymal
chondrosarcoma (n = 161). Thus, 464 patients were ulti-
mately included in this external validation study, as the
earlier performed SEER study was used as the training set.
Therefore, this study—unlike most of this type—does not
have a training and validation set. Although the earlier
study overestimated 5-year survival, we did not modify the
algorithm in this report, as this is the first international
validation and the prior performance in the single-
institution validation study from the United States may
have been driven by a small sample or non-generalizable
patterns related to its single-center setting. Variables
needed for the SORG algorithm were manually collected
from electronic medical records. These included sex, age,
histologic subtype, tumor grade, tumor size, tumor exten-
sion, and tumor location. By inputting these variables into
the algorithm, we calculated the predicted probabilities of
survival for each patient. The performance of the SORG
algorithm was assessed in this study through discrimina-
tion (the ability of a model to distinguish between a binary
outcome), calibration (the agreement of observed and
predicted outcomes), overall performance (the accuracy of
predictions), and decision curve analysis (establishment on
the ability of a model to make a decision better than without
using the model). For discrimination, the c-statistic (com-
monly known as the area under the receiver operating
characteristic curve for binary classification) was calcu-
lated; this ranged from 0.5 (no better than chance) to 1.0
(excellent discrimination). The agreement between pre-
dicted and observed outcomes was visualized with a cali-
bration plot, and the calibration slope and intercept were
calculated. Perfect calibration results in a slope of 1 and an
intercept of 0. For overall performance, the Brier score and
the null-model Brier score were calculated. The Brier score
ranges from 0 (perfect prediction) to 1 (poorest prediction).
Appropriate interpretation of the Brier score requires
comparison with the null-model Brier score. The null-
model Brier score is the score for an algorithm that
predicts a probability equal to the population prevalence of
the outcome for every patient. A decision curve analysis
was performed to compare the potential net benefit of the
algorithm versus other means of decision support, such as
treating all or none of the patients. There were several
differences between this study and the earlier SEER study,

and such differences are important because they help us to
determine the performance of the algorithm in a group
different from the initial study population. In this study
from Italy, 5-year survival was different from the earlier
SEER study (71% [319 of 450 patients] versus 76% [1131
of 1487 patients]; p = 0.03). There were more patients with
dedifferentiated chondrosarcoma than in the earlier SEER
study (25% [118 of 464 patients] versus 8.5% [131 of 1544
patients]; p < 0.001). In addition, in this study patients were
older, tumor size was larger, and there were higher pro-
portions of high-grade tumors than the earlier SEER study
(age: 56 years [interquartile range {IQR} 42 to 67] versus
52 years [IQR 40 to 64]; p = 0.007; tumor size: 80mm [IQR
50 to 120] versus 70 mm [IQR 42 to 105]; p < 0.001; tumor
grade: 22% [104 of 464 had Grade 1], 42% [196 of 464 had
Grade 2], and 35% [164 of 464 had Grade 3] versus 41%
[592 of 1456 hadGrade 1], 40% [588 of 1456 hadGrade 2],
and 19% [276 of 1456 had Grade 3]; p # 0.001).
Results Validation of the SORG algorithm in a primarily
Italian population achieved a c-statistic of 0.86 (95%
confidence interval 0.82 to 0.89), suggesting good-to-
excellent discrimination. The calibration plot showed good
agreement between the predicted probability and observed
survival in the probability thresholds of 0.8 to 1.0. With
predicted survival probabilities lower than 0.8, however,
the SORG algorithm underestimated the observed pro-
portion of patients with 5-year survival, reflected in the
overall calibration intercept of 0.82 (95% CI 0.67 to 0.98)
and calibration slope of 0.68 (95% CI 0.42 to 0.95). The
Brier score for 5-year survival was 0.15, compared with a
null-model Brier of 0.21. The algorithm showed a favor-
able decision curve analysis in the validation cohort.
Conclusions The SORG algorithm to predict 5-year sur-
vival for patients with chondrosarcoma held good dis-
criminative ability and overall performance on
international external validation; however, it under-
estimated 5-year survival for patients with predicted
probabilities from 0 to 0.8 because the calibration plot was
not perfectly aligned for the observed outcomes, which
resulted in a maximum underestimation of 20%. The dif-
ferences may reflect the baseline differences noted between
the two study populations. The overall performance of the
algorithm supports the utility of the algorithm and valida-
tion presented here. The freely available digital application
for the algorithm is available here: https://sorg-apps.
shinyapps.io/extremitymetssurvival/.
Level of Evidence Level III, prognostic study.

Introduction

Estimating survival for patients with chondrosarcoma, the
secondmost-common primary bone tumor [6, 16], can help
patient counseling and shared decision-making. The
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Skeletal Oncology Research Group (SORG) algorithm was
developed using national registry data to predict 5-year
survival for patients surgically treated for chondrosarcoma.
The variables required for the algorithm are sex, age, his-
tologic subtype, tumor grade, tumor size, tumor extension,
and tumor location [25]. The SORG algorithm was sub-
sequently externally validated on patients from
Massachusetts General Hospital and Brigham and
Women’s Hospital. On external validation, the algorithm
had good discrimination (the ability of a model to distin-
guish between a binary outcome, with a c-statistic of 0.87)
and overall performance (the accuracy of predictions,
with a Brier score of 0.152 relative to a null-model Brier
score of 0.237, which indicates that the algorithm per-
formed better on those patients than if the algorithm ig-
nored all covariates) [2]. However the algorithm
overestimated 5-year survival, with a calibration slope of
0.97 and calibration intercept of -0.58 [2], meaning that the
algorithm may have predicted a better 5-year survival
probability for some patients than was observed, with a
maximal overestimation of 20%. The overall over-
estimation was likely caused by a difference in many of the
tumor characteristics between the validation cohort and the
derivation cohort in the Surveillance, Epidemiology, and
End Results (SEER) database, as the validation cohort
consisted of patients with larger tumor sizes, higher tumor
grades, a more severe extent of disease, a larger numbers of
tumors in the axial skeleton, and a higher proportion of
patients with dedifferentiated chondrosarcoma [2].

Despite previous validation in an external population [2],
the generalizability of the SORG algorithm to international
populations remains to be determined. Repeated external
validation is necessary because algorithm performance may
be misleading when applied in a different populations, with
different ethnicities, and different treatment approaches [11].
Since the institution where this study was performed is a
tertiary care referral hospital that treats a large number of
sarcoma patients not just from all over Italy but also from
across Europe, this setting seemed appropriate for a vali-
dation study of this sort.

We therefore asked: Does the SORG algorithm retain val-
idity in patients who underwent surgery for primary chon-
drosarcoma outside the United States, specifically in Italy?

Patients and Methods

Study Design and Setting

Our institutional review board approved this retrospective
study. The Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) guidelines were followed for this external val-
idation study [5].

The SORG algorithm to predict 5-year survival in
patients with chondrosarcoma was developed by Thio et al.
[25] and included the data of 1544 patients from the SEER
program database, which contains the data of approxi-
mately 30% of patients with cancer in the United States.
This algorithm was subsequently externally validated by
the creators of the algorithm in an external population of
patients, also from the United States [2]. This freely
available model is currently available at https://sorg-apps.
shinyapps.io/chondrosarcoma.

Although the earlier study overestimated 5-year survival,
we did not modify the algorithm in this report because this is
the first international validation and the prior performance in
the single-institution validation study from the United States
may have been driven by a small sample or nongeneralizable
patterns related to its single-center setting [2].

Metrics previously used to measure algorithm perfor-
mance on internal and external validation (discrimination,
calibration, and overall performance) [2, 25] were applied
in this study for validation. For discrimination, the c-sta-
tistic (commonly known as the area under the receiver
operating characteristic curve [AUC] for binary classifi-
cation), which ranges from 0.5 (no better than chance) to
1.0 (excellent discrimination), was calculated [22].
Calibration was visualized in a calibration plot, and the
calibration slope and intercept were calculated. Perfect
calibration results in a slope of 1 and an intercept of 0 [22,
23, 29]. When the calibration intercept is lower than 0, the
predicted probabilities of the outcome are overestimated,
whereas a positive intercept indicates underestimation of
the algorithm [29]. For overall performance, the Brier score
and the null-model Brier score were calculated and com-
pared. The Brier score can be calculated by taking the av-
erage mean squared difference between the predictions of
the model and the observed outcomes; it ranges from
0 (perfect prediction) to 1 (poorest prediction) [3].
Appropriate interpretation of the Brier score requires a
comparison with the null-model Brier score. The null-
model Brier score is the score for an algorithm that
predicts a probability equal to the population prevalence of
the outcome for every patient.

Participants

Medical records of patients treated between January 2000
and December 2014 at a tertiary referral center in Italy were
reviewed. A total of 737 medical records were manually
reviewed to establish whether the inclusion criteria were
met. Survival status was determined bymedical visit record
sheets, death registry records, and patient follow-up calls
for a minority of patients. We excluded patients whose first
surgical procedure was performed elsewhere (n = 25),
patients who were not treated with surgery (n = 27),
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patients with a chondrosarcoma of the soft tissue or skull
(n = 60), and patients with peripheral, periosteal, or mes-
enchymal chondrosarcoma (n = 161).

Demographics, Description of Study Population

In total, 464 patients treated with surgery for extracranial
chondrosarcoma of the bone with a minimum of 5 years of
follow-up, unless they died earlier, were included in this
study. We sought to follow all patients until 10 years after
surgery, but 14 patients were lost to follow up, and for these
patients, the results were imputed. In this study, 46% (213
patients) were female, and there was no difference between
this study and the earlier SEER study [25] in sex and tumor
location (Table 1). In this study, the patients had a higher

median age at the date of surgery than those in the earlier
SEER study [25] (56 years [interquartile range {IQR} 42 to
67] versus 52 years [IQR 40 to 64]; p = 0.007).

We note that there were several differences between this
Italian study group and the earlier SEER cohort, and such
differences are important because they help us to determine
the performance of the algorithm in a group that is quite
different from the initial study population. In the group
from Italy, there were more patients with a diagnosis of
dedifferentiated chondrosarcoma compared with those in
the earlier SEER study [25] (25% [118 of 464 patients]
versus 8% [131 of 1544 patients]; p < 0.001). Additionally,
tumor size was larger in this study than in the earlier SEER
study [25] (80mm [IQR 50 to 120mm] versus 70mm [IQR
42 to 105 mm]; p < 0.001). This study had a smaller pro-
portion of patients with Grade 1 (well-differentiated)

Table 1. Baseline characteristics of patients from the SEER and international external validation dataset

Variable
SEER cohorta

(n = 1544)
International validation cohort

(n = 464) p value

Sex, % (n) 0.596

Female 47 (731) 46 (213)

Male 53 (813) 54 (251)

Age in years, median (IQR) 52 (40-64) 56 (42-67) 0.007

Histologic subtype, % (n) < 0.001

Conventional chondrosarcoma 92 (1413) 75 (346)

Dedifferentiated chondrosarcoma 8.5 (131) 25 (118)

Size, mm, median (IQR)b 70 (42-105) 80 (50-120) < 0.001

Grade, % (n)b < 0.001

I (well-differentiated) 41 (592) 22 (104)

II (moderately differentiated) 40 (588) 42 (196)

III (poorly differentiated) 19 (276) 35 (164)

Tumor extension, % (n)b < 0.001

Localized 57 (851) 42 (183)

Extraosseous extension 37 (557) 47 (208)

Distant metastasis 6 (95) 12 (54)

Location, % (n) 0.058

Extremities 59 (915) 63 (292)

Rib, sternum, clavicle 19 (289) 13 (62)

Pelvis 17 (264) 18 (84)

Spine and sacrum 5 (76) 5.6 (26)

Five-year survival, % (n)b 76 (1131) 71 (319) 0.030

Conventional chondrosarcomab 81 (1104) 82 (275) 0.814

Dedifferentiated chondrosarcomab 21 (27) 37 (44) 0.003

aFrom Thio et al. [25].
bIn the SEER development set, values for tumor sizewere available for 78%of the patients (1201 of 1544), tumor grade for 94% (1456
of 1544 patients), tumor extension for 97% (1503 of 1544 patients); and survival rates for 96% (1357 of 1413 patients) with
conventional chondrosarcoma, and for 99% (130 of 131 patients) with dedifferentiated chondrosarcoma. In the international
external validation set, values for tumor size were available for 94% (434 of 464) of the patients, tumor extension for 96% (445 of 464
patients); and survival rates for 97% (335 of 346 patients) with conventional chondrosarcoma, and 97% (115 of 118 patients) with
dedifferentiated chondrosarcoma.
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tumors and a larger proportion of patients with Grade 3
(poorly differentiated) tumors compared with the earlier
SEER study [25] (22% [104 of 464] had Grade 1, 42% [196
of 464] had Grade 2, and 35% [164 of 464] had Grade 3
versus 41% [592 of 1456] had Grade 1, 40% [588 of 1456]
had Grade 2, and 19% [276 of 1456] had Grade 3; p #
0.001). Furthermore, fewer patients in this study had lo-
calized disease than did those in the earlier SEER study
[25] (41% [183 of 445] had localized disease, 47% [208 of
445] had extraosseous extension, 12% [54 of 445] had
distant metastases versus 57% [851 of 1503] had localized
disease, 37% [557 of 1503] had extraosseous extension,
and 6% [95 of 1503] had distant metastases; p < 0.001).

Overall, fewer patients had 5-year survival in this study
compared with the earlier SEER study [25] (71% [319 of
450] versus 76% [1131 of 1487]; p = 0.03). Patients in this
study with dedifferentiated chondrosarcoma had a greater
5-year survival than did those in the earlier SEER study
[25] (38% [44 of 115] versus 21% [27 of 130]; p = 0.003).
No difference in 5-year survival was seen between this
study and the earlier SEER study [25] among patients with
conventional chondrosarcoma (82% [275 of 335] versus
81% [1104 of 1357]; p = 0.814).

Variables, Outcome Measures, Data Sources, and Bias

The outcome of interest was 5-year survival after the date
of surgery. Explanatory variables required for the SORG
algorithm were manually collected by one author (ES),
which were sex (male or female), age (years at the time of

surgery), histologic subtype (conventional chondrosarcoma
or dedifferentiated chondrosarcoma), tumor grade (well,
moderately, or poorly differentiated), tumor size (mm), tu-
mor extension (localized, extraosseous extension, or distant
metastasis), and location (extremities; spine and sacrum;
pelvic bones; and rib, sternum, and clavicle).

Statistical Analysis, Study Size

We reported categorical variables as frequencies and per-
centages and continuous variables asmedians and IQR.We
performed the Fisher’s exact test andMann-Whitney U test
to assess differences in baseline characteristics between
this study and the earlier SEER study [25]. We used im-
putation with the nonparametric missForest method [20]
for the patients who were lost to follow-up (3% [14 of 464
patients) and for the small number of patients with missing
data (6% [30 of 464 patients] had missing information on
tumor size, 4% [19 of 464 patients] had missing in-
formation on tumor extension, and 3% [14 of 464 patients]
had missing survival data). The primary validation analysis
of this study was performed on the imputed data (n = 464),
additionally a supportive complete case analysis (n = 423)
was performed as the missing data could not safely be
considered missing completely at random.

We calculated the predicted probabilities of 5-year
survival for every patient in this study with the use of the
SORG algorithm. As with the earlier SEER study [25] and
the earlier external validation performed in the United
States [2], we computed the c-statistic, calibration slope,
calibration intercept, Brier score, and null-model Brier
score. Additionally, we performed a decision curve anal-
ysis to show the net benefit of the algorithm compared with

Fig. 1 This figure shows the receiver operating characteristic
curve for 5-year survival for the performance of the SORG al-
gorithm in the international external validation cohort (n =
464).

Fig. 2 This figure shows the calibration plot for 5-year survival
for the performance of the SORG algorithm in the international
external validation cohort (n = 464).
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the threshold probability in a plot. The “none” line shows
the expected net benefit when no changes are made to the
intervention and the “all” line shows the expected net
benefit when interventional changes are made for all
patients. The decision curve analysis does not distinguish
between different interventional changes; these changes
could have been an alteration in the frequency of diagnostic
workup, but also the addition of a pharmaceutical agent
[31, 32].

Data analysis and model validation were performed
with Microsoft Excel and Microsoft Azure (Redmond,
WA, USA), the Anaconda Distribution (Continuum
Analytics, Austin, TX, USA), R version 3.5.1 (The R
Foundation, Vienna, Austria), RStudio (Version 1.0.153,
Boston, MA, USA), Python Version 3.6 (Python Software
Foundation, Wilmington, DE, USA), and StataCorp 2015
(Stata Statistical Software: Release 15.1; StataCorp LP,
College Station, TX, USA).

Results

The SORG machine learning algorithm proved to have
good discriminative ability, overall performance, and ac-
curacy on external validation in this population of patients
from Italy; however, calibration showed it underestimated
5-year survival. On external validation, the algorithm had a
c-statistic of 0.86 (95%CI 0.82 to 0.89) (Fig. 1), suggesting
good-to-excellent discrimination. There was excellent
prediction of 5-year survival, from a predicted probability
of 0.8 to predicted probability of 1.0 (Fig. 2). With pre-
dicted probabilities lower than 0.8, however, the SORG
algorithm underestimated the observed proportion of
patients with 5-year survival. The overall calibration in-
tercept of 0.82 (95% CI 0.67 to 0.98) and overall calibra-
tion slope of 0.68 (95% CI 0.42 to 0.95) reflect this finding.
The Brier score for 5-year survival was 0.15 compared
with a null-model Brier of 0.21. Among these patients, the
discrimination (see Fig. 1; Supplemental Digital Content 1,
http://links.lww.com/CORR/A343) and calibration (see
Fig. 2; Supplemental Digital Content 2, http://links.lww.
com/CORR/A344) results were confirmed by the findings
of the complete analysis (n = 423). The decision curve
analysis in the validation cohort showed that the algorithm
resulted in a larger net benefit than changing treatment for
“all” or “none” patients (Fig. 3).

The c-statistics were calculated separately for sub-
populations of categorical tumor characteristics, and all
subpopulations retained good accuracy. The c-statistics for
conventional and dedifferentiated chondrosarcoma were
0.84 (95% CI 0.79 to 0.88) and 0.75 (95% CI 0.65 to 0.83),
respectively. For tumor grade, the c-statistics for well-
differentiated, moderately differentiated, and poorly dif-
ferentiated tumors were 0.97 (95% CI 0.86 to 0.99), 0.74

(95% CI 0.65 to 0.82), and 0.74 (95% CI 0.66 to 0.81),
respectively. The c-statistics for extremities; rib, sternum,
and clavicle; pelvis; and spine were 0.86 (95% CI 0.81 to
0.90), 0.92 (95% CI 0.79 to 0.97), 0.83 (95% CI 0.71 to
0.91), and 0.90 (95% CI 0.70 to 0.97), respectively. These
results reflect the outcomes of previous validation studies
(Table 2).

Discussion

Recently, many machine learning prediction algorithms
have been developed in orthopaedic surgery [10, 12–15,
24]. The SORG algorithm was developed to predict 5-year
survival for patients with chondrosarcoma using the SEER
database [25], and the algorithm was externally validated
on an independent population of patients from the United
States [2]. However, this algorithm has not been studied in
an international, non-American population. Repeated ex-
ternal validation of prognostication algorithms on different
populations following the TRIPOD guidelines [5] is im-
portant because these algorithms could show inadequate
performance across different populations [1, 11, 18]. The
patients in this study were treated at an international center
of reference for sarcoma that treats patients from all over
Italy and other European countries, which made this a
valuable sample for external validation. We found that the
SORG algorithm demonstrated good discrimination and
overall performance in this population of patients from one
center in Italy; however, unlike the earlier study in a North
American population (which overestimated survival [2]),
the algorithm underestimated survival for patients in the
current study, with predicted probabilities from 0 to 0.8, as

Fig. 3 This figure shows the decision curve analysis for 5-year
survival for the performance of the SORG algorithm in the
international external validation cohort (n = 464).
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the calibration plot was not perfectly aligned for the ob-
served outcomes, which resulted in a maximum un-
derestimation of 20%.

Limitations

This study has several limitations. First, this study was
performed retrospectively, and prospective validation
needs to be performed. However, primarily because of the
rarity of primary bone tumors such as chondrosarcomas
[17], retrospective studies are often more feasible in mus-
culoskeletal oncology [11]. Multi-institutional in-
ternational collaborations are needed to obtain sufficiently
large samples for prospective studies. However, the single
institution of this study treats patients from the entire
European continent, and so the population that was cared
for in this report may have beenmore diverse than the study
design itself might suggest. Furthermore, both the group of
patients who survived and the group of patients who did not
survive consisted of more than 100 patients deemed as the
minimum for external validation by Vergouwe et al. [30].
Second, the grading system used for the SORG algorithm
does not reflect the actual classification system in which
chondrosarcomas are classified as either conventional
chondrosarcoma Grades 1 through 3 or dedifferentiated
chondrosarcoma, which are all high-grade tumors.
However, the algorithm retained good performance on
subgroup analysis for only conventional or dedifferentiated
chondrosarcoma. Improving algorithms to adhere to these
classification rules should be a future goal of musculo-
skeletal research groups. Third, patients in this study had
greater disease severity than patients in the earlier SEER
study [25], in terms of tumor histology, size, grade, and
extension. This likely reflects a selection bias because these
patients were referred to our tertiary care center because of
these challenging tumor characteristics. Nevertheless, al-
though the characteristics of the patients in this study are
different from those of the earlier SEER study, the algo-
rithm retains good performance on discrimination, and
overall performance, which emphasizes that the SORG
algorithm can be used in different populations. Fourth, this

international external validation was performed on a
dataset of patients treated in Europe. Therefore, external
validation of the SORG algorithm on non-American and
non-European populations remains to be determined.
Further, patients treated in more austere settings in hospi-
tals with limited resources should be included in future
validation or recalibration studies. Fifth, because the pre-
ferred therapy for chondrosarcoma remains surgical in-
tervention, the SORG algorithmwas developed for patients
who were surgically treated; thus, the findings are not ap-
plicable to patients who received nonoperative treatment
only.

Calibration Incongruities in Validating the
SORG Algorithm

As the TRIPOD guidelines for prediction state, model
calibration and decision curve analysis are important for an
adequate interpretation of validation studies [5, 22]. This
study showed a good decision curve analysis but under-
estimated survival on validation, so the algorithm
predicted a worse 5-year survival probability for patients
with predicted probabilities between 0 and 0.8 than actually
observed, which resulted in an underestimation of 20% at
the most. The moderately good calibration of the SORG
algorithm on this external validation may be explained by
several reasons. The baseline characteristics differed be-
tween the validation cohort and the SEER cohort on vari-
ous variables, namely, age, histologic subtype, tumor size,
tumor grade, and tumor extent [25]. Additionally, the 5-
year survival in this study for patients with dedifferentiated
chondrosarcoma was higher than in the earlier SEER study
[25], even though there were no differences in baseline
characteristics among the patients with dedifferentiated
chondrosarcoma. The reason for the higher survival among
patients with dedifferentiated tumors is most likely due to
sarcoma referral center treatment bias: in this Italian sar-
coma referral center, patients with localized dediffer-
entiated chondrosarcoma are treated by surgery combined
with neoadjuvant and/or adjuvant chemotherapy, similar to
high-grade osteosarcoma, irrespective of age [7, 8]. This

Table 2. Performance of the SORG Chondrosarcoma ML survival algorithm among the development, national external validation,
and international external validation studies

Performance measure
Development

study
United States external validation

(95% CI)
Italian external validation

(95% CI)

C-statistic 0.87 0.87 (0.80 to 0.91) 0.86 (0.82 to 0.89)

Calibration slope 1.03 0.97 (0.68 to 1.3) 0.82 (0.67 to 0.98)

Calibration intercept 0.001 -0.58 (-0.20 to -0.97) 0.68 (0.42 to 0.95)

Brier score 0.12 0.15 0.15

Null-model Brier score 0.18 0.24 0.21
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approach became more prevalent through the years ac-
companied by a still-improving survival over time [9, 19].
In 2007, the 5-year survival for patients with localized
dedifferentiated chondrosarcoma treated with chemother-
apy was 33% [9]. Another factor is that although the val-
idation cohort consisted of more patients (n = 464) than the
first external validation of the SORG algorithm (n = 326)
[2], the sample size is still relatively small. Calibration
plots could be interpreted inaccurately when patient
cohorts are smaller [21]. Even though the above-mentioned
suggested minimum of 100 events in each group by
Vergouwe et al. [30] was met, the suggested minimum of
200 events for each outcome group by van Calster et al.
[28] for the reliable evaluation of calibration plots has not
been achieved for deceased patients in this study. Because
119 of the 464 included patients died within 5 years after
surgery, the required total sample size would be 780
patients to establish adequate calibration plotting. Again, it
would be extremely difficult to reliably evaluate calibration
plots without prospective multi-institutional collabo-
rations. Future steps to further improve and validate such
algorithms for orthopaedic oncology patients ideally
should include prospective data collection of demographic,
disease, and treatment parameters, as already has been
performed in different fields of medicine and oncological
research [4, 26, 27]. With such collaborations, it may be
possible to update algorithms automatically, and adjust
them for incongruities, such as the ones for calibration
discussed in this study.

Conclusions

The results of the international external validation of the
SORG algorithm to predict 5-year survival for patients with
chondrosarcoma demonstrate that the algorithm retains
good discriminative ability, overall performance, and de-
cision curve analysis. However, the algorithm under-
estimated 5-year survival for patients, with predicted
probabilities from 0 to 0.8, as the calibration plot was not
perfectly aligned for the observed outcomes, which resul-
ted in a maximum underestimation of 20%. This moder-
ately good calibration can likely be explained by the higher
proportion of patients with 5-year survival among patients
with dedifferentiated chondrosarcoma in the validation
cohort. The overall performance of the algorithm, with the
Brier score below the null-model Brier score and the de-
cision curve analysis showing positive net benefit at all
predicted probabilities, supports the utility of the algorithm
and validation presented here. The algorithm has been in-
corporated in a freely available online application at:
https://sorg-apps.shinyapps.io/extremitymetssurvival/.
Physicians and their patients may use this application,
considering the above-mentioned limitations, to improve

decision making and guide patients in their expectations
and treatment processes.
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